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Abstract 
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Rapid climate change is driving increases in tundra vegetation productivity and altering the 

frequency and severity of natural disturbances across the Arctic. While tundra vegetation 

change has been widespread, there is still uncertainty about the influence of fine-scale 

factors on change and the role of interactions between warming, disturbance, and 

vegetation change. In my MSc research I investigated how Arctic tundra vegetation is 

responding to ongoing climate change and more severe tundra fire in the western Canadian 

Arctic. In the first part of my thesis I measured post-fire soil and vegetation recovery along 

a burn severity gradient at six fires, which burned in 2012 in the Northwest Territories. My 

observations suggest that deciduous shrub communities (dominated by Betula glandulosa) 

are resilient to high severity fire and that severe fire promotes edaphic conditions that favor 

the persistence of this vegetation type. In the second part of my thesis, I investigated the 

spatial patterns of trends in tundra vegetation productivity over the past three decades using 

Random Forests machine learning to analyze Enhanced Vegetation Index (EVI) data 

derived from Landsat imagery. My Random Forests models of the relationship between 

Landsat EVI trends and biophysical variables showed that two-thirds of the western 

Canadian Arctic productivity has increased during the past three decades and that this 

change is occurring most rapidly in dwarf and upright shrub-dominated regions. Taken 

together, my research demonstrates that shrub tundra communities are well adapted to 
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severe fire and show increasing productivity in response to warming Arctic temperature. 

My research also indicates that these relationships can be highly complex at finer scales, 

where they are mediated by local variations in microclimate, topography, and moisture.  
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1 Introduction 

1.1 Study Rationale  

 

Global air temperatures have increased by 1° C since pre-industrial levels and it has been 

proven beyond a reasonable doubt to be linked to anthropogenic global greenhouse gas 

emissions (IPCC, 2019). The Arctic is the fastest warming region in the northern 

hemisphere and in recent decades warming has surpassed twice the average global rate 

(ACIA, 2004) and lengthened the growing season by over one week during the past three 

decades (Park et al., 2016). Increases in the size of individuals, cover density, and range 

limits of shrub species in tundra vegetation have been observed in response to warming 

size (Myers-Smith, et al., 2011). This overall increase in tundra productivity, commonly 

referred to as “greening”, has been observed across the Yukon (Myers-Smith, et al., 2011), 

Northwest Territories (Lantz et al., 2010), Nunavik (Tremblay et al., 2012), Nunatsiavut 

(Davis et al., 2020), and Nunavut (Hill & Henry, 2011). As the Arctic greens, it has 

inevitably altered surface energy exchange (Blok et al., 2011), permafrost (Wang et al., 

2019), hydrology (Drake et al., 2019), and global carbon cycling (Christiansen et al., 2018). 

Longer growing seasons, warming temperatures, and increasing biomass will only continue 

to increase the frequency and severity of fire events in the greening Arctic (Chipman et al., 

2015; Higuera et al., 2008). These compounding changes have regional and global-scale 

implications, as increased high latitude fire threatens to release massive carbon pools from 

permafrost into the atmosphere (Mack et al., 2011).  

Arctic vegetation change is widespread, but there is still uncertainty about the interactions 

between climate and biophysical factors and the mechanism and impacts of change (Myers-

Smith et al., 2020). With polar amplification pushing the rate of Arctic warming towards 
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three times the global rate of increase (Wang et al., 2017) it is becoming increasingly 

important to understand ecological responses to warming at high latitudes. The overall 

objective of my MSc research is to understand how Arctic tundra vegetation is responding 

to ongoing climate change and more severe tundra fire. To accomplish this, I undertook 

two unique but complimentary research projects. These studies are presented as stand-

alone manuscripts in Chapters 2 and 3 of this thesis.  

In Chapter 2, I use remote sensing to map burn severity (Allen and Sorbel, 2008) at six 

recent fires in the Northwest Territories and evaluate how tundra vegetation responds to 

increasing burn severity. In Chapter 3, I examine the factors that best explain changes in 

satellite estimates of vegetation productivity across the Western Canadian Arctic. 

Specifically, I use Random Forests classification and regression tree modelling to evaluate 

the relationship between vegetation productivity and microclimatic, topographic, and 

edaphic properties. Both data chapters are important for investigating recent changes in 

tundra vegetation and they contribute to our overall understanding of the interactions 

between warming, disturbance, and vegetation. In Chapter 4, I synthesize my findings from 

Chapters 2 and 3 and discuss the overall importance of my research, the implications of 

my findings, and provide recommendations for future opportunities.  

1.2 Critical Context  

1.2.1 High Latitude Fire 

Research on high latitude fires has predominantly centered on northern boreal ecosystems, 

but interest in tundra fire research has expanded in recent decades as large, severe tundra 

fires become more prevalent (Mack et al., 2014).  Historically, tundra fires have been low 

or moderate intensity, largely constrained by low biomass, and carried predominantly on 
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the surface through peat smouldering (Rocha et al., 2012; Wein, 1976). Most tundra fire 

activity is observed in July and August, but fires can also occur as early as May - as soon 

as snow melts and vegetation dries (Wein, 1976). Unlike canopied boreal forest vegetation 

that has greater moisture retention, tundra vegetation is fast-drying and can become highly 

susceptible to fire without extensive drought periods (York et al., 2017). It was previously 

thought that tundra fire has been a relatively rare disturbance in the past 11 000 years 

compared to boreal forest fire, but charcoal records from tundra regions of Noatak, Alaska 

reveal that ancient shrub tundra burned at a frequency similar to northern boreal forests 

(~144 ±90 years) under the correct climatic conditions and suggests that ongoing climate 

warming and increasing shrub cover will facilitate increasing tundra fire activity (Higuera 

et al., 2008). Recent changes in temperatures and aridity have promoted fire in Alaskan 

shrub tundra in the past half century and is projected to continue (Higuera et al., 2008). 

Widespread increases in the productivity and northward expansion of shrub-dominated 

vegetation (Jia et al., 2003; Stow et al., 2004; Tape et al., 2012) is increasing the rate of 

biomass accumulation and can enable a shorter fire return interval than  southern 

ecosystems below the treeline (Parks et al., 2018). An increase in fire season length in 

Canada by over two weeks has also increased the fire susceptibility of northern ecosystems 

(Hanes et al., 2019). The Anaktuvuk River Fire, a large tundra fire of unprecedented size 

that burned in the Alaskan North Slope released approximately 2.1 teragrams of carbon 

into the atmosphere, demonstrating that increased fire activity can have major implications 

on the global carbon budget (Mack et al., 2011). 

Modelling of future climate scenarios from historical climate-fire relationships across the 

circumpolar region have revealed that tundra fires may double in frequency and the 



 

 

4 

probability of large tundra fires (>1000 km2) will be 2-3 times higher by 2100 than they 

have been in the past half century (Hu et al., 2015). With increases in tundra fire, more 

research is needed to examine the successional trajectories and ecological feedbacks that 

follow these disturbances.  

1.2.2 Remote Sensing  

In remote locations of the Canadian Arctic where limited resources and accessibility can 

make fieldwork impossible, remote sensing has become a popular tool for conducting 

research and environmental monitoring (Stow et al., 2004). Remote sensing technology 

can acquire near-real time environmental data over large spatial areas and short time return 

intervals, which are characteristics that can be critical for vegetation analysis, vegetation 

mapping, and change detection. Global coverage of remote sensing data has become 

increasingly accessible over the last few decades and created opportunities for researchers 

and practitioners to conduct long-term research on earth system dynamics. Earth 

Observation Systems (EOS), which are readily available for high latitude remote sensing 

include: the Moderate Resolution Imaging Spectraradiometer (MODIS), the Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER), the Advanced Very 

High Resolution Radiometer (AVHRR), the PlanetScope constellation, the Landsat 

satellites, and Sentinel-2.  (Table 1).  

The Landsat program, a collaborative project of the United States Geological Survey 

(USGS) and the National Aeronautics and Space Administration (NASA), has been 

collecting earth observations since 1971 (Wulder et al., 2012). Landsat occupies a unique 

spatiotemporal niche, providing a spatial resolution fine enough for identifying land use  
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Table 1.1 Summary of high latitude earth observation systems. 

Sensor Spatial 

Resolution (m) 

Temporal 

Resolution (days) 

Data Timeline  

MODIS 250-1000 8-16  2000 - Present 

ASTER 15-90 16  2000 – Present  

Landsat 15 – 30    16  1984 - Present 

Sentinel 2  10 – 60 10  2015 – Present  

AVHRR 1100  15  1978 – Present  

PROBA-V 100-1000   2 2013 – Present  

Spot 6  1  1986 – Present  

Planetscope 3 1 2016-Present 

 

and land cover change and broad enough for application across large land areas, while also 

having temporal dimensionality that captures long-term trends (Wulder et al., 2012; White 

et al., 2014). The 30-meter pixel resolution and 16-day revisit intervals provides 

moderately high spatial and temporal resolution imagery suitable for environmental 

monitoring (Wulder et al., 2012). This has allowed Landsat to gain recognition for its 

application in generating vegetation indices capable of evaluating landscape level 

interannual vegetation dynamics. Landsat was not widely utilized until 2008, when USGS 

changed its data policy to allow free and open access of all USGS-held Landsat data to all 

users (Wulder et al., 2012). This unrestricted access provides more than 1200 scenes across 

Canada for government, private sector, and public usage, which can be used for global 

scale change detection and environmental monitoring (Wulder et al. 2012). The opening of 

the Landsat archive, granting free and unlimited access of archived and new data for all 

users has revolutionized environmental monitoring research (Txomin Hermosilla et al., 

2015; Wulder et al., 2012). 

Data at high latitudes is often limited by availability of cloud-free scenes, limiting the 

capabilities of scene-based analyses. Best Available Pixel (BAP) composites are derived 

from pixel-based image composition and enable a robust method for deriving gap-free data 
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sets over large spatial scales (White et al., 2014). By selecting the most suitable data 

available or interpolated from imagery archives, pixel-based composition provides 

complete datasets that incorporate the most relevant information to the user and overcome 

the data limitations of scene-based analysis.  BAP has been developed to create composites 

that allocate proxy values for cloud, shadow, and haze cover (Hermosilla et al., 2015). By 

using a scoring system that ranks pixel suitability based on individual scoring for sensor 

type, date, proximity to cloud cover, and opacity, BAP selection can be customized to suit 

individual user needs (White et al., 2014). With the limited availability of cloud-free 

images at northern latitudes, BAP composites create a promising opportunity to evaluate 

long-term Arctic trends in remotely sensed vegetation indices.  Annual BAP imagery used 

in this project was generated by the Canadian Forest Service using the pixel scoring method 

where the values at each pixel location were assigned a score based on suitability of: (1) 

sensor, (2) date of data acquisition, (3) image noise, and (4) atmospheric opacity (White et 

al., 2014; Hermosilla et al., 2015). Final data value for the BAP composite is assigned 

based on the highest cumulative score.  Synthetic proxy values can be generated for missing 

or low-score data by assigning value based on data available for years before and after the 

missing data. 

1.2.3 Vegetation Indices 

Development of increasingly sophisticated remote sensing products has allowed 

researchers to maximize on this rich dataset to suit specific research objectives. Vegetation 

indices have emerged as a popular application of remote sensing to quantify vegetation 

change across multiple spatiotemporal scales (Osunmadewa et al., 2018). Continuous time 

series data of vegetation index products can be used to detect trends in vegetation 
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productivity, and evaluate the relationships between changes in vegetation productivity and 

environmental changes (Stow et al., 2003). Vegetation indices employing specific 

wavelength ranges captured by satellites are commonly used as proxies for vegetation 

properties such as: productivity or biomass (Bannari et al., 1995). Chlorophyll in plant cells 

absorbs light ranging from 400 to 700 nanometers (nm) for photosynthesis and reflects 

near-infrared (NIR) light ranging from 700 to 1300 nanometers (Tarpley et al., 1984). 

Satellites with sensors that detect these wavelengths can be used to measure the intensity 

of reflectance from visible and NIR spectrums to estimate the photosynthetic capacity of 

vegetation. Productive vegetation absorbs the most visible light and reflects the most NIR 

light. This knowledge has led to the development of the Normalized Difference Vegetation 

Index (NDVI) which measures the proportion of light absorbed and reflected from the 

photosynthetically active radiation (PAR) spectral range (Huemmrich & Goward, 1997).  

The Enhanced Vegetation Index (EVI) is a modified version of NDVI which employs blue 

wavelengths in addition to red and NIR to correct for atmospheric perturbations and allow 

greater sensitivity to subtle species compositional change, canopy structure, and leaf area 

index (Huete et al., 2002).  

𝐸𝑉𝐼 = 2.5 ×  
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 6 × 𝑅𝑒𝑑 − 7.5 × 𝐵𝑙𝑢𝑒 + 1
 

The Normalized Burn Ratio (NBR) is a modified version of NDVI that uses NIR and 

shortwave infrared (SWIR) wavelengths to capture the greatest contrast in the reflectance 

response of healthy and burned vegetation (Key & Benson, 2006). Properties that affect 

radiative characteristics including fuel consumption, ash presence, transpiration and 

increased surface temperature can result in reduced surface reflectance in the Near Infrared 
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(NIR) wavelength range and increased reflectance in the Shortwave Infrared (SWIR) range 

(Chen & Huang, 2008). Living vegetation has higher NIR reflectance and lower SWIR 

reflectance compared to burned vegetation (Keeley et al., 2008). Differenced NBR (dNBR) 

using pre and post-fire NBR imagery approximately one year before and after fire can be 

used to calculate the magnitude of per-pixel change initiated by fire (Key & Benson, 2006).  

1.2.4 Random Forests 

To understand the relationships between vegetation, climate, and disturbance, machine 

learning methods have become increasingly popular in ecological research (Cutler et al., 

2007; Olden et al., 2008). Machine learning algorithms ‘learn’ and model relationships 

between user-inputted predictor and response data by acquiring knowledge from training 

data (Mellor et al., 2012). Classification and regression trees (CARTs) are a method of 

inferential machine learning that partitions data from predictor variables into classes or 

nodes of increasing homogeneity (Cutler et al., 2007). Tree-based learning can simulate 

relationships among variables across multiple spatiotemporal scales, allowing the complex, 

often non-linear, interactions between vegetation, climate, and disturbance to be effectively 

modelled. Random Forests (RF) modelling is an ensemble method of machine learning that 

combines many individual “weak learner” CARTs and operates as a “strong learner” by 

utilizing the average response of all individual CARTs to achieve a higher overall modeling 

accuracy (Rodriguez-Galiano et al., 2012).  While improved accuracy of ensemble methods 

can come at the cost of more difficult interpretation and more intensive computing (Gómez 

et al., 2016), RF is a relatively simple method compared to other ensemble methods, such 

as artificial neural networks and support vector machines, as it requires only two user-

defined parameters: (1) number of trees and (2) number of predictor variables to sample 
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per branch (Rodriguez-Galiano et al., 2012). By selecting a random subset of variables per 

branch, RF addresses the limitations of CARTs and reduces the strength of individual trees 

as well as the correlation between them (Rodriguez-Galiano et al., 2012). 

Beyond simplicity, RF can also handle large sets of input predictor variables without 

deletion (Cutler et al., 2007) and is not limited by Gaussian distributional assumptions 

(Faivre et al., 2016).  Traditional statistical methods such as linear regression assume 

constant variance of the response variable across the observations, and normal (Gaussian) 

distribution of errors – conditions which may not be valid for many ecological studies 

(Cutler et al., 2007). RF can also better handle the inclusion of correlated variables, an 

issue which can hinder the process of variable selection in regression-based modelling 

methods (Faivre et al., 2016). 
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2.1 Introduction 

Over the past half century, the length of the fire season in Canada has increased 

substantially and the national trend in annual area burned has increased three-fold (Hanes 

et al., 2019). Fire activity has increased most rapidly in boreal regions of northern Canada 

(Brown & Johnstone, 2011; Walker et al., 2019), where air temperatures are warming at 

three times the global rate (Bush & Lemmen, 2019; Vincent et al., 2015). High-latitude 

tundra fires have historically been constrained by low biomass, making them less common 

and severe than boreal forest fires (Viereck & Schandelmeier, 1980; Wein, 1976). 

However, warming Arctic temperatures (Vincent et al., 2015) and the proliferation of 

deciduous shrubs (creating surface fuels) (Lantz et al., 2013b; Moffat et al., 2016) are 

projected to dramatically increase fire probability in the tundra biome by the end of the 21st 

century (Moritz et al., 2012) and increase the fire return interval from over 800 years to 

less than 200 years (Higuera et al., 2008; Rocha et al., 2012). To date, Low Arctic tundra 

regions of Alaska (Sae-Lim et al., 2019), Canada (Versaverbeke et al., 2017), and Siberia 

(Moskovchenko et al., 2020) have seen increases in the number of ignitions in the past half 

century (Bret-Harte et al., 2013), demonstrating that fire regimes are already changing in 

the circumpolar tundra.  

Studies on the effects of fire in subarctic forest ecosystems show that rapid climate 

warming is increasing fire frequency and intensity and initiating successional sequences 

that have not previously been observed previously (Johnstone & Chapin, 2006; Kelly et 

al., 2013). Less is known about the impacts that altered fire regimes will have on tundra 

landscapes. Resilience in ecological systems is a measurement of persistence and the 

capacity of a system to absorb change or disturbance and return to its original state 

(Holling, 1973). Subarctic boreal forest ecosystems, like black spruce forests, have 
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historically been resilient to wildfire, maintaining consistent recovery pathways where 

post-fire succession leads to pre-fire community structure (Johnstone & Chapin, 2006). 

However, this cycle of resiliency can be broken by unusual disturbance events, such as 

high severity fires or shorter fire return intervals (Johnstone, et al., 2010a). Studies in the 

boreal have shown that the combustion of the soil organic layer during severe fire can 

interrupt the successional return of pre-fire type communities and favor alternative 

trajectories of successional change and alternative species assemblages (Hollingsworth et 

al., 2013; Johnstone, et al., 2010b), and accelerate permafrost degradation and thermokarst 

development (Jafarov et al., 2013; Jones et al., 2015).   

Research in tundra ecosystems indicates that vegetation can recover quickly following fire. 

In Alaska, tussock tundra ecosystems can reach pre-fire structure and composition within 

5-10 years (Jandt et al., 2012; Jones et al., 2009; Racine et al., 2004), while shrub tundra 

ecosystems typically recover on a decadal scale (Frost et al., 2020; Heim et al., 2019; Lantz 

et al. 2010). There is some evidence that severe tundra fire can alter successional 

trajectories and not return to pre-fire conditions by promoting changes in community 

composition. In tussock-shrub tundra communities fire typically initiates a rapid recovery 

and dominance of tussock-forming sedges (Eriophorum vaginatum), but can shift towards 

shrub-domination at the decadal scale (Racine et al. 2004). Studies from the Tuktoyaktuk 

Coastlands have also shown that severe fire can facilitate the landscape-scale dominance 

of upright shrubs (Lantz et al., 2013a; Travers-Smith &ff Lantz, 2020).  In tussock-tundra 

the recovery of vascular species is predominantly driven by resprouting of individuals, and 

seedling establishment and success is typically limited (Bret-Harte et al., 2013; Gartner et 

al., 1986). Though the leaves of E. vaginatum are destroyed by severe fire, the rhizomes 
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and meristems can survive and resprout rapidly within the moist tussock core, where it is 

enclosed and protected (Bret-Harte et al., 2013). While belowground stems of deciduous 

and evergreen shrub species also survive, the recovery of aboveground biomass following 

fire is slower, and does not usually reach or surpass pre-fire conditions until at least a 

decade after fire (Narita et al., 2015; Racine et al., 2004).  

Changes to tundra vegetation structure can increase snow cover (Jia et al., 2009; Ropars 

and Boudreau, 2012) and evapotranspiration (Swann et al., 2010; Zhang and Walsh, 2006), 

and alter wildlife habitat (Fauchald et al., 2017; Gustine et al., 2014; Jandt et al., 2008; Joly 

et al., 2009). Permafrost thaw and thermokarst subsidence (Jones et al., 2015; Myers-Smith 

et al., 2008) triggered by severe tundra fires can remain evident decades after fire (Racine 

et al., 2004). At a global scale more widespread fire is predicted to cause a fourfold increase 

in fire-driven global carbon flux by 2100 (Abbott et al., 2016; Mack et al., 2011; Walker 

et al., 2019), with model projections suggesting the relative increase in carbon emissions 

from tundra fire will be up to two times higher than from boreal fires (Abbott et al., 2016). 

Identifying how variation in burn severity can affect successional trajectories is critical to 

understanding how increasing tundra fire frequency and severity will impact regional and 

global ecological processes.  

To date, most research on multi-year and decadal (Frost et al., 2020; Racine et al., 2004) 

recovery following tundra fire has focused on individual fire disturbances and few studies 

have evaluated recovery patterns across gradients of burn severity  (Rocha and Shaver, 

2011; Tsuyuzaki et al., 2017). Remotely sensed vegetation indices can be used to delineate 

severity in tundra fires (Fraser et al., 2017; Kolden and Rogan, 2013), which can streamline 

field monitoring efforts and allow more efficient sampling design. The objective of this 
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study was to evaluate the resilience of tundra ecosystems across a gradient of burn severity. 

To accomplish this, we used remote sensing to map burn severity (Allen and Sorbel, 2008) 

and measured community composition, soil properties and permafrost conditions at six 

tundra fires that burned in the Northwest Territories in 2012. 

2.2 Methods 

2.2.1 Study Area  

We conducted this study within the Tuktoyaktuk Coastal Plain and Anderson River Plain 

Ecoregions, in the Northwest Territories (Fig. 2.1). This area is located within the 

continuous permafrost zone, where soils are typically ice-rich, and the rolling landscape is 

characterized by hummocky uplands and lowlands typically occupied by polygonal 

peatlands (Ecosystem Classification Group, 2012).  These ecoregions span the forest-

tundra ecotone with landscapes in the southern part of the study area dominated by tall 

shrubs (Salix spp., Alnus viridis, and Betula glandulosa) and scattered spruce woodlands 

(Timoney et al., 1992; Travers-Smith and Lantz, 2020), and in the northern part by dwarf 

shrubs (Vaccinium spp., Ledum decumbens, Empetrum nigrum, Rubus chamaemorus), 

sedges (Eriophorum spp., Carex spp.), and grasses (Poaceae spp.) (Hernandez, 1973; 

Kokelj et al., 2017). Our study sites were predominantly within upland terrain where 

vegetation was dominated by shrub tundra communities comprised of tall (Alnus, Betula, 

Salix) and dwarf (Ledum, Empetrum, Vaccinium) shrubs and graminoids (Carex, 

Eriophorum, Poaceae). At lower micro-positions where moisture was higher, some sites 

were dominated by tussock tundra comprised mainly of Eriphorum and graminoids.   
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Figure 2.1 Map of study area and perimeter of six tundra fires examined. Inset map in upper area 

shows the location of the study area in northwestern Canada.  

The regional climate of this area is characterized by long cold winters and short summers 

(Rampton, 1988). Mean annual temperatures (MAT) in Inuvik and Tuktoyaktuk are -8.2° 

C, and -10.1°C, respectively. Annual precipitation is approximately 240 mm in Inuvik and 

160 mm in Tuktoyaktuk (Environment Canada, 2018).  Continuous permafrost in this 

region is ice rich and thermokarst landforms (thaw slumps, thermokarst lakes, polygonal 

terrain) are common (Ecosystem Classification Group, 2012). Increasing MAT has been 

observed across all weather stations in the western Canadian Arctic over the past half 

century (Burn and Kokelj, 2009; Vincent et al., 2015) and warming has driven an increase 
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in ground temperatures and thaw depths in the past half century (Burn and Kokelj, 2009; 

Kokelj et al., 2017).  

2.2.2 Site Selection 

To examine the effects of burn severity on tundra landscapes we used Landsat false colour 

imagery to locate and identify six tundra fires that burned in 2012. To map spatial variation 

in the severity of each fire we determined the approximate dates of ignition and 

downloaded pre- and post-fire Landsat scenes, which were used to calculate the 

Normalized Burn Ratio (García and Caselles, 1991; Key and Benson, 1999) (Appendix A). 

The NBR is a modified version of the NDVI index, which uses the shortwave infrared 

(SWIR) and near infrared (NIR) bands to identify burned areas:  

𝑁𝐵𝑅 =  
𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅
 

Unburned vegetation has high NIR reflectance and low SWIR reflectance and burned 

vegetation has low NIR and high SWIR reflectance (Keeley et al., 2008). Differenced NBR 

(dNBR) is calculated by subtracting post-fire NBR from pre-fire NBR to estimate burn 

severity and the magnitude of post-fire surface change (Chen and Huang, 2008). All of our 

fires burned in June, 2012 and Landsat scenes for dNBR calculation were selected based 

on proximity to the anniversary of the burn date pre- (June 2011) and post-fire (June, 2013) 

using the method described by Key and Benson (2006). Top of Atmosphere (ToA) Landsat 

Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land 

Imager (OLI) images were downloaded from the United States Geological Survey (USGS) 

Earth Resources Observation and Sciences (EROS) Center Science processing 

Architecture (ESPA) for fire mapping. Burn severity calculations and classifications were 
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performed in R (R Core Team, 2018). To derive gapless dNBR calculations where Landsat 

images were affected by SLC-off, OLI reflectance values were transformed and calibrated 

to correspond with ETM+ values using the ‘raster’ package in R (Hijmans, 2019).  

Fire severity classes were delineated using dNBR thresholds from the US Forest Service’s 

Fire Effects Monitoring and Inventory System (FIREMON). This classification system was 

designed for forest monitoring in the contiguous United States, but has also been used in 

northern boreal regions (Epting et al., 2005). We adapted the classification scheme from 

Epting et al. (2005) by defining our severity classes as: (1) unburned (dNBR <100), (2) 

moderate severity (dNBR ≥ 100 and <400), and (3) high severity (dNBR ≥ 400) (Appendix 

B). We did not apply atmospheric correction to calculations of the NBR, as previous studies 

have found that the effects of atmospheric scattering are limited in the NIR and SWIR 

wavelengths used in this calculation (Miller et al., 2009). Atmospheric correction can also 

introduce errors when using imagery from multiple dates that likely differ in atmospheric 

effects (Fang and Yang, 2014; Miller et al., 2009).  

2.2.3 Field Sampling 

In July 2018, six years after the fires, we measured a suite of biotic and abiotic variables at 

six tundra fires identified using Landsat (Table 2.1, Fig. 2.1).  and six unburned reference 

sites adjacent to each fire. To compare ecological recovery among fires and severity 

classes, we used field sampling to describe vegetation structure and composition and soil 

and permafrost conditions within moderately and severely burned regions of each fire, and 

adjacent unburned regions as control sites. We used randomized stratified sampling was to 

select sampling areas from satellite-derived burn severity classes. At each fire we selected 

randomly selected two sampling sites each in moderately burned regions, severely burned 
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regions, and unburned regions outside of the burn perimeter (n=6). All unburned sites were 

located at least 10 m beyond the perimeter of the fire. At each site, five sampling plots were 

randomly selected for a total of 180 plots across the study area. To measure vegetation 

structure and composition at each plot, we used a nested quadrat approach. 4 m2 quadrats 

were used to visually estimate the percent cover of upright shrubs and trees and to measure 

tree or shrub canopy height. Percent cover of dwarf shrub, graminoid, herbaceous dicot 

and non-vascular species was estimated in 0.25 m2 quadrats, located inside the 4m2 

quadrats. Percent cover estimates were made for all species, except graminoids, lichens, 

and mosses, which were estimated at the family (graminoids) or functional group (mosses 

and lichens) level.  

Table 2.1 Size and estimated timing of the six fires sampled in this study and the Landsat scenes 

used to calculate the severity of each fire. 

Fire Name Size 

(km2) 

 

Start Date  End Date Pre-fire Scene Post-fire Scene 

Crossley (CY) 56.6 24-Jun-12 10-July-12 LT05_L1TP_059012_

20110623_20161008_

01_T1  

LE07_L1TP_060011_201

30627_20161124_01_T1 

Anderson 

River (AR) 

392.7 24-June-12 19-July-12 LE07_L1TP_060011_

20110622_20161208_

01_T1 

LE07_L1TP_060011_201

30627_20161124_01_T1 

Tuktoyaktuk 

(TK) 

0.63 04-Jun-12 20-Jun-12 LT05_L1TP_064011_

20110626_20161008_

01_T1 

LE07_L1TP_064011_201

30607_20161124_01_T1 

Husky Lakes 

(HL) 

3.5 22-Jun-12 24-Jul-12 LE07_L1TP_062011_

20110620_20161208_

01_T1 

LE07_L1TP_061012_201

30618_20161123_01_T1 

Sandy Hills 

(SH) 

36.0 27-Jun-12 13-Jul-12 LT05_L1TP_063012_

20110619_20161008_

01_T1 

LE07_L1TP_065011_201

30614_20161123_01_T1 

Noell Lake 

(NL) 

362.6 13-Jun-12 09-Aug-12 LT05_L1TP_063012_

20110619_20161008_

01_T1 

LE07_L1TP_061012_201

30618_20161123_01_T1 
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Soil properties were measured at the centre and corners of each 4 m2 quadrat (n=5). 

Volumetric soil water content was estimated in the field at the top of the mineral soil 

horizon using a Delta ThetaProbe Soil Moisture Sensor and HH2 moisture meter. Thaw 

depth was measured by depressing an active layer probe to the depth of refusal. To 

standardize thaw depth measurements made throughout the thaw season we estimated 

maximum thaw depth by adding 0.2 cm day-1 (Ovenden and Brassard, 1989) for 

measurements made before August 1st. Soil samples from the top 10 cm of soil matrix 

below the litter and organic horizon, were placed in plastic bags, labeled, and frozen until 

they were prepared for lab analysis. 

We installed 12 thermistors to measure air and ground temperature at one severely burned 

and one unburned control site within each fire (n=6). To measure near surface and top-of-

permafrost temperature we drilled shallow boreholes (100 cm) and attached thermistors to 

a PVC pipe, which was positioned in the borehole at depths of 5 cm and 100 cm. To 

measure air temperature thermistors were positioned at 1.5 m above the ground inside RS1 

solar radiation shields (Onset Computing Corporation, Pocasset, MA, USA). We used 

Hobo Pro U23-003 data loggers with our thermistors, which have accuracy and precision 

of ±0.21 °C and 0.02 °C. Loggers were set to continuously record measurements every two 

hours.  

2.2.4 Lab Analysis  

In late August 2018, thawed soil samples were homogenized and used to estimate soil 

moisture and to prepare pore water extracts used to measure the concentration of major 

ions, conductivity, and pH. Samples were weighed before and after being oven dried to 

calculate gravimetric water content as: 
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𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (g)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑜𝑣𝑒𝑛 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (g)
 

Samples for pore water extracts were air-dried, passed through a 2 mm sieve and used to 

create a 1:5 solution of soil to deionized water (He et al., 2012; Klaustermeier et al., 2016). 

Soil solutions were agitated continuously for ten seconds bihourly for a total of twelve 

hours then left to settle for twelve hours, agitated again for ten seconds, and centrifuged at 

8000 rotations per minute for 30 minutes. The temperature-corrected electrical 

conductivity (EC) and pH of the supernatant were measured using an ExStik PH100 pH 

meter (Extech Instruments, Waltham, MA, USA) and a TDSTestr 3 conductivity meter 

(Oakton Instruments, Vernon Hills, IL, USA). After pH and EC were measured, we filtered 

the supernatant using 45 µm syringe filters, placed the samples into vials and shipped them 

to Taiga Labs in Yellowknife, NT for major ion analysis using Inductively Coupled Plasma 

– Mass Spectrometer 

2.2.5 Statistical Analysis  

To assess differences in community composition among severity classes we conducted a 

non-metric multidimensional scaling ordination using the ‘vegan’ package (Oksanen et al., 

2019) in R (R Core Team, 2018). A matrix of species and functional group cover data was 

log (x+1) transformed prior to calculating a Bray Curtis distance matrix. We visualized 

differences in community composition among severity classes with ordination plots and 

used the envfit and bioenv functions in vegan to test for significant relationships among 

environmental variables and NMDS scores. Analysis of Similarity (ANOSIM) was 

performed in PRIMER v6 (Clarke and Gorley, 2006) to test for significant differences in 

community composition among severity classes (severe burn, moderate burn, and 

unburned). The null hypothesis of our ANOSIM was that there is no difference in average 
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rank dissimilarity between severity classes. We used SIMPER analysis to identify the 

species that made the largest contribution to dissimilarity between severity classes.  

We used the GLIMMIX procedure in SAS (SAS Institute, 2015) and ‘lme4’ package (Bates 

et al., 2015) in R to fit generalized linear mixed effects models of the relationships between 

burn severity and abiotic site properties. In models of edaphic properties (thaw depth, 

organic layer depth, and soil moisture) burn severity was treated as a fixed factor and burns 

and sites were treated as random factors. Degrees of freedom were estimated using the 

Kenward-Roger approximation (Kenward and Roger, 1997).   

2.3 Results  

2.3.1 Plant Community Response 

The effect of tundra fire on plant community composition and vegetation structure six years 

after fire depended on fire severity. Areas impacted by high severity fire were characterized 

by increased abundance of ruderals (Chamerion angustifolium, and Senecio congestus) and 

graminoids (Carex spp., Poaceae spp.) and decreased cover of shrubs (B. glandulosa, V. 

vitis-idaea) and lichen (Figs. 2.2B and 2.3).  One-way analysis of similarity (ANOSIM) 

showed that plant community composition at severely burned was moderately distinct from 

unburned control sites RANOSIM = 0.221), whereas plant community composition at 

moderate and severely burn sites (RANOSIM = 0.083) and moderate and unburned control 

sites (RANOSIM = 0.063) could not be clearly distinguished.  Differences in plant community 

composition between severely burned sites and controls were driven by lower abundance 

of deciduous and evergreen shrubs and lichen in severely burned plots and an increase in 

the cover of bryophytes, grasses (Poaceae), mosses and litter (Table 2.2; Figs. 2.2 and 2.3). 

Indicators of disturbance such as bare ground and remnants of burned vegetation persisted 
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in moderately burned and severely burned sites six years after fire (Fig. 3A). Bare ground 

was observed in 47 out of 80 burned sites but only 3 out of 40 unburned sites. 

 

Figure 2.2 Non-metric multidimensional scaling (NMDS) ordination plot showing community 

similarity/dissimilarity among burned (two severity classes) and unburned sites. Points are sample 

plots (n=60) and are coloured by burn severity. Vectors in (A) show correlations between edaphic 

variables and NMDS scores. Vectors in (B) show correlations between percent cover of individual 

species or species groups and NMDS scores. The NMDS ordination had a final stress of 0.22 after 
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50 iterations. Clarke and Warwick (2001) state a stress around 0.2 to be within the range for useful 

for 2D interpretations. 

Table 2.2 SIMPER analysis showing the top ten species or species group making the greatest 

contribution to Bray-Curtis dissimilarity among burn severity classes.  

Site Types    Site type 1 

Abundance 

(%) 

   Site type 2 

Abundance 

(%) 

Cumulative 

Dissimilarity 

(%)  

Control and Severely Burned    

Bryophytes 19.12 36.36 15.76 

Litter 22.82 30.12 28.24 

Betula glandulosa 16.27 11.00 35.94 

Vaccinium vitis-idaea 16.48 6.53 43.53 

Lichen 13.22 2.74 50.46 

Eriophorum spp. 7.12 4.38 56.06 

Ledum decumbens 11.27 6.03 61.55 

Empetrum nigrum 9.53 2.31 66.96 

Poaceae spp. 1.33 7.64 71.73 

Salix spp. 5.63 4.59 75.37 

   Moderately Burned and Severely Burned 

Bryophytes 22.05 36.36 16.82 

Litter 25.16 30.12 29.57 

Eriophorum spp. 11.95 4.38 37.65 

Vaccinium vitis-idaea 11.98 6.53 44.44 

Betula glandulosa 12.62 11.00 51.13 

Ledum decumbens 11.55 6.03 57.26 

Poaceae spp. 3.64 7.54 63.28 

Vaccinium uliginosum  2.38 4.66 67.59 

Empetrum nigrum 4.25 2.31 71.22 

Salix spp. 3.33 4.59 74.70 

   Control and Moderately Burned 

Bryophytes 19.12 22.05 12.41 

Litter 22.82 25.16 24.28 

Eriophorum spp.  7.12 11.95 33.46 

Vaccinium vitis-idaea  16.48 11.98 41.95 

Betula glandulosa  16.27 12.62 50.11 

Lichen 13.22 3.91 57.67 

Ledum decumbens 11.27 11.55 64.33 

Empetrum nigrum 9.53 4.25 70.46 

Rubus chamaemorous 3.40 4.44 74.25 

Salix spp. 5.63 3.33 77.78 
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Community composition at unburned sites was mainly characterized by presence of 

deciduous (Betula glandulosa, Vaccinium uliginosum, Salix spp.) and evergreen 

(Empetrum nigrum, Vaccinium vitis-idaea, Ledum decumbens) shrubs, and sedges (Carex 

spp., Eriophorum spp.) and grasses (Poaceae) (Table 2.2; Figs. 2.3 and 2.4). Cover of both 

deciduous and evergreen shrubs was negatively and linearly related to burn severity as 

indicated by post-fire NBR – a continuous variable indicating burn severity (Fig. 2.4).  

Herbaceous dicot cover was relatively uncommon across all site types regardless of burn 

severity (Fig. 2.3).   

 

Figure 2.3 Average proportional percent cover of (A) plant functional types and (B) sub-groups 

of graminoids in unburned, moderately burned, and severely burned tundra types.  
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Figure 2.4 Linear fit of relationships between NBR and (A) deciduous shrubs, and (B) evergreen 

shrubs. The solid lines show the linear fit and the gray shaded area represents the standard error.  

2.3.2 Edaphic Response  

The MDS ordination (Fig. 2.2) indicates major shifts in community composition with burn 

severity, and these were associated with various abiotic factors (Appendix C), including 

decreased organic thickness and increased thaw depth, bare ground, electrical conductivity 

and micronutrient concentrations (Ca2+, SO4-, Na-, Mg2+).  

Thaw depth was highly variable (Range: 13.6-103.0 cm) but exhibited a significant positive 

relationship with burn severity (Fig. 2.5A), and least square mean thaw depth at severely 

burned sites was 12 cm higher than at unburned sites (Fig. 2.5A). Organic layer thickness 

was also highly variable (Range: 0-40 cm) but was deepest at unburned controls and 

shallowest at severely burned sites, where, average organic thickness was 4 cm shallower 

than unburned controls (Fig. 2.5B). Thaw depth was inversely related to organic layer 

thickness and increased by approximately 1 cm for every 1 cm decrease in organic layer 

depth (Fig. 2.5C). Soil moisture was variable across all sites but was generally higher when 

thaw depth was shallower (Fig. 2.5D).  
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Figure 2.5 Linear fit of relationships between: (A) thaw depth and post-fire Normalized Burn Ratio, 

(B) organic layer depth and post-fire Normalized Burn Ratio, (C) thaw depth and organic layer 

depth, and (D) thaw depth and soil moisture. The solid lines show the linear fit and the gray shaded 

area represents the standard error.  

 

Average ground surface soil temperature was consistently higher at severely burned sites 

compared to unburned control sites (Fig. 2.6A). This difference was largest in late June, 

when average temperature across burned sites was up to approximately 12°C higher than 

adjacent unburned control sites (Fig. 2.6A). Differences in soil temperatures between 

burned and unburned sites were also apparent at 1 meter below the surface (Fig. 2.6), where 

the average date of freeze-back was close to a month (Dec. 1st) later in severely burned 

sites compared to unburned controls (Nov. 4th). Severely burned sites also exhibited an 

early increase in spring temperature at the ground surface and the top of permafrost 

compared to controls (Fig. 2.6). 
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Figure 2.6 Mean daily temperatures at severely burned sites (red line) and unburned sites (blue 

lines) where thermistors were installed: (A) at the ground surface (5 cm below surface) and (B) at 

the top of permafrost (100 cm below surface) 

2.4 Discussion 

Our analysis shows that the impact of tundra fire depends on burn severity, which must be 

high enough to kill aboveground meristems and reduce the surface organic layer to affect 
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vegetation and soil conditions. The similarity of plant community composition at 

moderately burned and unburned sites shows that tundra vegetation structure is resilient to 

lower severity fire. However, where fire was severe, community composition and abiotic 

conditions were distinct from unburned and moderately burned areas. The persistence of 

thermal changes six years following fire also indicates that severe tundra fire can initiate 

positive feedbacks impacting abiotic conditions. Higher ground temperatures at severely 

burned sites can be attributed to increased ground heat flux in the summer (Nossov et al., 

2013) following the partial combustion of the soil organic layer. Higher burn severity was 

associated with the loss of surface cover and organics, which increased thaw depths, and 

extended the thaw season by reducing surface insulation and albedo (Figs. 2.5 and 2.6). 

These increases in thaw depths are noteworthy because they may exacerbate long-term 

carbon loss by accelerating decomposition rates (O’Donnell et al., 2011; Racine et al., 

2004). Thermal recovery can take decades following tundra fire (Jiang et al., 2015), and 

when the disturbance is severe, it can also facilitate thermal erosion (Chipman and Hu, 

2017), and thermokarst development (Jones et al., 2015; Mackay, 1995).  

Our observations of community composition and soils in areas where tundra burning was 

severe show that shrub tundra has been recovering rapidly and suggests that ongoing 

succession may promote shrub dominance, as many studies indicate (Higuera et al., 2008; 

Jones et al., 2009; Racine et al., 2004). After six years, the cover of shrubs was still lower 

in areas of severe burning (Figs. 3 and 4), but our observations, combined with previous 

studies, suggest that full recovery of shrub cover is likely to occur within several decades.  

Ultimately, ongoing monitoring is required to track successional change and test this 

prediction. Fire destroyed most to all aboveground vegetation at severely burned sites, but 
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recovery was rapid at these sites. Our field observations indicate that the rapid recovery of 

vegetation at our study sites was driven by the sprouting of near-surface buds, which is a 

common reproductive strategy for tundra species following disturbance (Au Yeung and Li, 

2018; Bret-Harte et al., 2013; Wein and Bliss, 1973). Previous tundra fire recovery studies 

have shown that re-sprouting can return aboveground cover to pre-fire levels within a few 

years (Au Yeung and Li, 2018; Racine et al., 2004).   

The rapid recovery of deciduous shrubs particularly in areas where fire consumed most 

aboveground biomass suggests that succession may result in the dominance of these 

species relative to other vegetation. Aboveground biomass of deciduous shrubs such as 

Betula glandulosa and Vaccinium uliginosum is typically destroyed by fire, but can recover 

quickly via re-sprouting and exceed pre-fire abundance (De Groot and Wein, 2004; 

Dyrness and Norum, 1983; Wein and Bliss, 1973). Sprouting can occur from dormant buds 

on root crowns and rhizomes (De Groot, 1998; Zasada, 1986), which facilitates rapid 

regeneration after fire, even when burning is severe (De Groot and Wein, 2004).  

Previous studies have shown that tundra disturbances that reduce or remove organic soils 

can also promote the dominance of deciduous shrubs (Gibson et al., 2016; Johnstone, 

Chapin, et al., 2010; Landhausser and Wein, 1993; Lantz et al., 2009, 2010;  Racine et al., 

2004). Increased thaw depth at severely burned sites was also associated with higher 

concentrations of soluble nutrients (Ca2+, SO4-, Na-, Mg2+), which has been linked to rapid 

increases in aboveground biomass of deciduous shrubs (Hu et al., 2015; Lantz et al., 2009; 

Wein and Bliss, 1973). Tundra shrubs, particularly Betula glandulosa show increased stem 

biomass, density, and dominance over graminoid species in response to increased thaw 

depth, pH and nutrient availability (Ca2+, SO4-) (Abbott and Jones, 2015; Lantz et al., 2009; 
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Schuur et al., 2007) and in greenhouse treatments where below and aboveground 

temperatures have increased (Bret-Harte et al., 2001; Bret-Harte et al., 2004; Shaver et al., 

2001).  

At our sites severe burning suppressed lichen and evergreen shrub cover, but promoted the 

rapid establishment of graminoids and “weedy” herbs such as Chamerion angustifolium 

and Senecio congestus, which may also facilitate abiotic conditions that favor deciduous 

shrub dominance in the long-term. In the subarctic, the dominance of herb and graminoid 

understories in early succession following fire accelerates nutrient cycling, which limits 

organic layer development and promotes the development of deciduous shrub communities 

that are better adapted to shallow organic layers (Chapin et al., 1996; Gibson et al., 2016; 

Johnstone, Chapin, et al., 2010).  

The greater decline in evergreen shrub cover relative to deciduous shrub cover that we 

observed with increasing burn severity was likely driven by high plant and seed mortality, 

which prevented re-sprouting in this functional group. Vaccinium vitis-idaea typically 

regrows after disturbance via resprouting from aerial stems (Viereck and Schandelmeier, 

1980). While this can allow quick recovery under light to moderate severity fire (Racine et 

al., 2004), when high severity fire destroys aboveground stems the recovery of Vaccinium 

vitis-idaea is limited (Racine, 1981). The post-fire recovery of evergreen shrubs such as 

Vaccinium vitis-idaea, Ledum decumbens, and Empetrum nigrum can take decades because 

of dispersal limitation and the requirement of an organic seedbed (Bell and Tallis, 1973; 

Landhausser and Wein, 1993; Viereck and Schandelmeier, 1980). 
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Our observation that changes in community composition and soil conditions were greatest 

in areas of severe burning indicates that the nature of tundra recovery is a function of 

disturbance severity. Although short-term recovery at severely burned sites differed from 

areas of moderate fire, our observations suggest that the fires we sampled were not severe 

enough to facilitate the development of novel successional trajectories as has been 

observed in the subarctic, but additional study on higher severity fires over longer 

timeframes is needed for this to be conclusive (Hollingsworth et al., 2013; Johnstone, 

Chapin, et al., 2010; Landhausser and Wein, 1993; Lantz et al., 2010). 

Modelling suggests that climate warming will decrease the tundra fire return interval to 

less than 200 years, a level unprecedented in the Holocene (Young et al., 2017). As 

warming increases the severity of fire, it is possible that fires will become severe enough 

to drive the total combustion of soil organic layer and promote altered successional 

trajectories where resprouting recovery is overtaken by the establishment of new seedlings 

(Hollingsworth et al., 2013), but additional study is needed. Modelling of vegetation 

succession indicates that increasing burn severity can lead to the long-term replacement of 

shrub tundra by graminoid tundra (Barrett et al., 2012). Conversely, palynological studies 

indicate that during the mid-Holocene shrub tundra landscapes dominated by Betula 

glandulosa burned as frequently (~144 years) as modern northern boreal black spruce 

landscapes (Higuera et al., 2008, 2011). Given the potential impacts of widespread changes 

in tundra vegetation structure on regional and global ecological processes, such as 

hydrology (Drake et al., 2019), global carbon storage (Christiansen et al., 2018; Schuur et 

al., 2015), and permafrost dynamics (Blok et al., 2011; Wilcox et al., 2019), additional 

research on the long-term effects of tundra fire is critical. The limited availability of reliable 
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data on tundra wildfire has made it difficult to document the effects of severe fire on tundra. 

Remote sensing and plot-based monitoring should be used to assess how landscapes will 

change in the decades following disturbance. The fine-scale variation in tundra terrain 

requires that future research utilize very high spatial resolution data. The emergence of 

hyperspectral remote sensing and very-high resolution platforms, such as microsatellites 

and unmanned aerial systems (Fraser et al., 2017), which can quantify high resolution burn 

severity provides an exciting opportunity to examine landscape-scale successional 

responses following tundra fire and other disturbances.   
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Appendix A: Flowchart for differenced Normalized Burn Ratio 
calculation using Landsat 7 ETM+ imagery  
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Appendix B: Flowchart for burn severity classification using 
differenced Normalized Burn Ratio (dNBR)   
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Appendix C: Significant Kendall correlations between NMDS 
Axes 1 and 2 and species and site properties 

 

Site Properties NMDS1 NMDS2 

Bare Ground -0.08 -0.99 

Burned ground 0.59 -0.80 

Thaw depth -0.38 -0.93 

Organic layer depth 0.88 0.47 

NBR -0.94 -0.34 

Sulphate -0.33 -0.94 

Electrical conductivity  -0.27 -0.96 

Soil Moisture 0.01 -0.99 

Species NMDS1 NMDS2 

Betula glandulosa 0.68 0.73 

Carex spp. -0.96 0.27 

Chamerion angustifolium  -0.99 -0.11 

Eriophorum spp.  0.59 -0.80 

Poaceae -0.93 0.38 

Salix spp. -0.16 0.99 

Vaccinium uliginosum -0.99 -0.08 

Vaccinium vitis-idaea -0.15 0.99 

Bryophytes 0.97 0.22 

Lichen -0.95 0.31 

Litter -0.99 0.14 
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3.1 Introduction 

Increases in temperature are predicted to profoundly alter the structure and function of 

global vegetation (Serreze et al., 2000; Stocker et al., 2013). In Arctic ecosystems, where 

temperatures are warming at more than twice the average global rate (Cowtan and Way, 

2014; Pithan and Mauritsen, 2014), shifts in vegetation are already widespread  (Bhatt et 

al., 2013; Jia et al., 2009). Analysis of satellite imagery from the last three decades across 

the Canadian Arctic has revealed rapid increases in vegetation productivity in the Yukon, 

Northwest Territories, Nunavut, and northern Quebec and Labrador (Ju and Masek, 2016).  

Several lines of evidence indicate that changes in vegetation productivity have been driven 

primarily by increases in air temperature, a factor which significantly limits vegetation 

growth and reproduction at northern latitudes (Bunn et al., 2006; Myers-Smith et al., 2015; 

Ohse et al., 2012; Tape et al., 2012). Tundra warming experiments and fine-scale 

monitoring show that increasing temperatures can drive rapid expansion of deciduous 

shrubs (Elmendorf et al., 2012; Moffat et al., 2016; Travers-Smith and Lantz, 2020) and 

dwarf evergreen shrubs (Fraser et al., 2014; Rozema et al., 2009), but the magnitude of 

these changes is also regionally variable (Elmendorf et al., 2015; Tape et al., 2012). 

Pronounced heterogeneity in vegetation productivity trends have been observed at broad 

scales, with some tundra regions exhibiting rapid greening, while others show little to no 

change in productivity over the past few decades (Jorgenson et al., 2018; Tape et al., 2012). 

Some regions also show trends towards decreasing vegetation productivity, or browning 

(Berner et al., 2020; Phoenix and Bjerke, 2016) 

Heterogeneity of tundra productivity trends suggests that the effects of temperature are 

mediated by broad-scale variation in local topography (Campbell et al., 2020; Ropars and 

Boudreau, 2012), surficial geology and geological history (Raynolds et al., 2006; Rickbeil 
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et al., 2018), soil moisture (Cameron and Lantz, 2016; Campbell et al., 2020; Myers-Smith 

et al., 2015), and land cover (Bunn et al., 2006; Ju and Masek, 2016; Silapaswan et al., 

2001). Research to determine the causes of this variability is critical because vegetation 

change affects ecological processes that strongly influence the climate system (Bhatt et al., 

2017; Bunn et al., 2006; de Jong et al., 2013; Mcguire et al., 2009). Specifically, changes 

in the structure and function of tundra vegetation are expected to alter soil and permafrost 

conditions (Blok et al., 2010), hydrological processes (Drake et al., 2019), global carbon 

storage (Christiansen et al., 2018), and surface energy exchange (Blok et al., 2011).  

In this study we used a time-series of Landsat imagery (Wulder et al., 2019) to analyze 

changes in the Enhanced Vegetation Index (EVI) from 1984 to 2016 and describe the 

spatial pattern and magnitude of vegetation change in the western Canadian Arctic. Our 

objective was to quantify changes in vegetation productivity and identify the biophysical 

variables that explain the spatial heterogeneity in observed trends. To accomplish this, we 

used Random Forests (RF) machine learning to model and evaluate the relationships 

between EVI trends and a suite of biophysical variables hypothesized to be influencing 

Arctic greening.  

3.2 Methods 

3.2.1 Study Area 

The study area for this project encompassed approximately 800 000 km2 of Arctic tundra 

in the Yukon, Northwest Territories and Nunavut (Fig. 3.1). Located between 63.5° N and 

79.4° N and 141.0° W and 101.6° W, our study area consisted of the portion of western 

Canada defined as tundra by the circumpolar Arctic bioclimatic subzones map (Walker et 

al., 2005). This area spans the Taiga Cordillera, Taiga Plains, Taiga Shield, Northern 
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Arctic, and Southern Arctic ecozones and 22 ecoregions that contain mosaics of graminoid 

tundra, prostrate-shrub tundra, erect shrub tundra, wetland vegetation, and sparsely 

vegetated barrens (Olthof et al., 2009; Walker et al., 2005). Mean July temperature across 

the study area ranges from 10° C in the Taiga Cordillera to 4° C in the Northern Arctic 

ecozone (Ecosystem Classification Group, 2013).   

 

Figure 3.1 (A) Map of the study region in the western Canadian Arctic overlain with colours 

distinguishing ecoregions and ecozones located in the study area. (B) Map of the study area region 

overlaid with a digital elevation model. Inset map in the upper left shows the extent of the 80-

million hectare study area in north-western Canada. 

The terrain across our study area is highly variable. The western extent of our study area is 

located at the border of the Yukon and Alaska and is characterized by the low-lying Yukon 

Coastal Plain and glacial moraines that have been reworked by a range of periglacial 

processes, including hummock and thermokarst lake formation (Wolter et al., 2017). On 

the fringes of the Alaskan Brooks Range and south of the Beaufort Sea, this region extends 

inland westward through the Richardson Mountains, the Peel Plateau, and the Mackenzie 



 

 

55 

Delta, towards the Arctic Archipelago. Moist and more nutrient-rich low-lying areas in this 

region are occupied by wet sedge, low shrub, and tall shrub communities, whereas hilltops, 

and alpine and exposed environments are characterized by dwarf and herbaceous tundra  

(Smith et al., 2004; Ecosystem Classification Group, 2013). The islands of the Arctic 

Archipelago in the eastern extent of our study area are characterized by distinctive Northern 

and Southern Arctic ecoclimates. Northern Arctic regions like the Shaler Mountains, Banks 

Island Lowland and Parry Islands Plateau, are characterized by exposed bedrock, outwash 

deposits, glacial tills and plateaus. Upland vegetation in this region is mainly sparse and 

discontinuous, but in wet areas, a continuous cover of mosses, lichens, and low-growing 

forbs, sedges (including cottongrasses) can be found (Ecosystem Classification Group, 

2013). Comparatively, vegetation in SouthernArctic regions like the Banks Island Coastal 

Plain and Amundsen Gulf Lowlands consists of near continuous dwarf shrub tundra  which 

is often dominated by willows and sedges in wetter, warmer sites (Ecosystem Classification 

Group, 2013). The entire study area is located within the continuous permafrost zone, 

where a seasonally thawing active layer is found overlaying permafrost that ranges in depth 

from less than 100 m in areas with abundant water bodies to over 500 m in unglaciated 

regions (Burn and Kokelj, 2009). Cryosolic soils, characterized by the prevalence of 

permafrost, are the dominant soil order in this region (Tarnocai, 2004).  

3.2.2 Enhanced Vegetation Index  

To estimate shifts in vegetation status and productivity across our study area, we analyzed 

changes in the Enhanced Vegetation Index (EVI) calculated using Landsat imagery. EVI 

uses near infrared (NIR) and red wavelengths to relate biomass and photosynthetic activity, 
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and employs blue wavelengths for aerosol correction (Huete et al., 2002) to reduce the 

impact of spatially variable perturbations in the atmosphere.  

𝐸𝑉𝐼 = 2.5 ×  
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 6 × 𝑅𝑒𝑑 − 7.5 × 𝐵𝑙𝑢𝑒 + 1
 

Like the Normalized Difference Vegetation Index (NDVI), EVI has been used as a proxy 

for photosynthetic activity and productivity (Huete et al., 2002). In this analysis we used 

EVI because it has greater sensitivity to subtle vegetation changes, canopy structure, and 

leaf area index and can diminish possible distortions present in NDVI values, which results 

from ground cover below vegetation canopy (Xiao et al., 2005). 

3.2.3 Landsat Trend Analysis   

Changes in vegetation productivity were explored by calculating pixel-based trends in EVI 

using a time series of annual, gap-free, Landsat surface reflectance image composites with 

30-m spatial resolution from 1984 to 2016 produced using the Composite2Change (C2C) 

algorithm (Hermosilla et al., 2016). First, Best Available Pixel (BAP) Landsat composites 

were annually generated through pixel selection using user-determined scores for four 

criteria: (1) sensor type, (2) acquisition day of year (August 1st ± 30 days), (3) distance to 

clouds and cloud shadow, and (4) atmospheric opacity. Scores are summed and pixels with 

the highest score are assigned as the best pixel in the final raster composite. Pixels where 

no observations were available (e.g., persistently cloudy locations) are labelled as data gaps 

(White et al., 2014). These BAP composites are further processed to remove unscreened 

noise (such as from haze or smoke) as well as non-permanent snow occurrences and fill 

any remaining data gaps with proxy surface reflectance values using spectral trend 

information derived the temporal analysis of the time series (Hermosilla et al., 2015).  
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To calculate per-pixel trends in the EVI time series, we used the Theil Sen slope estimator 

(Sen, 1968). This is a non-parametric regression method for trend evaluation where the 

median slope of all pairwise combinations is calculated. Repeated median estimates are 

more robust than ordinary least squares because they are less sensitive to outliers. All 

statistical analyses were performed in R (R Core Team, 2013) on Compute Canada’s West 

Grid cloud-based high-performance computing infrastructure. We calculated the  Theil 

estimator with the ‘EcoGenetics’ package (Roser et al., 2020) and evaluated trends with 

the ‘Kendall’ package (McLeod, 2011) by using the Mann-Kendall test for significance of 

monotonic trends in time series (Mann, 1945). Water masks derived from the Function of 

mask (Fmask) algorithm (Zhu and Woodcock, 2012) were used to remove water pixels and 

constrain the analysis to terrestrial pixels. Unlike areas of Scandinavia (Phoenix and 

Bjerke, 2016) and boreal Alaska (Verbyla, 2011) where significant decreases in 

productivity (browning) are spatially clustered and explicitly connected to specific regions 

and biophysical conditions, browning within our study area made up less than 1% of the 

total area and was not clustered. Since this small number of browning pixels was not 

clustered, we masked out browning trends and focused on EVI trends classified as either: 

(1) significantly greening or (2) non-significant change 

3.2.4 Modelling Determinants of EVI Greening 

We used Random Forests (RF) (Breiman, 2001) regression and classification modelling to 

examine the relationships between tundra greening (slope of significant EVI trends) and 

12 biophysical variables hypothesized to influence landscape scale vegetation dynamics 

(Table 3.1). RF models are a machine learning ensemble method based on classification 

and regression trees (CART). This approach uses sample-with-replacement to derive many 
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sample subsets, or bootstrap samples. Different bootstrap samples are used to train each 

individual CART. Combining, or bootstrap aggregating (bagging) these CARTs creates the 

ensembled RF model. To calculate variance explained in our regression model we used 

out-of-bag (OOB) predictions to compute the percent of greening explained by data not 

used to train our model.   

We conducted both a RF classification and regression model to separately evaluate the 

ability of biophysical factors to: (1) distinguish between areas with increasing and non-

significant change in EVI trends (classification), and (2) predict the marginal differences 

in the magnitude of greening in areas with positively trended pixels (regression).  

The ‘caret’ package (Kuhn, 2020) was used to downsample the majority class to address 

data imbalance in RF classification (Boulesteix et al., 2012). Models were constructed 

using a random subset of 1% of the significantly greening pixels (p<0.05) in the study area 

and performed using the ‘randomForest’ package (Liaw and Wiener, 2018). We used the 

‘tidyverse’ and ‘dplyr’ packages (Wickham et al., 2020, 2019) to preprocess, organize, and 

compile the random sample subset.  

To evaluate the proportion of greening observed within land cover types and ecozones we 

tested for equivalence (Foody, 2009). Two one-sided tests for equivalence were conducted 

using the ‘TOSTER’ package (Lakens, 2017) to test for equivalence in proportions (Tunes 

da Silva et al., 2009) between the proportion of greening of subgroups and the proportion 

of greening in our study area overall based on an equivalence margin of 5% (de Beurs et 

al., 2015).  

 



 

 

59 

 

Table 3.1 Description of environmental variables assessed as drivers of EVI trends  

Variable Data Set and Source Description Resolution/Scale 

Land Cover Northern Land Cover of 

Canada (Olthof et al., 

2009) 

Vegetation cover 

classification for 

Northern Canada  

30m2 

Surficial Geology  Quaternary Geology of 

Canada and Greenland 

(Fulton, 1989) 

Surficial geology 

classification  

1: 5 000 000 

Ecoregion Terrestrial Ecoregions of 

Canada (Agriculture and 

Agri-Food Canada, 

2016) 

Subdivisions based 

on distinctive 

ecological features 

1: 5 000 000  

Elevation 

Aspect 

Slope  

Topographic 

Solar 

Radiation 

Index 

Canada DEM (Natural 

Resources Canada, 2015)  

 

 

 

 

Elevation above sea 

level 

Polar transformed 

aspect in eight 

cardinal directions 

Slope in degrees 

Continuous scale 

from 0 

(coolest/wettest 

orientation) to 1 

(hottest, driest 

orientation)  

1: 250 000  

Historical Summer 

Temperature 

 

 

Historical Winter 

Temperature 

 

Climatic Research Unit 

Time Series (I. Harris et 

al., 2014)  

Mean near surface 

temperature for July 

1984 

Mean near surface 

temperature for 

January 1984 

0.5° 

Precipitation  University of East Anglia 

Climatic Research Unit 

(Harris et al., 2014) 

Mean precipitation 

for 1984 

0.5° 

Substrate 

Chemistry  

 

Lake Cover 

Circumpolar Arctic 

Vegetation Map (Walker 

et al., 2005)  

Classification of soil 

and bedrock 

chemistry  

Percent cover of lakes 

based on AVHRR 

data   

1 km2 
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To improve modelling efficiency, ‘doParallel’ and ‘foreach’ packages (Weston, 2020, 

2019) were used to implement multiple cores for parallel processing. To evaluate and 

visually assess models, we used three analysis tools: (1) partial dependence plots, (2) mean 

decrease in model accuracy (%IncMSE), and (3) mean decrease in node impurity 

(IncNodePurity). Partial dependence plots were used to visualize the marginal effects and 

patterns of the relationships between individual variables and modelled EVI trends when 

all other predictors are held constant. The y-axis of partial dependence plot shows the mean 

of all model predictions for a given the value of the predictor variable (x) (Jeong et al., 

2016). We also used the variable importance function to rank the variables based on the 

percent increase in mean square (%IncMSE) when values for a variable of interest are 

randomly permuted, effectively mimicking the absence of that variable from the model. 

The most important biophysical variables for explaining EVI trend will have the greatest 

%IncMSE.  

3.2.5 Biophysical Variables Datasets  

Data for biophysical variables expected to influence trends in vegetation productivity were 

obtained from a range of sources (Table 3.1). Mean temperature and precipitation, which 

have been widely cited as the main driving forces of greening (Blok et al., 2011; Jia et al., 

2009) were obtained from the University of East Anglia’s Climatic Research Unit (CRU) 

Time Series 4.02 dataset (Harris et al., 2014; Harris et al., 2020). This gridded dataset 

covers all global land regions at a resolution of 0.5° from1901 to 2017 and was derived 

using angular-distance weighted interpolation. We used data from July 1st and January 1st 

to assess both summer and winter historical temperatures from the beginning of the time 

series. Ecoregion data were acquired from the Terrestrial Ecoregions of Canada dataset 
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published by Agriculture and Agri-Food Canada (2013). This dataset delineates ecoregions 

based on distinctive regional differences in environmental factors such as climate, 

physiography, vegetation, soil, water, and fauna. Data on lake cover and substrate 

chemistry, were acquired from the Circumpolar Arctic Vegetation Mapping Project 

(Walker et al., 2005). Proximity to large water bodies and the effects on albedo have been 

suggested to contribute to vegetation greening along a forest-tundra gradient (Bonney et 

al., 2018) and hydrological changes associated with ice wedge degradation have altered 

surface water properties and vegetation across the western Arctic (Campbell et al., 2020; 

Liljedahl et al., 2016). Elevation data were obtained from the Canadian Digital Elevation 

Model (CDEM) (Natural Resources Canada, 2015). We used the ‘spatialEco’ package 

(Evans, 2020) to derive additional variables from the CDEM. These additional topographic 

variables included: slope, aspect, and the Roberts and Cooper (1989) topographic solar-

radiation aspect index (TRASP), which transforms aspect to estimate relative solar 

radiation as continuous values from 0 to 1. Aerial photography and field research linking 

topographic position to increasing radial growth of Betula glandulosa demonstrates that 

variations in temperature and precipitation associated with terraces and hilltops can 

contribute to local heterogeneity of greening (Ropars et al., 2015). Data on surficial 

geology was taken from Fulton (1989) and aggregated into broad generic surficial units 

(ex. Lacustrine, Colluvial, Morainal, Fluvial). Spatial patterns of Arctic NDVI trends have 

been associated with landscape age and the effect of glacial history on vegetation type 

(Raynolds and Walker, 2009). Data on land cover were obtained from the Northern Land 

Cover of Canada dataset (Olthof et al., 2009). This land cover classification includes 15 

classes north of the treeline (Timoney et al., 1992) and was derived from Landsat imagery 
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at 30-m spatial resolution. Experimental warming studies have shown that warming can 

elicit difference growth rates depending on cover type, where deciduous shrubs and 

graminoids have been observed to respond positively to warming while non-vascular plants 

such as mosses and lichens have responded negatively (Walker et al., 2006). All 

environmental datasets were reprojected to WGS84 reference ellipsoid and UTM 

coordinate system using nearest neighbour interpolation for categorical datasets and cubic 

convolution for continuous datasets and resampled to 30-m spatial resolution to match the 

resolution of the EVI data. 

3.3 Results 

3.3.1 EVI Trends 

Trends in the Enhanced Vegetation Index indicated widespread increases in vegetation 

productivity across the western Canadian Arctic (Fig. 3.2). Over 68% (540 000 km2) of the 

study area experienced significant (p<0.05) greening (EVI slope > 0) between 1984 and 

2016 and only 31% of the study area (260 000 km2) showed no significant trend in EVI 

over time. Land cover types where vegetation is less dense, such as sparsely vegetated till 

and barren had comparatively lower EVI slopes than denser vegetation types (Table 3.2). 

The highest levels of greening were observed within the Southern Arctic zone in dense 

vegetation cover types, including tall shrub, low shrub, tussock graminoid tundra, and 

graminoid and dwarf shrub tundra cover (Table 3.3). 
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Figure 3.2 Enhanced Vegetation Index trends for the study area from 1984 to 2016. (A) Theil Sen 

slope of EVI trends (slope > 0) (B) Classification of Mann Kendall significance of EVI trends as 

either significantly greening (p < 0.05) or non-significant (p > 0.05). 

3.3.2 EVI  Classification Model  

The RF classification of significantly greening versus non-significant pixels had an overall 

OOB user’s accuracy rate of 73.5% and a per-class accuracy of 76.4% for greening pixels 

and 70.4% for stable pixels. The mean trend in non-significant pixels was 0.000005304 

year -1 and the mean trend in greening pixels was 0.001578 year -1 (Table 2).The six most 

important variables for determining if a pixel had a significant trend were: land cover, 

slope, elevation, lake cover, historical winter temperature, and geology (Fig. 3). These 

variables all increased model accuracy by more than 50%. Land cover was the most 

important biophysical predictor in the classification tree model and improved model 

accuracy by nearly twice as much as the next most important variable (Fig. 3).  



 

 

Table 3.2 Mean and median EVI trend by land cover type and the proportion of each cover type that experienced significant greening. 

Land Cover Type Median EVI 

Trend (year-1)  

Mean EVI 

Trend (year-1) 

Proportion 

Greening (%) 
Tall Shrub  0.002155 0.002286 72.65 

Low Shrub 0.001889 0.001990 73.73 

Tussock Graminoid Tundra  0.001704 0.001774 81.97*** 

Graminoid/Dwarf Shrub Tundra  0.001533 0.001625 73.68 

Wet Sedge  0.001339 0.001414 78.49*** 

Wetlands  0.001280 0.001452 67.78*** 

Bare Soil/Frost Boils 0.001091 0.001179 79.11*** 

Sparsely Vegetated Bedrock  0.001075 0.001434 70.68 

Prostrate Dwarf-Shrub Tundra  0.001053 0.001219 69.20 

Sparsely Vegetated Till  0.0007220 0.0008286 67.24 

Barren 0.0005670 0.0007026 58.68 + 

Total study area 0.001105 0.001289 72.39 

Non-significant area 0.0004340 0.0005304 27.61 

Total greening study area  0.001401 0.001578 100 
 

*** indicates where the proportion of greening for the land cover is statistically greater than the proportion of greening for the study area based on an equivalence margin of ∆0.05.   

+ indicates where the proportion of greening for the land cover is statistically less than the proportion of greening for the study area based on an equivalence margin of ∆0.05. 

Bold text indicates where the difference between the proportion of greening for the land cover type is statistically different from zero based on alpha = 0.05.  
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Table 3.3 Proportion of land cover type within each ecozone that experienced significant greening.  

Cover Type 

Northern Arctic 

Proportion Greening (%) 

Southern Arctic 

Proportion 

Greening (%) 

Taiga (Proportion 

Greening%)  

Tall Shrub  73.08 76.85 57.21 

Low Shrub 76.46 75.83 62.23*** 

Tussock Graminoid Tundra 64.37+ 80.05*** 66.53*** 

Graminoid Dwarf Shrub Tundra 77.59 74.76 50.00+ 

Wet Sedge 80.83+ 78.38 55.89 

Wetlands 68.34+ 65.33+ 48.25+ 

Bare Soil/Frost Boils 74.74+ 69.62+ 56.25 

Sparsely Vegetated Bedrock 72.79+ 67.97+ 35.70+ 

Prostrate Dwarf-Shrub Tundra 79.75*** 77.25 63.84*** 

Sparsely Vegetated Till  62.36+ 60.32+ 34.25+ 

Barren 63.09+ 60.55+ 44.22+ 

 
*** indicates where the proportion of greening for the land cover is statistically greater than the proportion of greening for the study area based on an equivalence margin of 5%.   

+ indicates where the proportion of greening for the land cover is statistically less than the proportion of greening for the study area based on an equivalence margin of  5%.   

Bold text indicates where the difference between the proportion of greening for the land cover type is statistically different from zero based on alpha = 0.05.  

 

 

 

 

 

 

 

 



 

 

 

Figure 3.3  Importance of biophysical variables from classification (green) and regression (gray) 

tree Random Forests models. Variables are arranged by classification variable importance, which 

is measured as the increase in mean square error (%Inc MSE) when values of the predictor variable 

are randomly permuted and scaled by the normalized standard deviation of the differences. 

The partial dependence plot for land cover shows that bare soil, tussock graminoid tundra, 

and wet sedge were the cover classes with the highest probability of being classified as 

greening (Fig. 3.4A). Comparatively, barrens, sparsely vegetated till, and tall shrubs had a 

lower probability of containing greening pixels.  

A suite of variables related to topography including elevation, slope, and aspect also had a 

large impact on the accuracy of the classification tree model (Fig. 3.3). Pixels at elevations 

between 100 and 350 m above sea level were also more strongly associated with greening 

than mid-elevation or montane areas (Fig. 3.4C). The partial dependence plot for slope 
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indicated that flatter areas were more likely to be classified as greening (Fig. 4B) compared 

to sites with slopes greater than 5° (Fig. 3.4B). Glaciofluvial and glaciolacustrine geology 

types were more likely to be classified as greening. The overlap between the distribution 

of mountainous regions (Richardson Mountains, British Mountains, Shaler Mountains) in 

our study area and non-significant pixels is evident when comparing Figures 3.1 and 3.2. 

Our study area is predominantly flat, but southern and western slopes were more likely to 

be classified as greening, while northern and eastern slopes were more likely to be 

classified as non-significant (Fig. 3.4D). A higher probability of greening was also 

associated with cooler historic winter temperature between -36° and -28° C and warming 

historical summer temperatures between 6 and 10 °C, which occur primarily in the lower 

Northern Arctic and upper Southern Arctic regions, such as Banks Island and Victoria 

Island, the Yukon Coastal Plain, Tuktoyaktuk Coastlands, and British-Richardson 

Mountains (Fig. 3.4E). The Southern Arctic experienced more rapid greening than the High 

Arctic and High Subarctic (Table 3.3). The partial dependence plot for lake cover indicates 

that the highest probability of greening occurred in areas with low (<10%) or moderate 

(25-50%) lake coverage (Fig. 3.4F). 
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Figure 3.4 Partial dependence plots for the six most important variables in the by Random Forests 

classification model: (A) land cover (B) slope angle, (C) elevation, (D) aspect direction, (E) 

historical (1984) winter temperature with colored bars indicating temperature range at each 

ecozone, and (F) percent lake cover. Positive values on the y-axis indicates greater agreement 

between trees that a pixel is classified as greening at different values (x-axis) of a given explanatory 

variable, with the effect of other variables held constant (Friedman, 2001). Negative values indicate 

less agreement between trees that a level of the variable plotted was associated with greening.  
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3.3.3 EVI Regression Model  

The biophysical variables used in RF regression model explained 48.4% of variance in EVI 

slope, based on the out-of-bag (OOB) predictions. The six most important variables in the 

regression Random Forests model were slope, elevation, land cover, lake cover, ecoregion 

classification and historical winter temperature (Fig. 3.3). Topographic variables (slope, 

elevation) had the greatest impact on the accuracy of the regression model (Fig. 3.3). The 

partial dependence plot for slope shows that tundra greening was most rapid in areas with 

slopes between 3 and 6° (Fig. 3.5A). The partial dependence plot for elevation shows that 

the rate of greening was highest at low elevations and declined with increasing elevation 

(Fig. 3.5B). Elevation greater than ~ 500 m above sea level were uncommon across the 

study area and had a below average trend in EVI of 0.00100 year -1.  

The partial dependence plot for land cover indicates that the magnitude of greening was 

greatest in areas of denser and shrub-dominated vegetation, such as low shrub, tall shrub, 

graminoid dwarf shrub, and tussock graminoid tundra (Fig. 3.5C). Comparatively, the 

slowest greening trends were associated with largely non-vegetated land covers, including 

barren and sparsely vegetated till (Fig. 3.5C). Glaciofluvial and morainal sediments 

experienced the fastest rates of greening while colluvium and marine sediments 

experienced the slowest rates. Rates of greening were similar across substrate chemistry 

classes.  
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Figure 3.5 Partial dependence plots for six most important variables determined by Random 

Forests regression model: (A) slope angle, (B) elevation, (C) land cover, (D) ecoregion, (E) 

percent lake cover, and (F) historical (1984) winter temperature with colored bars indicating 

temperature range at each ecozone. The y-axis shows the average EVI trend slope predicted at 

different levels of a given explanatory variable, with the effect of other variables held constant 

(Friedman, 2001). 
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The rate of greening also varied among ecoregions, with the greatest increases occurring 

in southwestern ecoregions including the Peel Plateau, Tuktoyaktuk Coastal Plain, 

Mackenzie Delta, and Yukon Coastal Plain. In these areas median EVI trends were three 

to four times higher than the average across the entire study area (Fig. 3.5D, Table 3.2). 

The partial dependence plot for lake cover shows that the most rapid greening occurred in 

areas with moderate lake density, which are concentrated in the Mackenzie Delta, 

Tuktoyaktuk Coastal Plain, and Anderson River Plain. However, marginal differences 

among lake density classes were quite small (Fig. 3.5E). The relationship between winter 

temperature and EVI change showed considerable variation, but in general, winter 

temperatures below -30°C were associated with smaller changes in vegetation productivity 

(Fig. 3.5F) and historical summer temperatures between 6 and 10 ° C were associated with 

larger changes.   

3.4 Discussion 

Our observation that vegetation greening occurred across 68% of the study area and was 

common in all ecoregions suggests that this change was driven primarily by the rapid 

increases in temperature that have taken place across northwestern Canada (Vincent et al. 

2015). Increases in average annual air temperature of 3° (Overland and Wang, 2016; 

Vincent et al., 2015) and an extension of the growing season by nearly two weeks (Pedlar 

et al., 2015) parallel the conditions imposed by plot-scale tundra warming experiments, 

which have driven increases in stem biomass (Bret-Harte et al., 2001) net primary 

productivity (Wahren et al., 2005), and canopy height (Elmendorf et al., 2012). The 

importance of climatic variables including historical winter temperature and elevation in 

our models of spatial variation in EVI trends also point to the importance of recent climate 
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warming as a driver of change (Bunn et al., 2006; Jia et al., 2009). Partial dependence plots 

of historic winter temperatures show that greening was most likely to occur, and was most 

rapid, at temperatures typical of the Southern Arctic portion of our study area. This 

observation is similar to other recent studies showing that vegetation productivity has 

increased more rapidly in the Southern Arctic, and Taiga compared to the Northern Arctic 

(Berner et al., 2011; Bolton et al., 2018; Bonney et al., 2018; Reichle et al., 2018; Ropars 

and Boudreau, 2012; Sulla-Menashe et al., 2018). This is likely because vegetation 

productivity in the Northern  Arctic is more severely limited by cold temperatures and a 

short growing season than the Southern Arctic (Svoboda and Henry, 1987; Raynolds et al., 

2008; Epstein et al., 2008), where temperature limitation of growth and reproduction have 

been surpassed by recent warming (Elmendorf et al., 2012; Lantz et al., 2013; Myers-Smith 

and Hik, 2018). This explanation is also consistent with our observation that sparsely 

vegetated cover types in the Northern Arctic (barren and till) had the lowest rates of EVI 

change and impacted the smallest area. 

Recent studies in the Peel Plateau (Cameron and Lantz, 2016), the Tuktoyaktuk Coastlands 

(Fraser et al., 2014; Lantz et al., 2013; Travers-Smith and Lantz, 2020), and the Yukon 

Coastal Plain (Myers-Smith, et al., 2011) also show evidence of widespread vegetation 

change that is consistent with our observations of accelerated Southern Arctic greening. In 

the southern extent of our study area greening was likely lower because the productivity of 

the Taiga forest that dominates these areas has been negatively impacted by increased 

drought and fire severity (Myers-Smith et al., 2015; Schut et al., 2015; Sulla-Menashe et 

al., 2018). It is also possible that the more complex vegetation structure found in proximity 

to the forest-tundra transition zone (treeline) complicates the use of Landsat imagery to 
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detect tundra vegetation change (Boudreau and Villeneuve-Simard, 2012; McManus et al., 

2012; Olthof and Fraser, 2007).   

Although regional warming is likely the overarching driver of changes in productivity, our 

observation that slope, elevation, and aspect were among the most important variables in 

our classification and regression models, suggests that soil moisture and microclimate can 

also mediate the impacts of warming on tundra vegetation productivity. The increased 

likelihood of greening on flat or gentle slopes (Fig. 3.4B), and the higher magnitude of 

greening on moderate slopes (Fig. 3.6A) indicates that moist to mesic conditions are most 

conducive to change. This is consistent with a recent study showing that increases in the 

productivity of upland tundra on Banks Island, NWT here highest in flat areas 

accumulating moisture and nutrients from upslope (Campbell et al., 2020).  

The higher probability of greening on southeasterly-south to west-northwesterly slopes 

also suggests that intermediate moisture conditions on moderately warm slopes have 

facilitated change (Dearborn and Danby, 2017). Partial dependence plots showing the 

effects of land cover and lake cover on EVI trends (Fig. 3.4A; Fig. 3.5C; Fig. 3.5E) also 

indicate that greening was more widespread in mesic-moist land cover types (tussock 

tundra, shrub tundra, wet sedge) corroborating findings from other studies showing that 

increased productivity has been particularly rapid in riparian corridors, floodplains, and 

along river valleys (Bonney et al., 2018; Loranty et al., 2016; Tape et al., 2012) and 

wetland-to-upland ecotones (Bunn et al., 2006; Ropars et al., 2015). It is likely that areas 

with mesic conditions are experiencing higher than expected greening because carbon 

uptake and photosynthesis are higher at mesic sites compared to dry and wet sites (Kwon 

et al., 2006; Oberbauer et al., 2007). The effects of experimental warming on functional 
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group abundance, community height, plant size, and leaf nitrogen content have also been 

shown to vary with temperature and soil moisture (Elmendorf et al., 2012; Bjorkman et al., 

2018).  

Our analysis also suggests that spatial variation in tundra greening is driven by differences 

in the temperature sensitivity of some plant functional groups. Greening rates in productive 

cover types typically dominated by upright shrubs were more than 1.5 times higher than 

the average greening rate (Fig 6; Table 2). Greening rates in sparsely vegetated cover types, 

characterized by low-growing herbs and prostrate shrubs, sedges, and mosses, were 

approximately half the average rate. These findings are also consistent with the results of 

experimental warming studies showing that shrub abundance has increased in response to 

warming at warm, mesic sites (Elmendorf et al., 2012). Plot-scale studies in the Southern 

Arctic also show that recent warming has increased the cover of upright shrubs including 

willow (Myers-Smith et al., 2011), dwarf birch (Moffat et al., 2016; Tremblay et al., 2012), 

and alder (Frost et al., 2018; Lantz et al., 2013; Travers-Smith and Lantz, 2020). Areas 

dominated by upright shrubs are likely more responsive to warming-induced increases in 

resource availability because these woody plants can more efficiently allocate increased 

availability of nitrogen and phosphorous to secondary growth and lateral expansion 

compared to  other tundra species (Bret-Harte et al., 2001; Shaver et al., 2001). There are 

fewer plot-scale studies exploring the drivers of increased productivity in the Northern 

Arctic, but existing literature suggests that greening is linked with the accelerated growth 

of low-growing shrubs and herbs (Boulanger-Lapointe et al., 2014; Campbell et al., 2020; 

Edwards and Treitz, 2017; Weijers et al., 2017). Below average EVI trends in barren and 
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sparsely vegetated areas in the Northern Arctic (Table 3) suggests that greening is not being 

driven by recruitment into these areas.  

Unlike our regression model, which showed that shrub dominated cover types were 

greening the most rapidly, our classification model predicted that shrub dominated areas 

were more likely to not show trends in increased productivity over time. This is likely 

because shrub density can be patchy in these terrain types (Lantz et al. 2010, Moffat et al., 

2016; Frost et al., 2017) and may exhibit more variable responses than other terrain types. 

Areas completely dominated by upright shrubs likely have less potential for increased 

productivity than patches occupied by a mix of shrubs and other tundra species. This is 

consistent with research in the Tuktoyaktuk Coastlands showing that shifts in the cover of 

plant functional groups were more variable in terrain dominated by upright shrubs 

compared to area dominated by dwarf shrubs or graminoids (Moffat et al., 2016). At fine 

spatial scales, increases in shrub abundance have been greatest in areas that formerly had 

sparse cover of shrubs (Moffat et al. 2016; Cameron et al 2016). 

Changes in tundra vegetation structure and composition are altering surface energy 

exchange (Chapin et al., 2005; Marsh et al., 2010), northern wildlife activity (Boelman et 

al., 2011; Van Hemert et al., 2015; Rickbeil et al., 2017), above and belowground carbon 

stocks (Schaefer et al., 2011; Schuur et al., 2015), and permafrost dynamics (Blok et al., 

2010; Frost et al., 2018; Wilcox et al., 2019). Our study shows that greening is widespread 

across the western Canadian Arctic, but is more dominant and rapid in some areas. This 

indicates that the impacts of vegetation change on ecological processes will be 

heterogeneous and underscores the importance of fine-scale predictive models. Our 

analysis shows that changes have been most rapid in the Southern Arctic. Our work also 
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highlights the potential of Random Forests modeling and other machine learning methods 

to contribute to the development of predictive models of tundra vegetation change (Bonney 

et al., 2018; Greaves et al., 2016). Inconsistency among greening trends derived from 

coarse-scale remote sensing platforms (Fisher and Mustard, 2007; Rocha et al., 2018) also 

points to the need for more regional- and landscape-scale analyses (Myers-Smith et al., 

2020). Based on differences between plot-scale studies and remote sensing change 

detection (Jorgenson et al., 2018; Goetz et al., 2019; Myers-Smith et al., 2020), we suggest 

that future studies continue to evaluate change across multiple spatial scales and make use 

of the increasing availability and quality of high spatial and temporal resolution data 

sources, such as micro-satellites and remotely piloted aerial systems (Fraser et al., 2016; 

Liu and Treitz, 2018; Myers‐Smith et al., 2019). Research examining physiological 

responses to changes in soil micronutrients and shifts in the below-ground community are 

also needed to understand the proximal controls to greening (Martin et al., 2017). With 

anticipated feedbacks between shifting tundra vegetation structure and the frequency of 

fire and thermokarst (Loranty et al., 2016; Swanson, 2017; Tsuyuzaki et al., 2017), 

additional research will also be required to understand how shifting disturbance regimes 

will shape vegetation trajectories. More frequent and extreme weather events (Bret-Harte 

et al., 2013; Hansen et al., 2014; Vermaire et al., 2013) that alter growing conditions are 

also likely to influence how tundra landscapes respond to ongoing climate change (Lantz 

et al., 2015). 
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4 Conclusion 

4.1 Study Synthesis 

The objective of my MSc research was to understand the response of Arctic tundra 

vegetation to ongoing climate change and more severe tundra fire. In Chapters 2 and 3 of 

this thesis I conducted two independent studies to meet this objective and enhance our 

understanding of tundra vegetation dynamics.  

In Chapter 2, I used remote sensing and field observations of biotic and abiotic recovery to 

evaluate how tundra landscapes are responding to increasing burn severity. Specifically, I 

calculated the differenced Normalized Burn Ratio and used it to classify moderate and 

severely burned areas and adjacent unburned controls at six recent tundra fires in the 

Northwest Territories. Field sampling was used to investigate variation in plant community 

composition and edaphic conditions across severity classes.  My results demonstrate that 

tundra plant communities are resilient to lower severity fire and experienced rapid recovery 

of aboveground biomass, but indicate that severe fire still alters vegetation structure, 

community composition, and soils after six years and may have ongoing effects on long-

term vegetation recovery. My work also suggests that severe tundra may promote the 

success of deciduous shrub tundra on decadal scales, but additional monitoring is required 

to evaluate the stability of deciduous shrub tundra communities under ongoing fire regime 

change.    

In Chapter 3, I utilized the Landsat satellite archive to calculate trends in the Enhanced 

Vegetation Index (EVI) from 1984-2016 across a study area spanning the western 

Canadian Arctic from the Yukon Coast to the western Arctic Archipelago. I found that 

two-thirds of the western Canadian Arctic experienced significant increases in vegetation 
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productivity from 1984-2016. The most rapid change occurred in the Low Arctic region 

and was associated with lower elevation, moderately sloping terrain, and areas dominated 

by upright shrubs. Climate warming is widespread across the Arctic, but the biophysical 

controls that mediate how tundra vegetation responds to warming are heterogeneous. Using 

Random Forests modelling, I also showed that changes in tundra vegetation productivity 

are mediated by differences among plant functional types and localized variations in 

biophysical properties. The role that topography (slope, elevation, and aspect), 

microclimate, and moisture can have on finer-scale tundra vegetation change demonstrates 

the complex interactions that can occur between climate warming and regional and 

landscape biophysical variation.  

Overall, my thesis research indicates that ongoing warming (Vincent et al., 2015) and more 

frequent and intense tundra fires (Wang et al. 2020) will contribute to the increased 

dominance of deciduous shrubs across the tundra biome (Elmendorf, Henry, Hollister, et 

al., 2012; Lantz et al., 2013; Myers-Smith, et al., 2011). My findings in Chapter 2 show 

shrub tundra communities are resilient to fire and that under current tundra fire regimes in 

the Northwest Territories they are anticipated to prevail following fire disturbance. My 

findings in Chapter 3 show that some of the most drastic rates of greening being 

experienced in the past three decades in the western Canadian Arctic (Yukon, Northwest 

Territories, western Nunavut) are being driven by increased productivity at shrub-

dominated sites.  
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4.2 Limitations and Future Research Opportunities  

My thesis research makes an important contribution our understanding of the dynamics of 

tundra ecosystems, but it has several limitations, which provide opportunities for future 

research.  

In Chapter 2, I generated burn severity maps for all six of the fire sites visited, but 

limitations in time and financial resources restricted the number of sites within each burn 

and total area that could be visited in the field. Tundra ecosystems are heterogeneous at 

fine scales (He et al., 2019) and it is likely that additional sampling could bridge the gap in 

spatial discrepancies between satellite and field data. Collection of unmanned aerial vehicle 

(UAV) imagery was conducted at all six of my fire sites and these 1.5-3 cm resolution 

surveys provide a very high-resolution dataset for future spatial analysis and to evaluate 

finer scale patterns in burn severity and recovery. My research is one of the only studies 

on the effects of tundra fire in the western Canadian Arctic, but the fact that all of the fires 

we sampled burned in 2012 leaves considerable uncertainty regarding longer term 

successional trajectories (Lantz et al., 2010). The rapid resprouting success of deciduous 

shrubs, combined with conditions known to promote their growth (Bret-Harte et al., 2001; 

Racine et al., 2004; Schuur et al., 2007), suggest that deciduous shrub communities will 

dominate tundra landscapes. However, ongoing monitoring is required to track 

successional change on decadal scales (Moritz et al., 2012). While deciduous shrub tundra 

may thrive under current climate and fire regimes, the stability of shrub communities 

remains uncertain in the face of a warming Arctic. The nature of my field season limited 

my ability to evaluate the rates of above and belowground recovery and monitor progress 

over time. Longer-term monitoring to quantify continued recovery at these sites is 
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necessary to better understand the long-term response of tundra communities to severe 

burning and the impacts of changing fire regimes in the western Canadian Arctic. The 

installation of two thermistors in each of the six different tundra fires (n=12) provides a 

potential opportunity for future monitoring to assess the rate of abiotic recovery. Repeat 

UAV surveys can allow for ongoing fine-scale monitoring and also account for 

heterogeneity that is unresolved by coarser satellite surveying (Siewert and Olofsson, 

2020).   

In Chapter 3, I demonstrated the application of RF modelling for understanding the 

relationships between multi-decadal greening trends and different biophysical properties at 

the landscape-scale. Greening was widespread across the western Canadian Arctic, but a 

national scale investigation that captures trends in the eastern Canadian Arctic may allow 

for a more comprehensive evaluation of relationships between productivity trends, 

warming, and biophysical properties. Furthermore, my analysis focused on greening 

trends, but there is an opportunity to build on this study by evaluating browning trends as 

well as interannual variability and finer-scale moisture variation. The underlying causes of 

greening and browning trends across the Circumpolar Arctic remain highly uncertain 

(Myers-Smith et al., 2020) and future research that investigates interannual variability may 

reveal patterns that are not captured by long-term trend analysis.  

The spatial scale of the satellite imagery I utilized in both Chapter 2 and 3 of my thesis also 

limited fine-scale analysis. In both studies, remote sensing analyses utilized Landsat data, 

which has a resolution of 30 m. In Chapter 2, my field observations suggest the Normalized 

Burn Ratio calculated using Landsat oversimplified fine-scale differences in burn severity. 

Previous comparisons of plot-scale field observations and landscape-scale satellite 
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observations have found that measurements of increased productivity from the field may 

not always be detectable using remote sensing (Goetz et al., 2019). Additionally, the spatial 

resolution of Landsat has limited ability to capture shifts in dominant plant species and 

functional groups (Wang et al., 2019), making Landsat insufficient for conducting ongoing 

monitoring of vegetation responses to disturbance or for evaluating shifts in vegetation 

structure. In Chapter 3, I found that variation in moisture, terrain, and microclimate 

influenced changes in vegetation productivity. However, tundra ecosystems are known to 

exhibit variation at spatial scales less than 1 m (Assmann et al., 2020) and it is likely that 

Landsat-scale imagery may be insufficient for quantifying variation in biophysical factors 

at the appropriate scale. The recent developments of satellite platforms (Sentinel-2, 

CubeSat) with higher spatial (<30 m) and temporal (<5 days) resolution enables the 

generation of more detailed vegetation indices (Normalized Burn Ratio, Normalized 

Differenced Vegetation Index, Enhanced Vegetation Index) imagery. I recommend that 

future research utilize these data sources to better evaluate finer scale variations in 

vegetation change. As higher resolution platforms are developed and becoming more 

readily available for ecological research (Riihimäki et al., 2019), there will also be greater 

opportunities for future monitoring to incorporate both high spatial and temporal resolution 

data. My research contributes to the ongoing effort to understand the relationships between 

climate change, disturbance, vegetation change, and biophysical properties of tundra 

landscapes. Continued monitoring of fine-scale changes and multi-scale research is 

necessary to improve our understanding on the long-term dynamics of tundra communities 

under future climate change.  
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