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Abstract 

Wildfire is the dominant stand-renewing disturbance in the northwestern Canadian boreal forest. 

Fires burn extensive areas in Canada, disturbing an average of 1.96 Mha yr
ī1

, primarily in the 

boreal zone. Fires generally occur every ~30 ï > 200 years in this region, due in part to a lack of 

fuel that allows young stands to resist reburning. Boreal understory plants and trees are adapted 

to stand-renewing wildfire through mechanisms such as serotiny, seed banking, and resprouting 

from roots and rhizomes of top-killed individuals. Such adaptations confer resilience to boreal 

forests, and post-fire vegetation communities generally resemble the pre-fire ones, following a 

stand self-replacement trajectory.  

Recently, the area burned, average fire size, and fire season length in northwestern Canada have 

increased. Severe fire weather has enabled reburning of young forests at very short intervals 

(sometimes Ò 10 years between fires). Such changes in fire regime appear to be driven by 

anthropogenic climate change and increasingly severe fire weather. Furthermore, increasing 

moisture stress is implicated in simultaneous increases in fire activity, and worsening conditions 

for post-fire establishment of trees. Shifts in fire regime characteristics, such as burn severity and 

fire-free interval may lead to changes in vegetation composition following fire, thwarting stand 

self-replacement expectations. 

The 2014 and 2015 fire seasons in the Northwest Territories (NWT) and Northern Alberta (AB) 

were severe, with fires burning approximately 4 Mha, including instances of short-interval 

reburning. Inspired by these two fire years, in this dissertation I sought to understand the drivers 

of burn severity and the ecological outcomes of burn severity (biomass loss) and fire intervals, 

and how they interact with climate in this fire-adapted ecosystem. Specifically, my objectives 
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were to: 1. characterize drivers and landscape patterns of burn severity, 2. describe the ecological 

outcomes of burn severity and fire history, and 3. examine the effects of post-fire moisture stress 

and fire regime on post-fire vegetation communities. These research objectives are 

contextualized in a methodological and ecological overview in Chapter 1. 

In Chapter 2 of this thesis I used remotely sensed multispectral imagery and field observations of 

burn severity to map landscape patterns of burn severity in six large wildfires. Fires were 

dominated by moderate- and high-severity patches. These patches were extensive, adjacent to 

similar patches, and had large core areas. Field measurements allowed me to demonstrate that 

burn severity was primarily a product of pre-fire vegetation structure (fuels) and hydrology 

(uplands and wetlands), providing a mechanism by which the severity of disturbance 

experienced is limited by the vegetation communities themselves. Similarly, field measurements 

of post-fire vegetation communities and shifts in tree species composition (Chapter 3) were 

largely explained by pre-fire forest structure, hydrology, and climate normals. The landscape of 

the NWT and AB was altered by the extensive area burned in 2014 and 2015, however, burn 

severity is highly variable. Post-fire ecological outcomes from these years are likely to be 

variable, as well.  

Although both site- and stand-level controls on burn severity and post-fire vegetation confer 

resilience, where fire activity and severity increase there is a possibility for forest change. I 

found evidence of post-fire shifts in tree species composition (Chapter 3). Black (Picea mariana) 

and white (P. glauca) spruce dominance declined in uplands following fire, whereas shifts in 

dominance of jack pine (Pinus banksiana) were variable, and trembling aspen (Populus 

tremuloides) dominance generally increased following fire. Where changes in tree species 

composition and density occurred, they were mediated by burn severity and fire frequency. 
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Shortening of fire-free intervals due to drought is likely to accelerate climate-driven shifts from 

conifer-dominated boreal forests to open woodlands and grasslands. Paired sites that reburned at 

short fire-free intervals had significantly lower post-fire recruitment of trees than long-interval 

pair members, due to decreased establishment of conifers (Chapter 4). These differences were 

persistent and occurred in both uplands and wetlands. Increasing temperatures and aridity are 

likely to increase fire activity, and to reinforce the changes to forests caused by shifts in fire 

regimes. Post-fire moisture stress in both short- and long-interval sites interacted with burn 

severity, further reducing tree seedling density. This dissertation suggests that increasing wildfire 

activity and severity may alter the composition and structure of northwestern Canadian boreal 

forests, accelerating expected ecosystem changes as northern climates warm and dry.  
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1 

Introduction 

 

1.1 Background 

The circumpolar boreal forest makes up approximately 30 % of all forested land and contains 

some of the most extensive unmanaged forest area in the world. One third of the Earthôs boreal 

forest is in North America, with 552 Mha (88 % of North American boreal forests) occurring in 

Canada (Brandt et al., 2013; Gauthier et al., 2015). Boreal forests are globally important, as they 

cover a substantial proportion of the Earthôs surface, provide essential ecosystem services and 

habitats, and contain as much as 30 % of all global carbon stocks. They are exploited by humans 

for natural resources supporting rural and urban economies, and are home to communities 

ranging in size from settlements to cities (Gauthier et al., 2015).  

At present, North American boreal forests are dominated by coniferous trees, especially Picea 

spp., due to the long cold winters and short warm summers in this northern biome. Broadleaf 

trees are not uncommon, and often form mixed stands with conifers or generally smaller pure 

broadleaf stands (Brandt et al., 2013; Ecological Stratification Working Group, 1995). In some 

parts of the boreal zone extensive peat-forming wetland (peatland) complexes cover vast areas, 

as much as 50 % of the landôs surface (Tarnocai et al., 2011; Thompson et al., 2016). Boreal 

forests have expanded northward since the most recent glacial maximum. As glaciers retreated 

from North America, white (P. glauca) and black (P. mariana) spruce trees established first 

alongside paper birch (Betula papyrifera), with Jack Pine (Pinus banksiana) and trembling aspen 

(Populus tremuloides) establishing later. By approximately 7000 years BP boreal vegetation 

formed an extensive band from Alaska to Newfoundland, which has persisted in some form since 

that time (Brandt et al., 2013; Dyke, 2005). 

Wildfires are the dominant stand-renewing disturbance in North American boreal forests, 

generally affecting a larger area than either defoliating insects and forest disease, or harvesting 

(Brandt et al., 2013; White et al., 2017). On average, wildfires affect 1.92 Mha of the Canadian 

landscape annually, with the majority of such events occurring in boreal forests (Hanes et al., 

2018). Wildfires in boreal forests are substantially driven by both weather (day-to-day and 

minute-to-minute variations in atmospheric conditions) and longer-term climate (variability in 
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atmospheric processes and conditions over timescales longer than a fire season; Bedia et al., 

2015; Flannigan & Wotton, 2001). Naturally occurring lightning ignitions, and the flammability 

of vegetative fuels and biomass are a result of weather-mediated fuel moisture. Furthermore, 

length of the fire season (the annual period during which wildfires are likely to occur) is 

determined by weather (Flannigan et al., 2000; Van Wagner, 1987; Weber & Flannigan, 1997).  

Boreal forests co-evolved with wildfire. Their establishment was concurrent with increases in 

fire activity, as both area burned and the ranges of tree species responded to climate (Carcaillet et 

al., 2001; Hu et al., 2006; Larsen, 1996). Fire regimes (characteristics and landscape patterns of 

fire; Krebs et al., 2010) vary substantially across the Canadian boreal zone. In general, however, 

few (3.2 % of all ignitions) large fires (Ó 200 ha) are responsible for the significant majority of 

the area burned (96.8 %) in Canada (Hanes et al., 2018). Lightning ignites approximately half of 

all fires, but causes fires that burn large areas (90 % of area burned; Stocks et al., 2002). Fires in 

the boreal forest are often high-intensity crown fires, which burn large areas, including wetlands, 

and kill most overstory trees. Although crown fires are considered characteristic of the North 

American boreal biome, ground or surface fires, and intermittent crown fires also regularly 

occur, depending on fuels (stand structure and composition, and combustible biomass) and fire 

weather (Forestry Canada Fire Danger Group, 1992; Johnson, 1992). Fires recur in this region at 

intervals ranging from ~30 to > 1000 years, depending on climate, fuels, and weather (Boulanger 

et al., 2012). Young forests resist reburning for upwards of 30 years following severe wildfire, 

due to lack of fuel (Héon et al., 2014; Parks et al., 2018; Thompson et al., 2017). 

Resilience is the ability to recover structure and function following disturbance (Holling, 1973). 

Boreal forests are resilient to fire, as they can tolerate severe wildfire without permanently 

shifting to alternative states, such as non-forest. Through adaptations and characteristics of 

species, such as serotiny (information legacies), forests are capable of self-replacement or ódirect 

regenerationô in the years immediately following a wildfire. This process also depends on the 

physical availability of in-situ or nearby propagule sources (material legacies; Buma et al., 2013; 

Johnstone et al., 2016). Post-fire vegetation communities often resemble those that existed prior 

to fire (Ilisson & Chen, 2009). Jack pine and black spruce have serotinous and semi-serotinous 

cones, respectively, which provide an aerial seedbank for post-fire re-establishment of seedlings, 

if mature trees are heated and possibly killed by fire. Trembling aspen, balsam poplar (Populus 
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balsamifera), and paper birch are capable of vegetative regeneration, and often vigorously 

resprout (sucker) following fire (Greene et al., 1999). Understory plants are also adapted to fire, 

and may resprout (e.g., willows, Salix spp.), vigorously seed-in on disturbed surfaces (e.g., 

fireweed, Chamerion angustifolium), or re-establish from persistent soil seedbanks (e.g., 

Bicknellôs geranium, Geranium bicknellii) (Franklin, 2018; USDA Forest Service Rocky 

Mountain Research Station Fire Scienes Laboratory, 2018). Plants that require live seed sources, 

such as white spruce, may experience local extinctions following fire, and re-establishment may 

occur much more slowly, taking as long as 40 years (Ilisson & Chen, 2009; Peters et al., 2006). 

Unburned islands, or residuals, resulting from mixed fire severity (partial mortality) are another 

material legacy conferring resilience to forests for such species (Galipeau et al., 1997; Meddens 

et al., 2018). 

Despite adaptations to fire in boreal plants, there is variability in post-fire vegetation 

establishment and community composition within and amongst boreal forest wildfires. Variable 

fire intensity (energy emitted) results in variable fire effects. Burn severity is the above and 

belowground biomass loss from fire, and is often represented with diverse field and remotely 

sensed metrics (synonymous with fire severity; Keeley, 2009). Burn severity influences the post-

fire composition of vegetation communities by altering seed sources or availability of seed and 

bud banks (Arseneault, 2001; Brown & Johnstone, 2012; Splawinski, Greene, et al., 2018; Wang 

& Kemball, 2005; Whittle et al., 1997), affecting the availability of substrates for seedling 

germination (Charron & Greene, 2002; Johnstone & Kasischke, 2005; LePage et al., 2000), and 

killing live plants. Burn severity can have immediate (e.g., Bernhardt et al., 2011) and lasting 

(e.g., Gibson et al., 2016; Johnstone & Chapin III, 2006a; Pinno et al., 2013) effects on species 

composition and richness (e.g, Pinno & Errington, 2016) of boreal forest plant communities. 

 

1.2 Climate change 

Climate change has already caused shifts in the plant species composition of boreal forests, 

favouring fast-growing óearly successionalô tree species, such as jack pine and trembling aspen, 

to the detriment of late-successional species (i.e., Picea spp.) at rates of 0.13% (broadleafs) to 

0.32% (conifers) increase in relative abundance per year (Searle & Chen, 2017a). Aboveground 

biomass in western forests has declined in recent years due to tree mortality (Searle & Chen, 
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2017b, 2018), and increases in moisture stress and severe drought have been implicated in 

extensive die-offs and declines in growth of both coniferous and broadleaf species (Hogg et al., 

2017; Michaelian et al., 2011). 

In addition to direct effects of anthropogenic climate change on forest composition and structure 

(e.g., through tree mortality), climate change has also caused fire activity in western North 

America to rise, as indicated by larger fire sizes, greater annual area burned, and lengthening fire 

seasons (Abatzoglou & Williams, 2016; Hanes et al., 2018; Jain et al., 2017). Projections of 

future climate change suggest that fire weather severity (Wang et al., 2015), fire intensity (and 

therefore burn severity; Wotton et al., 2017), area burned (Boulanger et al., 2014; Wang et al., 

2017), and fire frequency (Bergeron et al., 2004) will continue to increase in many areas as 

climates in the North American boreal forest become warmer and more arid (Wang et al., 2014).  

Although boreal forests are resilient due to adaptations to fire amongst keystone tree species, 

shortening intervals between fires may result in the loss of information and material legacies and 

leading to vegetation state-changes (Johnstone et al., 2016; Turetsky et al., 2017). Severe fire 

weather has enabled short-interval reburning of young boreal forests with low propagule loads, 

leading to shifts in the species composition, stand structure (Johnstone, 2006; Johnstone & 

Chapin III, 2006b), and what amounts to vegetation state-changes in boreal forests (Brown & 

Johnstone, 2012; Hart et al., 2018). Furthermore, droughts and moisture stress are implicated in 

both the occurrence of short-interval reburning (Parks et al., 2018) and in lower stem densities 

and recruitment failures in post-fire tree cohorts (Harvey et al., 2016; Stevens-Rumann et al., 

2018). Thus, there is potential for interactions amongst direct (moisture stress) and indirect (fire 

regime changes) effects of climate change on boreal forest regeneration. 

1.3 Research justification 

Climate change is projected to increase temperatures, aridity, and fire activity in Canadaôs 

western boreal forest (Boulanger et al., 2014; Wang et al., 2015; Wang et al., 2014), potentially 

leading to relatively rapid and extensive conversion of boreal forests to grasslands and open 

woodlands (Stralberg et al., 2018). Climate change effects on fire regimes and boreal forests are 

already apparent in northwestern North America. The 2014 fire season in the Northwest 

Territories (NWT) and the 2015 fire season in NWT and Alberta (AB) were of significant 

interest. Together, these two years were responsible for more than 4 Mha of area burned in NWT 
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and AB, which is nearly four times the Canadian national average for a single year (Canadian 

Interagency Forest Fire Centre, 2019). Furthermore, during these two fire years there were 

notable events of short-interval reburning. For this reason, I chose to focus my research on 

northern AB and the southern NWT (Fig. 1.1). In this dissertation I seek to understand the 

drivers of burn severity, and the ecological outcomes of burn severity and fire intervals, and to 

learn how they interact with climate in this fire-adapted ecosystem.  

 

Figure 0.1 The extent of the North American boreal forest (Brandt, 2009), and the study area examined in this 

research (black rectangle). Lakes and rivers are shown in blue, and the non-boreal landmass is shown in 

beige. 

1.3.1 Knowledge gaps and research questions 

The applicability of multispectral remote sensing indices to describe spatial burn severity has yet 

to be consistently demonstrated in the northwestern boreal forest. Researchers have found 

relationships of varying strengths between field and remotely sensed burn severity, across fires, 

fire years, and regions (French et al., 2008). Those studies that have been conducted have mostly 

considered one field measure of burn severity, the composite burn index (CBI) (e.g., Boucher et 

al., 2016; Hall et al., 2008; Soverel et al., 2010). Due to the variability in burn severity and on-

the-ground fire effects between regions, fires, and fire years, it has been suggested that regional 

models of burn severity that relate ecologically meaningful severity metrics are necessary to 

adequately characterize burn severity from remotely sensed spatial data (French et al., 2008; Hall 

et al., 2008; Morgan et al., 2014). At the time of this research, models relating field observations 
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of multiple burn severity metrics to remotely sensed burn severity have not been developed for 

this study area, limiting the conclusions that may be drawn from readily available current and 

historic multispectral imagery. Landscape patterns of burn severity have been extensively 

documented outside of Canada, and especially outside of the boreal zone, however, despite the 

importance of wildfire to this ecosystem spatial analyses of burn severity in this region are 

limited. 

Although it is generally known that burn severity is related to fire intensity (which is partially 

explained by vegetation structure and fuels), stand-level drivers of burn severity in northwestern 

Canadian boreal forests are largely undescribed beyond broad vegetation classes and canopy 

closure (e.g., Ferster et al., 2016; Hall et al., 2008; San-Miguel et al., 2016). Detailed information 

about the top-down effects of fire weather, and bottom-up effects of stand structure and site 

moisture on burn severity would improve our ability to predict and explain burn severity, and to 

manage boreal forests. 

At present, knowledge gaps exist about the applicability and relationship of remotely sensed burn 

severity metrics to field observations of burn severity in this region. Furthermore, stand-level 

drivers of burn severity are unknown in the northwestern Canadian boreal forest. Building 

relationships between field observations of burn severity, pre-fire forest characteristics, and 

remotely sensed severity metrics would provide new burn severity data, allowing broader 

characterizations of landscape patterns of burn severity relative to pre-fire vegetation controls. I 

developed the following research questions about characterizing burn severity in northwestern 

Canadian boreal forests to address these knowledge gaps, considered in Chapter 2 of this 

dissertation: 

1. How do different overstory, understory, and stand-level field metrics of burn severity 

correspond to remotely sensed multispectral burn severity indices? 

2. What is the landscape pattern of burn severity in an extreme fire season, and what are the 

drivers of burn severity? 

Faced with a changing climate and fire regime, gaining an enhanced understanding of boreal 

forest resilience and limits to stand self-replacement is important. Although several studies about 

the ecological outcomes of fire-free intervals and burn severity have been conducted in the 
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northwestern boreal forest (e.g., Brown & Johnstone, 2012; Hart et al., 2018; Johnstone, 2006; 

Johnstone & Chapin III, 2006b; Shenoy et al., 2011), few of these have examined the boreal 

plains (but see Pinno & Errington, 2016; Pinno et al., 2013), a climatically dry region with low 

relief (and therefore possibly low potential for refugia from climate change; Dobrowski & Parks, 

2016) and a substantial peatland component, that is regularly disturbed by large fires. The boreal 

plain is projected to experience substantial vegetation change in the near future (Stralberg et al., 

2018). At present it is unclear whether and by what mechanisms shifts in fire regimes in this 

region may overwhelm topoedaphic controls on vegetation communities (Boiffin  et al., 2015), 

and how responses to burn severity and fire-free interval may vary between upland and wetland 

environments. How such changes may interact with future climates in this region is also 

uncertain, despite evidence that post-fire moisture stress may lead to regeneration failure or 

delayed regeneration in other ecosystems (Harvey et al., 2016; Stevens-Rumann et al., 2018). 

The relative strength of fire effects and topoedaphic controls on post-fire vegetation communities 

within the study area are not yet clearly documented. Although post-fire vegetation shifts within 

the northwestern boreal forest have been observed, it is important to elucidate the divers of such 

changes, their ecological outcomes, and how they may interact with ongoing climate change. I 

developed the following research questions about the effects of burn severity and fire history on 

post-fire ecological outcomes in northwestern Canadian boreal forests to address these 

knowledge gaps: 

1. What is the relative importance of fire, pre-fire conditions and climate, and post-fire soils 

to post-fire vegetation communities? (Chapter 3) 

2. How do post-fire shifts in tree species composition occur in an ecosystem with in situ 

propagule sources? (Chapter 3) 

3. How are vegetation communities affected by short-interval reburning, and are differences 

caused by short and long fire-free intervals persistent and detectable in both uplands and 

wetlands? (Chapter 4) 

4. Does post-fire moisture stress influence forest structure and composition? (Chapter 4) 

The main body of this dissertation is structured as three individual papers (Chapters 2 ï 4). These 

chapters all stand alone, and can be read individually without requiring supporting details from 

other chapters of this document. Chapter 2 is formatted in the style of the journal Ecosphere and 
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Chapter 3 is formatted in the style of the journal Forests. Chapter 4 is unpublished at this time. 

This research builds on existing knowledge of the importance of burn severity and fire history to 

post-fire ecological outcomes to answer the questions above, and to refine our understanding of 

how fire regimes interact with post-fire climate. The major findings from this research are 

summarized and synthesized in Chapter 5 of this dissertation. 
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2 Variability and drivers of burn severity in the northwestern Canadian 

boreal forest 

Ellen Whitman, MarcȤAndré Parisien, Dan K. Thompson, Ronald J. Hall, Robert S. Skakun, 

Mike D. Flannigan 

 

2.1 Abstract 

Burn severity (ecological impacts of fire on vegetation and soils) influences postȤfire stand 

structure and species composition. The spatial pattern of burn severity may compound the 

ecological impacts of fire through distances to seed sources and availability of bud banks and 

seedbeds. Land managers require spatial burn severity data to manage postȤfire risks, ecosystem 

recovery, and assess the outcomes of fires. This research seeks to characterize and explain 

variability in burn severity in the northwestern boreal forest. We assessed burn severity one year 

postȤfire in six large wildfires that burned in 2014. We measured burn severity using the 

Composite Burn Index, surface Burn Severity Index, Canopy Fire Severity Index, and percent 

overstory mortality, describing a range of surface and overstory fire effects. Burn severity was 

variable, ranging from unburned residuals to complete overstory mortality and intense 

combustion. We related field measurements to remotely sensed multispectral burn severity 

metrics of the differenced Normalized Burn Ratio (dNBR), the Relativized dNBR, and the 

Relativized Burn Ratio. Diagnostic models of burn severity using relativized metrics had lower 

errors and better (though not significantly so) fits to the field data. Spatial patterns of burn 

severity were consistent with those observed in other large fires in North America. StandȤ

replacing patches were large, aggregated, and covered the largest proportion of the landscape. 

These patterns were not consistent across the four mapped burn severity field metrics, suggesting 

such metrics may be viewed as related, but complementary, as they depict different aspects of 

severity. Prognostic models indicated burn severity was explained by preȤfire stand structure and 

composition, topoedaphic context, and fire weather at time of burning. Wetlands burned less 

severely than uplands, and open stands with high basal areas experienced lower burn severity in 

upland vegetation communities. This research offers an enhanced understanding of the 

relationship between ground observations and remotely sensed severity metrics, in conjunction 
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with standȤlevel drivers of burn severity. The diverse fuel complexes and extreme fire weather 

during the 2014 fire season produced the complex patterns and broad range of burn severity 

observed. 

 

2.2 Introduction 

The boreal forest is the largest biome in Canada, extending from west to east, and as far north as 

the Arctic coast. Wildfire is the primary standȤrenewing disturbance in the boreal forest (Stocks 

et al., 2002), and such disturbances can determine forest succession and stand composition 

(Weber & Stocks, 1998), postȤfire site productivity (Amiro et al., 2000), and may temporarily 

convert forested lands from carbon sinks to carbon sources, thus driving the regional carbon 

balance (Bond-Lamberty et al., 2007; Goodale et al., 2016). Although the fire regime of the 

North American boreal forest is regularly characterized as one of highȤintensity, highȤmortality 

crown fire (Johnson, 1992), there is substantial variability in burn severity (changes to vegetation 

and soils from fire), ranging from unburned residuals and areas of lowȤmortality surface fire to 

highly charred and combusted areas with complete aboveȤground mortality (Kafka et al., 2001; 

Stocks et al., 2001). 

Land managers in the boreal forest region require information about burn severity for diverse 

purposes with different temporal scales, from managing longȤterm postȤfire recovery of 

ecosystems to addressing more immediate hazards and outcomes resulting from wildfire. For 

example, locating areas of highȤseverity burned sites containing mortality of overstory trees from 

fire is relevant to salvage logging (Greene et al., 2013), whereas the severity of the consumption 

of the surface organic layer and presence of exposed mineral soil may be more relevant to 

understory vegetation community development (Wang & Kemball, 2005) and erosion risk 

management (Robichaud et al., 2000). Wildfire impacts to both the overstory and the surface are 

relevant to postȤfire recruitment potential (Lentile et al., 2007) and estimating ecological effects 

on forest communities (Greene et al., 2004; Greene et al., 1999; Turner et al. 1999), wildlife 

habitat (Bond et al., 2009; Koivula & Schmiegelow, 2007), identifying fire refugia and unburned 

islands (Kolden et al., 2012; Krawchuk et al., 2016), and estimating combustion for carbon 

accounting (Kurz et al., 2009; Veraverbeke et al., 2015). Spatial burn severity data are also 
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applied for wildfire management uses, as they allow managers to engage in highly detailed 

mapping of fire perimeters (Kansas et al., 2016; Kolden et al., 2012), and to assess the role of 

fuel treatments and prescribed burning in reducing (Lydersen et al., 2017; Parks et al., 2014a; 

Prichard & Kennedy, 2014) or promoting (Harvey et al., 2016a) subsequent fire intensity and 

severity through altering fuel loads or postȤfire stand structure. Depending on the wildfire effect 

of interest, managers may require information about overstory mortality, combustion, or a 

combination of the two. Due to the diversity of management uses for severity data, many field 

metrics have been developed to measure burn severity. Percent overstory mortality measures 

mature tree survival following fire, whereas the Composite Burn Index (CBI; Key & Benson, 

2006) is a generalized measure of burn severity, mortality, and combustion across all strata of 

forest stands. Other metrics of burn severity aim to measure only combustion of the overstory or 

soil surface. 

The use of multispectral remotely sensed burn severity metrics is widespread across North 

American forests, but the relationships of such metrics to ground observations of burn severity 

are variable, especially in the boreal forest (French et al., 2008). The differenced Normalized 

Burn Ratio (dNBR; Key & Benson, 2006) was developed to assess changes in reflectance of 

healthy vegetation, soils, and soil moisture due to fire. Subsequently, Miller and Thode (2007) 

adapted this metric to better capture change relative to preȤfire conditions, with the Relativized 

dNBR (RdNBR). Most recently, Parks et al. (2014a) introduced a newer relativized severity 

metric, the Relativized Burn Ratio (RBR), which remains unassessed in the boreal region. 

Researchers have primarily assessed burn severity in the boreal forest using CBI, which has 

demonstrated inconsistent relationships to observed severity in the boreal forest, and studies 

examining other burn severity metrics such as percent overstory mortality and surface burn 

severity are limited (French et al., 2008). 

Relationships between field measurements of burn severity and remotely sensed severity metrics 

are used to produce maps of burn severity (Key & Benson, 2006; Morgan et al., 2014). Spatial 

patterns of burn severity can have longȤlasting ecological effects on the composition and 

structure of forests that regenerate following fire (Johnstone & Chapin III, 2006). Varying 

overstory burn severity (ecological impacts on large trees from fire) and surface burn severity 

(combustion of organic soils, and ecological impacts on understory vegetation) have important 
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direct effects on postȤfire forest recovery in the boreal biome. The relative availability and depth 

of seedbeds (mineral vs. organic soil), and fire intensity and overstory mortality affect seedling 

recruitment in a manner that can potentially lead to shifts in stand composition (Johnstone & 

Chapin III, 2006a; Lavoie & Sirois, 1998). The mosaic of burn severity within a fire also 

influences landscape heterogeneity and standȤage distributions, with implications for both 

species assemblies and diversity (Chipman & Johnson, 2002; Tews et al., 2004), and the 

flammability of postȤfire landscapes due to fuel continuity (Parks et al., 2012; Turner & Romme, 

1994). Quantifying the relative performance of remotely sensed burn severity metrics in 

describing diverse field measurements of burn severity will provide insight into the utility and 

application of multispectral imagery for estimating and mapping meaningful burn severity in the 

northwestern boreal forest and allow a broader characterization of landscape patterns of burn 

severity in this region. 

In ecosystems dominated by tree species that require live trees for seed sources (nonȤserotinous), 

landscape patterns of overstory mortality are important to postȤfire vegetation recovery due to 

limits of seed dispersal (Collins et al., 2017). Analyses of the landscape pattern of standȤ

replacing fire in such ecosystems show that large fires, like those characteristic of the boreal 

forest fire regime, tend to incorporate moderately high proportions burned severely (~25 %), and 

that standȤreplacing patches are often large, simple in form with substantial core areas, and 

aggregated, with some variability driven by local climate and vegetation (Cansler & Mckenzie, 

2014; Harvey et al., 2016b). It is therefore possible to characterize the landscape patterns of 

diverse overstory and understory burn severity metrics in the northwestern boreal forest, relative 

to documented patterns of standȤreplacing fire in this (Ferster et al., 2016; Kafka et al., 2001) and 

other ecosystems (Cansler & Mckenzie, 2014; Collins et al., 2017; Harvey et al., 2016b). In the 

boreal forest, however, many tree species have adaptations that provide in situ budding rhizomes 

or seed sources following fire, regardless of tree mortality (Greene et al., 1999), suggesting that 

ecological characterizations of landscape patterns of burn severity in this region should address 

other fire effects, in addition to overstory mortality (Bergeron et al., 2014). 

Climate acts as a significant topȤdown control on fire activity and area burned, having a direct 

effect on fire size. Large fires have larger areas of standȤreplacing fire that are simpler in shape 

than smaller fires (Cansler & Mckenzie, 2014; Harvey et al., 2016b). Burn severity is also a 
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product of both preȤfire vegetation (Boucher et al., 2016; Collins et al., 2007) and topography 

(Dillon et al., 2011; Krawchuk et al., 2016), which provide bottomȤup controls on wildfire. Fire 

weather at the time of burning influences fire behavior and combustion (Forestry Canada Fire 

Danger Group (FCFDG), 1992), and in westȤcentral North America, researchers have 

demonstrated that extreme fire weather may overwhelm the effects of bottomȤup controls on 

burn severity (Dillon et al., 2011; Harvey et al., 2014; Krawchuk et al., 2016). Linkages between 

fire weather, fuel structure, and burn severity have been identified for the forests of the western 

United States (Lydersen et al., 2017; Prichard & Kennedy, 2014), but they remain sparsely 

documented in northern forests. An enhanced understanding of topȤdown and detailed bottomȤup 

controls on burn severity in the northwestern boreal forest would offer insights for fuel and fire 

management in this fireȤprone region. 

The goal of this research is to describe and explain variability in burn severity in the 

northwestern boreal forest. Our objectives were to (1) assess the performance of three remotely 

sensed burn severity metrics in characterizing field observations of burn severity from the 

northwestern boreal forest, (2) contextualize and describe the landscape patterns of burn severity 

in the sampled fires, and (3) characterize the relative importance of topȤdown (daily fire weather) 

and bottomȤup (topography and vegetation structure) controls on burn severity in an extreme fire 

year. Hypotheses related to each objective are reported in Table 2.1. 
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Table 2.1 Research objectives and hypotheses, and associated supporting literature used in hypothesis development. 

Objective Hypothesis 
Supporting 

References 

1) Assess the performance of 

three remotely sensed burn 

severity metrics in 

characterizing field 

observations of burn severity 

from the northwestern boreal 

forest 

H1a: Bivariate relationships between the four field 

metrics of burn severity and remotely sensed burn 

severity will have different forms. 

 

(Miller et al., 

2009) 

 H1b: Relativized metrics of burn severity (RBR, 

RdNBR) will have a significantly stronger 

relationship to field metrics of burn severity than 

non-relativized metrics (dNBR). 

(Cansler & 

McKenzie, 

2012; Hoy et 

al., 2008; 

Parks, Dillon, 

et al., 2014) 

2) Contextualize and describe 

the landscape patterns of burn 

severity in the sampled fires 

H2a: Greater than 25% of the area burned in the 

sampled wildfires will have burned at high 

severity, reflecting the large fire sizes and stand-

replacing fire regime of the northwestern boreal 

forest. 

(Cansler & 

Mckenzie, 

2014; Collins 

et al., 2017; 

Harvey et al., 

2016b) 

 H2b: High-severity patches will have larger 

average sizes, larger core areas and less complex 

patch shapes than unchanged, low, and moderate 

severity burned patches, reflecting the large sizes 

of the sampled fires and stand-replacing fire 

regime of the northwestern boreal forest. 

(Cansler & 

Mckenzie, 

2014; Collins 

et al., 2007; 

Harvey et al., 

2016b) 

 H2c: Landscape patterns of burn severity will vary 

with the different modeled burn severity field 

metrics. 

(Miller et al., 

2009) 

3) Characterize the relative 

importance of top-down (daily 

fire weather) and bottom up 

(topographical and vegetation 

structure) controls on burn 

severity in an extreme fire year. 

H3a: Burn severity is significantly related to 

topoedaphic context, pre-fire vegetation, and fire 

weather at the time of burning in the northwestern 

boreal forest. 

(Dillon et al., 

2011; Harvey 

et al., 2016b; 

Prichard & 

Kennedy, 

2014) 

 H3b: During the extreme fire year of 2014, top-

down controls of daily fire weather were of 

dominant importance to burn severity, due to the 

ñoverwhelmingò of other drivers by extreme 

weather. 

(Dillon et al., 

2011; Harvey 

et al., 2014; 

Krawchuk et 

al., 2016) 

 

2.3 Methods and Data 

We measured preȤfire stand structure and burn severity metrics one year postȤfire and developed 

bivariate models of field observations and remotely sensed burn severity metrics, linking satellite 
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imaging of fire effects to ground observations of postȤfire environments. These relationships 

were used to create maps of burn severity, which we analyzed with landscape patch metrics. 

Finally, we fit models explaining burn severity field metrics from measured stand structure, 

topoedaphic context, and daily fire weather at the time of burning. All analyses were performed 

in R (R Core Team, 2018), unless otherwise specified. 

2.3.1 Study area 

The six studied wildfires were very large (~14,000 to > 700,000 ha), lightningȤcaused fires that 

burned in 2014 within the Northwest Territories or Wood Buffalo National Park (Fig. 2.1). The 

study area experiences infrequent, standȤreplacing (i.e., lethal) fires every 40ï350 yr (Boulanger 

et al., 2012). Although fires in this region are typically small (< 200 ha), rare large fires, such as 

those studied here, are responsible for the vast majority of the area burned (Stocks et al., 2002). 

2014 was an extreme fire year in this region, which took place during a multiȤyear drought 

(Northwest Territories Environment and Natural Resources (NWTENR), 2015). Due to the 

dispersed and small human population in this area, naturally occurring wildfires are generally 

managed following an appropriate response philosophy, with limited suppression and control 

efforts, where acceptable. For these reasons, the fires sampled for this study presented a rare 

opportunity to study burn severity in multiple concurrent, large, freeȤburning wildfires, in a 

broad range of fuel complexes. 

The study area is characterized by long, cold winters and short hot summers, with mean annual 

temperatures between ī4.3 °C (in the north) and ī1.8 °C (in the south). It generally receives lowȤ

toȤmoderate annual precipitation, ranging from approximately 300 to 360 mm, primarily in the 

summer months (Ecological Stratification Working Group (ESWG), 1995; Wang et al., 2012). In 

the western part of the study area, glacial deposits have produced a flat to undulating plain. To 

the northeast of Great Slave Lake, bedrock lies closer to the surface, and the terrain becomes 

rolling granitic hills on the Canadian Shield (ESWG, 1995). Peatlands are a substantial 

component of the entire study area, covering roughly a third of the area, but locally as much as 

75ï100 % of the land's surface, with a higher cover of peatlands west and south of the Great 

Slave Lake (Tarnocai et al., 2011). Due to the glacial history of this region, there is minimal 

topography, and surficial geology and soils may contribute more meaningfully to hydraulic 

gradients than topography in the boreal plain (Devito et al., 2005). The study area is within the 
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discontinuous and sporadic permafrost zones of northern Canada (Natural Resources Canada 

(NRCan), 1993). No field sites had an active permafrost layer in the top 1 m of soil. 

 

Figure 2.1 The study area (extent indicated in black on inset map), located in context within North America. Dark 

orange areas indicate perimeters of sampled 2014 wildfires, and lighter orange areas are other 2014 

wildfires. Sampled fires are labeled in red with the fire name. The 51 burned sampled field plots and 12 

unburned control points are identified with blue circles. Detailed descriptions of fires and distribution of 

sample plots by fire are included in Table 2.2. 

The dominant tree species in this region are black spruce (Picea mariana), jack pine (Pinus 

banskiana), white spruce (Picea glauca), and trembling aspen (Populus tremuloides). Secondary 

species of eastern larch (Larix laricina), balsam poplar (Populus balsamifera), and paper birch 

(Betula papyrifera) are also common. Many of these tree species are adapted to recurrent 

wildfires and have serotinous or semiȤserotinous cones, or sucker from roots and rhizomes 

following fire (ESWG, 1995; Greene et al., 1999). These characteristics make distances to live 

seed sources following fire a less significant driver of postȤfire seedling recruitment for many 
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species, with the exception of white spruce, which requires live trees for regeneration. PreȤfire 

organic soil depths range from subȤcentimeter depths in xeric pine stands to meters in peatlands. 

2.3.2 Field site selection and sampling 

Sampling of preȤfire stand structure and postȤfire burn severity took place one year postȤfire. 

Proposed field sites were located in areas > 100 m and Ò 2 km from roads, with a stratified 

random sample of burn severity, evenly distributed across lowȤ, moderateȤ, and highȤburn 

severity classes produced from initial assessment dNBR images (Key & Benson, 2006) classified 

using thresholds reported in Hall et al. (2008). When traveling by helicopter, additional remote 

field sites were selected to represent the local range of burn severity and vegetation communities 

accessible from the landing site. We sampled 51 burned field sites and located twelve unburned 

control points, which we used to identify remotely sensed burn severity and reflectance values of 

unburned areas. The range of vegetation communities sampled in the burned plots was 

represented in the sample of unburned controls. At field sites, we placed plot centers randomly 

within a homogenous area of burn severity, vegetation community, and topoedaphic setting 

(upland or wetland) that extended Ó 60 m in any direction from the plot center. Plot locations 

were recorded with a differential GPS unit. Plot centers of all field sites were a minimum of 103 

m apart, but were on average 170 km apart. 

Field sites were 30 × 30 m square plots, oriented so that two 30Ȥm transects aligned with the 

cardinal directions crossed at the plot center at right angles. The vegetation community and 

topoedaphic context (upland or wetland class) of a plot were described according to the Field 

Guide to Ecosites of Northern Alberta (Beckingham & Archibald, 1996). Ecosites were 

generalized into five functional vegetation community classes: Upland Jack Pine, Upland Black 

Spruce, Upland Mixedwood, Treed Wetland, and Open Wetland. 

We described burn severity in each plot using percent overstory mortality, CBI with height 

thresholds modified for northern forests (Key & Benson, 2006; Verbyla et al., 2008), Canopy 

Fire Severity Index (CFSI; Kasischke et al., 2000), and Burn Severity Index (BSI; Loboda et al., 

2013). Composite Burn Index values ranging from 0 (unburned) to 3 (severely burned) were 

estimated for each forest stratum present in the 30 × 30 m plot and averaged. Canopy Fire 

Severity Index was used to estimate the level of crown involvement in fire and intensity of 

overstory combustion, whereas BSI was used to assess the burn severity of the forest floor and 
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ground surface. We estimated the relative area of the seven CFSI classes, ranging from 0 (no tree 

mortality) to 6 (no primary branches remaining, pole charring occurred) in four 10 × 10 m 

subplots, at the four corners of the plot. In the same four subplots, we also estimated the relative 

area of five surface BSI classes described in Dyrness and Norum (1983) ranging from 0 

(unburned) to 4 (organic soil ashed, mineral soil exposed). The area of each class was used to 

calculate weighted sums following the method described in Loboda et al. (2013), and the 

resulting four CFSI and BSI values per plot were averaged. Percent overstory mortality (MORT) 

from fire, preȤfire overstory tree species composition, stem density (stems haī1), tree basal area 

(BA; m
2
 haī1), and estimated preȤfire live conifer crown base height (CBH; m) were measured 

for 32 trees > 3 cm in diameter at breast height with the pointȤcentered quarter method (Cottam 

et al., 1953; Mitchell, 2015) at eight evenly spaced points along the two transects. Where stem 

density was very low (i.e., open wetlands), a variable radius circle plot with a minimum length of 

15 m was taken at the plot center to measure overstory trees. PreȤfire understory stem density of 

seedlings and saplings was measured using 3-m radius plots at the end points of each transect. 

The number of understory density plots sampled ranged from one to four, depending on the 

density and evenness of the seedling and saplings. Understory and overstory stem density were 

combined for analyses. PreȤfire overstory fuel load (flammable biomass in t haī1) at each site was 

modeled using allometric equations (Thompson et al., 2017; Ung et al., 2008). Sections from 

fireȤscarred trees were collected to determine stand age and fire history at each plot. If no scarred 

trees were identified nearby, a section of a mature dominant tree was collected. 

2.3.3 Remote sensing of burn severity 

Remotely sensed burn severity within the six fires was estimated using multispectral Landsat 8-

OLI (Operational Land Imager) and Landsat 5-TM (Thematic Mapper) images (Landsat LevelȤ1 

imagery, courtesy of the U.S. Geological Survey). Image pairs were selected for an extended 

assessment of burn severity, where postȤfire images were captured in the growing season after 

the fire (Table 2.2; Key & Benson, 2006). Images were converted to atȤsurface reflectance using 

darkȤobjectȤsubtraction in QGIS with the semiȤautomatic classification plugin (Congedo, 2016; 

QGIS Development Team, 2017). Clouded and shadowed areas within fire perimeters were 

masked by hand in ArcGIS (Esri Inc., 2012), and permanent waterbodies (NRCan, 2008) were 

also masked. The Normalized Burn Ratio (NBR; Eq. 1), dNBR (Eq. 2), RdNBR (Eq. 3), and 
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RBR (Eq. 4) were calculated from atȤsurface reflectance of nearȤinfrared (NIR) and shortȤwave 

infrared (SWIR; Landsat bands 4 and 7 [TM] or 5 and 7 [OLI]) and then multiplied by 1000. All 

remotely sensed burn severity metrics were calculated in R with the raster package (Hijmans, 

2016). We included an offset term (dNBRoffset), normalizing dNBR values in unburned areas to 0 

by subtracting the average dNBR in unburned areas to account for phenological differences 

between images (Eq. 2; Key, 2006; Miller & Thode, 2007). Values of the remotely sensed burn 

severity metrics at each field plot were estimated from the four nearest 30 × 30 m pixels using 

bilinear interpolation. 
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Table 2.2 Pairs of Landsat 8-OLI and Landsat 5-TM images used for measurement of remotely sensed burn severity. Images are listed by the name of the fire 

analyzed. The size and start date of sampled wildfires are also reported, as well as the number of field plots located within the fire. Two post-fire images 

for fire 2014ZF-017 were mosaicked together. 

Fire Name 
Start 

Date 

Fire Size 

(ha) 

Number 

of field 

plots 

Pre-Fire 

Sensor 
Path Row 

Pre-Fire 

Image Date 

Post-Fire 

Sensor 
Path Row 

Post-Fire 

Image 

Date 

2014ZF-020 
June 17, 

2014 
730,855 12 

Landsat 

8-OLI 
48 17 

May 30, 

2013 

Landsat 8-

OLI 
48 17 

May 20, 

2015 

2014ZF-017 
June 16, 

2014 
450,207 5 

Landsat 

8-OLI 
45 16 

June 12, 

2014 

Landsat 8-

OLI 
46 16 

June 23, 

2015 

2014ZF-017 - - - - - - - 
Landsat 8-

OLI 
44 16 

June 25, 

2015 

2014ZF-046 
July 3, 

2014 
106,485 17 

Landsat 

8-OLI 
48 16 

May 30, 

2013 

Landsat 8-

OLI 
47 16 

May 29, 

2015 

2014WB-028 
August 1, 

2014 
66,673 8 

Landsat 

8-OLI 
45 18 

June 13, 

2014 

Landsat 8-

OLI 
46 18 

June 23, 

2015 

2014WB-002 
June 15, 

2014 
38,060 6 

Landsat 

5-TM 
44 18 

June 14, 

2011 

Landsat 8-

OLI 
44 18 

June 25, 

2015 

2014WB-020 
July 8, 

2014 
13,979 3 

Landsat 

5-TM 
44 18 

June 14, 

2011 

Landsat 8-

OLI 
44 18 

June 25, 

2015 
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2.3.4 Daily fire weather 

To assess the potential relationship between weather and burn severity, we interpolated Moderate 

Resolution Imaging Spectroradiometer (MODIS; Canadian Forest Service, 2015) and Visible 

Infrared Imaging Radiometer Suite (VIIRS; USDA Forest Service, 2014) hotspots from the year 

2014, using a weighted mean (Parks, 2014) to estimate the day of burning (DOB) for each field 

site. Fire weather conditions were represented using the Canadian Forest Fire Weather Index 

(FWI) System, which uses daily inputs of temperature, relative humidity, precipitation, and wind 

speed to produce three fuel moisture codes (Fine Fuel Moisture Code [FFMC], Duff Moisture 

Code [DMC], and Drought Code [DC]) and three indexes of fire behavior potential (Initial 

Spread Index [ISI], Buildup Index [BUI], and Fire Weather Index; Van Wagner 1987). Noon 

(Local Standard Time) weather and FWI System values on the DOB for each site were 

downscaled from North American Regional Reanalysis data (NARR; Jain et al., 2017; Mesinger 

et al., 2006) using ordinary kriging. Fire Weather Index System indexes were calculated from the 

interpolated temperature, precipitation, relative humidity, and wind speed using the cffdrs 

package (Wang, Wotton, et al., 2017), with starting values from the interpolated values of the 

FFMC, DMC, and DC from the previous day (Jain et al., 2017). 

2.3.5 Analysis 

Statistical differences in burn severity and stand structure between vegetation communities were 

assessed with Wilcoxon signedȤrank tests, ANOVA, and post hoc leastȤsquares means tests 

(lsmeans package; Lenth, 2016). We produced scatterplots and computed Spearman's rank 

correlation coefficients to determine the nature of the relationships between the field measures of 

burn severity and remotely sensed burn severity metrics. Subsequently, we used generalized 

linear models (GLMs) and landscape patch metrics to examine landscape patterns and drivers of 

burn severity in this region. Bivariate GLMs were used to develop diagnostic models describing 

the relationship between remotely sensed burn severity and field metrics of burn severity. All 

model fits were assessed using averages of rootȤmeanȤsquare error and R
2
 (the square of the 

correlation between observed values and predicted values), calculated following a 10Ȥfold crossȤ

validation (CV) with 100 repeats in the caret package (Khun, 2017). All statistical tests in this 

study were conducted at the 5 % level of significance. Continuous values of the four burn 

severity field metrics were predicted from rasters of remotely sensed burn severity using the 

bivariate GLMs and subsequently classified into unchanged, low, moderate, and high severity 
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using breaks described in Table 2.3. The relative quality of each remotely sensed burn severity 

metric as a classifier of burn severity was assessed using the kappa statistic in the psych package 

(Revelle, 2017). 

Burn severity thresholds were identified from field observations of meaningful differences in 

burn severity for each metric and validated with the distribution of sampled data. Generally, 

unchanged sites are unburned or lightly burned, where mild and patchy fire effects were 

intermingled with unburned areas. LowȤseverity burned areas had scorched or lightly charred 

surfaces but substantial organic matter still existed postȤfire. Some overstory mortality may be 

evident in the stand, but any crown involvement in the fire did not consume all small branches in 

the overstory. ModerateȤseverity burned areas have charred surfaces and may have some 

exposed mineral soil and ash present. Overstory tree mortality was more common in these 

stands, with primary branches and some dead nonȤcombusted foliage remaining on the trees 

despite fire crowning. HighȤseverity burned stands have surfaces substantially composed of 

exposed mineral soil or ash. There was complete stand mortality, and the majority of primary 

branches are consumed (illustrative photographs provided in Appendix A: Table A1). Models 

using relativized burn severity metrics generally had lower error and higher CV R
2
 values than 

models using dNBR to describe burn severity field metrics; however, all bivariate models were 

significant (p Ò 0.001) and none had statistically stronger fits to the field data (Wilcoxon signedȤ

rank tests of model residuals p Ó 0.44). Furthermore, because the confidence intervals of the 

kappa statistic for all three remotely sensed metrics overlapped, we chose to present only RBR in 

subsequent analyses and visualizations. 

Table 2.3 Breaks used to classify maps of modeled burn severity field metrics of Composite Burn Index (CBI), 

surface Burn Severity Index (BSI), Canopy Fire Severity Index (CFSI) and percent overstory mortality 

(MORT). Modeled values of burn severity metrics were estimated from raster maps of the remotely sensed 

Relativized Burn Ratio (RBR). Representative photographs of burn severity classes are included in 

Appendix A: Table A2. 

Burn Severity Metric  Unchanged Low Moderate High 

CBI (0ï3) Ò 0.1 > 0.1 ï 1.5 > 1.5 ï 2.25 > 2.25 

BSI (0ï4) Ò 0.5 > 0.5 ï 1.75 > 1.75 ï 3 > 3 

CFSI (0ï6) Ò 0.1 > 0.1 ï 2 > 2 ï 4 > 4 

MORT (0ï100) Ò 10 > 10 ï 50 > 50 ï 95 > 95 
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Landscape patterns of classified burn severity within fire perimeters were assessed using a 

selection of patch metrics calculated in FRAGSTATS (McGarigal et al., 2012). Patches were 

defined using the eightȤneighbor rule. To limit edge effects, landscape patterns of burn severity 

were assessed within the core area of fire perimeters only, excluding areas Ò 100 m from the fire 

edge (following Parks et al., 2014b). SingleȤpixel patches were removed using a majority filter in 

ArcGIS, also with an eightȤneighbor rule. Patch metrics were selected to characterize the relative 

dominance, and spatial arrangement and distribution of patches of each severity class. The areaȤ

weighted mean patch size and the proportion of the landscape burned in each severity class were 

used to describe the relative dominance of severity classes on the landscape. AreaȤweighted 

means were used as they capture the higher relative probability of a randomly selected point 

falling into a large patch. The core area of a patch was defined as areas Ó 600 m from the edge. 

This threshold was selected as a conservative estimate of the maximum distance for longȤ

distance seed dispersal for white spruce (Greene & Johnson, 2000), in an ecosystem where most 

trees have in situ bud banks or seed sources, regardless of overstory mortality. The clumpiness 

index and areaȤweighted perimeterȤtoȤarea ratio (PARA) were selected to characterize how 

patches are arranged on the landscapes, capturing the relative dispersion and complexity of shape 

of the different severity classes. Clumpiness is the deviation in the proportion of like adjacencies 

(pixel edges shared with a pixel of the same class) from that expected in a random landscape. 

Together, these metrics were used to characterize the postȤfire pattern of combustion, seedbeds, 

and seed sources, and the heterogeneity of the postȤfire landscape mosaic. 

We also fit prognostic multivariable GLMs to estimate burn severity field metrics from preȤfire 

stand structure, topoedaphic context, and fire weather. A complete suite of stand structure and 

age, and fire weather variables were considered for each model. Only those explanatory variables 

that were significant (p Ò 0.05) were retained. If explanatory variables were highly correlated (|ɟ| 

Ó 0.6) with one another, then the variable contributing most significantly to the model was 

retained and the other correlated variable was removed. Upland and wetland datasets were 

separated and differences in model performance and in burn severity between the two groups 

were assessed. Finally, the three remotely sensed burn severity metrics were assessed for 

complementarity to the field data by adding each to the complete prognostic multivariable model 

and examining model fit metrics and tȤvalues of predictor variables. 
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2.4 Results 

2.4.1 Field measures of burn severity 

The CBI, BSI, CFSI, and percent or proportion overstory mortality (MORT) field measures of 

burn severity were sensitive to preȤfire vegetation communities described by dominant upland 

tree species, and treed or open wetlands (Fig. 2.2). Of the vegetation communities, Upland Jack 

Pine tended to incur the higher ranges of burn severities. Burn severity was most variable in 

Upland Mixedwood stands, which is likely attributable to the variable proportions of conifer and 

deciduous species that would influence fuels and the likelihood to burn. Not unexpectedly, Open 

Wetlands had lower values of burn severity compared to Treed Wetlands (Fig. 2.2). 

Of interest was the degree to which remotely sensed burn severity metrics were statistically 

correlated to the four burn severity metrics. Both dNBR and RBR were most highly correlated to 

CFSI, followed by CBI. Relativized dNBR was more correlated to CBI than CFSI. All three 

remotely sensed metrics were less correlated with BSI than CBI and CFSI, and had the weakest 

correlation to MORT; however, all correlations were statistically significant (p < 0.001; 

Appendix A: Table A2). These correlations were supported by the scatterplots of the data points 

between the remotely sensed metrics and the four field burn severity metrics. In particular, there 

was a distinct sigmoidal relationship between the remotely sensed severity metrics and MORT, 

which explains the lower correlation coefficient (Fig. 2.3). 
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Figure 2.2 Distribution of burn severity metrics within vegetation communities of Upland Black Spruce (BS), 

Upland Jack Pine (JP), Upland Mixedwood (MW), Treed Wetland (TW), and Open Wetland (OW). Burn 

severity metrics are: a) Composite Burn Index (CBI), b) surface Burn Severity Index (BSI), c) Canopy Fire 

Severity Index (CFSI), and d) percent overstory mortality. CFSI and Percent overstory mortality are not 

reported for OWs as these are not forested systems. Letters above each boxplot indicate significant 

differences (p Ò 0.05*) in least-squares means with a Tukey p-value adjustment. 
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Figure 2.3 Relationships between a) Composite Burn Index (CBI), b) surface Burn Severity Index (BSI), c) Canopy 

Fire Severity Index (CFSI), and d) percent overstory mortality (MORT) and the Relativized Burn Ratio 

(RBR) across all vegetation communities (indicated by point color and shape). Open wetlands are excluded 

from the CFSI and MORT models as these are not forested systems. Unburned control sites are classified 

into the same vegetation communities, and are identifiable as points with values of zero. Model fit statistics 

are reported in Table 2.4, as are models of the same form with independent variables of the differenced 

Normalized Burn Ratio (dNBR) and Relativized dNBR (RdNBR). 

2.4.2 Diagnostic models of burn severity 

Burn severity was statistically lower in wetlands than in uplands (Wilcoxon signedȤrank test, p Ò 

0.02) when measured by CBI, and BSI, but not when using the overstory burn severity measures 

of CFSI and MORT (p Ó 0.20; Fig. 2.2). Composite Burn Index, CFSI, and BSI were explained 

by preȤfire vegetation communities (Type II ANOVA, p < 0.003); however, MORT was not 

statistically related to vegetation community (p = 0.5). Vegetation community classes alone 

explained 22.6 % (CFSI), 41.7 % (CBI), and 54.1 % (BSI) of the variance (ɤ
2
) in field 

measurements of burn severity. Post hoc comparisons of leastȤsquares means with a Tukey p-

value adjustment confirmed some statistical differences in burn severity among vegetation 














































































































































































































































































































































