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ABSTRACT 
 

Fire can be a powerful tool for the management and conservation of remaining grasslands 

in the northern Great Plains. Extensive modification of northern prairies driven by persistent 

management ideologies have significantly altered the historic pattern of disturbances. Elevated 

risks associated with wildfire, further declines in grassland biodiversity, and growing threats to 

ecosystem goods and services are prevalent. The intersection of climate change mitigation, 

biodiversity conservation, and adaptive governance requires a multifaceted, socioecological 

approach to confront current and impending challenges in the region. The intentional use of fire, 

as an Indigenous cultural practice and natural ecosystem process, has been shown to be an 

effective land management tool to meet numerous objectives but continues to be underutilized in 

southern Saskatchewan and elsewhere. The purpose of this research was to explore the risk 

management and ecological applications of prescribed fire with a focus on barriers to the 

effective use of fire. Specifically, I 1) use remote sensing of grassland vegetation at different 

scales to preemptively identify hazards associated with prairie fire and describe how prescribed 

burning could mitigate those hazards, 2) examine ungulate grazing selectively in response to 

prescribed burning and impacts to heterogeneity of prairie habitat for grassland management and 

conservation; and 3) conduct a comparative analysis of strategies for reintroducing prescribed 

fire in Saskatchewan’s prairie ecozone, and to identify barriers to interagency collaboration and 

expansion of the practice as a culturally significant endeavour and important economic, 

ecological, and community-building process. 

Imagery from satellites and unmanned aerial vehicles (UAVs), combined within a simple, 

integrated model identified fire hazard metrics suitable for operational use in topographically 

variable, northern mixed prairie. Grazing intensity altered vegetation distribution and fuelbed 

heterogeneity. Normalized difference vegetation index (NDVI) and slope were predictors of burn 

patterns, offering those tasked with fire mitigation and suppression useful information for safe 

and effective planning, implementation, and analysis. Reintroduction of fire into a semi-arid, 

grazed grassland had heterogeneous effects on vegetation and temporarily altered spatiotemporal 

patterns of herbivory by bison and cattle. Multiscale observations from remote sensing platforms 

evaluated changes pre- and post-burning and demonstrated bison and cattle selectivity at a very 

fine spatial scale. Limited impacts to plant community composition, with year-to-year variation a 
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dominant factor, suggested prudently managed northern mixed prairie was resilient to the fire-

grazing interaction. Finally, comparative analysis of agency strategies for restoring fire in 

southern Saskatchewan acknowledged the importance of developing a community of practice 

within a multiscalar, collaborative effort. Current programs were limited by a range of social, 

informational, practical, and regulatory constraints. Established programs with significant 

investment in trained personnel and equipment accomplished the largest and most complex areas 

burned. Those with limited funding using a collaborative approach in a centralized location 

burned most frequently. A newly formed, coordinating agency provided structure and additional 

funding to support various organizations, beginning to close a gap between research and 

implementation to advance the practice in Canadian prairies. Greater integration with federal and 

provincial fire management organizations is required to emulate similar U.S. models. Increased 

understanding, coordination, and implementation of prescribed fire will build adaptive capacity 

and community resilience to confront rising threats locally and globally. 
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1.0 INTRODUCTION 
1.1 General Introduction 

As occurs so often in our shared human experience, much has been learned and much has 

been forgotten (Skinner, 1964). Humanity’s relationship with fire is no different. In fire-prone 

ecosystems, we have coexisted with it for millennia (Doerr and Santin, 2016), with evidence of 

anthropogenic burning, or purposeful ignition, spread, and suppression, of at least half a million 

years (Bird and Cali, 1998; Bowman et al., 2011). Wildland fire has occurred on Earth from the 

appearance of terrestrial plants, shaping the adaptation of myriad species and ecosystems, 

including the savannahs where our species, Homo sapiens, originated (Bowman et al., 2009). 

Fire is elemental to our understanding of nature (Macauley, 2010), and control of fire is 

fundamental to our evolution within it (Wrangham and Carmody, 2010). Yet today we are 

inundated with images and stories from media, reflecting and reinforcing a dominant cultural 

paradigm that demonstrates an often distorted, overwhelmingly negative perception of fire and a 

critical misunderstanding of related, socioecological crises (Fidelis, 2020; Bardgett et al., 2021). 

The cultural storytelling that describes humans as righteous and sanctified in their every action 

towards nature regardless of consequence, or inherently flawed, responsible for and doomed to 

its inevitable collapse, effectively restricts a unified societal revision and coordinated response 

(Dunlap and Catton, 1979). Fire offers us a pathway to recognize the interconnection of humans 

and our environment, with participation in the application of intentional fire an opportunity to 

collaborate on common goals, share knowledge, and earn respect for a skill and process to 

benefit our communities and the generations to come (Wenger et al., 2002; Ord, 2020). In the 

following chapters, I explore a revised conception of fire as a tool for managing our remaining 

northern grasslands towards a grander hope of better understanding each other, our unique and 

shared gifts, and our role in nature together. 

The encounter with a full-blown prairie fire was one of the acknowledged hazards 
of pioneering. But once vanquished, it vanished, along with the long-stemmed 
flowers, the locusts, and the wolves. Like them, the flaming prairie was one of the 
burdens of the first-contact prairie, eagerly shed, but also among its special 
glories, often recalled and not readily reclaimed (Pyne, 2007a).   
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The prairies of western Canada and the northern United States, as with numerous regions 

across the planet, have experienced dramatic change over the last two centuries (Samson et al., 

2004). Extensive modifications to land use and cover (Bradley and Wallace, 1996; 

Hammermeister et al., 2001), along with persistent management ideologies, have significantly 

altered the historic pattern of disturbances in the northern Great Plains (Coupland, 1950; Romo, 

2003). The effects of climate change, concurrent to ongoing habitat loss and degradation, are 

elevating the risk of wildfire (Sauchyn et al., 2020), further contributing to the decline of 

biodiversity (Gauthier and Wiken, 2003), and negatively impacting ecosystem goods and 

services (Sauchyn et al., 2020). The intentional use of fire, as an Indigenous cultural practice and 

natural ecosystem process, has been shown to be an effective land management tool to meet 

numerous objectives (e.g., Fuhlendorf and Engle, 2001; Kimmerer and Lake, 2001; Romo, 2003; 

Lake et al., 2017; Eisenberg et al., 2019), but continues to be underutilized in the northern mixed 

prairie and elsewhere due to social, economic, and ecological factors (e.g., Cleaves and Haines, 

1997; Kobziar et al., 2009; Quinn-Davidson and Varner, 2012; Weir et al., 2019). 

“If there were reasons to fear the accidental fire, there were reasons to celebrate the calculated 

burn” (Pyne, 2007a).   

A conflagration of current issues offers an opportunity to better understand and 

implement fire as an effective land management tool and socioecological process. Climate 

change, with associated extremes in wind speed, temperature, and precipitation, is anticipated to 

further increase the duration of the fire season, with increases in the rates of larger and more 

damaging wildfires (Wang et al., 2015; Abatzoglou and Williams, 2016; Scott, 2019; Abatzoglou 

et al., 2019; Sauchyn et al., 2020; Temple, 2020). There is overwhelming scientific consensus 

that human-induced climate effects are occurring (Oreskes, 2004), accelerating losses of habitat 

and biodiversity, destabilizing ecosystems and the critical services they provide us (Urban, 

2015). Public acknowledgement of these phenomena and demand for remedial action remain 

discordant and irresolute (Doran and Zimmerman, 2009). Information available from various 

media sources offer widely opposing and contradictory opinion, often affirming the inherent 

biases of its consumer (Lewandowsky et al., 2012; Doerr and Santin, 2016; Tagliabue et al., 

2020). 
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Purposeful dissemination of misinformation continually casts doubt and seeks to shift 

blame, generating confusion and insecurity (Oreskes and Conway, 2010; Tagliabue et al., 2020). 

Repetitive, dramatic images and stories of catastrophic wildfire and impacts to land, wildlife, and 

people, represent an opportunity to deliver consistent, coordinated messaging from expert and 

local sources to help shift perspectives and enhance public discourse (Moritz, 2012). Such a 

coordinated approach drives the public, and by extension the political and media classes, to 

question their biases and seek out accurate, reliable, and peer-reviewed information (van der 

Linden et al., 2015a). Making high quality, user-friendly information readily available and when 

possible, experiential, provides the mechanism for personal engagement and group participation, 

developing a network of shared understanding, and leading to desired behavioral change at a 

larger, societal scale (van der Linden et al., 2015b). Application of prescribed fire as a land 

management process requires group participation while addressing important ecological and 

societal needs, such as consuming excessive fuel buildup to reduce risk of wildfire, creating 

habitat heterogeneity to conserve biodiversity, and promoting ecosystem health (Burr, 2013). 

The following chapters offer the reader a structured path for a focused appreciation of a few of 

many possible applications of prescribed fire, and an evaluation of strategies to expand the use of 

this beneficial management practice in Saskatchewan and beyond.  

1.2 Research objectives 

My research explores aspects of prescribed fire as a land management tool and 

socioecological process in northern mixed grass prairie, with the following specific objectives: 1) 

to use remote sensing of grassland vegetation at different scales to preemptively identify hazards 

associated with prairie fire and describe how prescribed burning could mitigate those hazards; 2) 

to examine ungulate grazing selectively in response to prescribed burning and impacts to 

heterogeneity of prairie habitat important to those managing and conserving grasslands; and 3) to 

conduct a comparative analysis of strategies for reintroducing prescribed fire in southern 

Saskatchewan, to identify and overcome barriers to its use to improve social, economic, and 

environmental outcomes. 
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1.3 Thesis organization 

This thesis is structured in manuscript-style and comprised of six chapters. Following a 

general introduction designated as Chapter 1, Chapter 2 of this thesis is a comprehensive 

literature review of relevant scientific research related to my research objectives, and more fully 

describes how the subsequent chapters interrelate. Chapter 3 tests a protocol for evaluating 

grazed grassland productivity, condition, and topographical variation with remotely sensed data 

to improve the safety and effectiveness of prescribed burning or wildfire suppression activities. 

In this chapter, fire is conceptualized primarily as a chemical and physical force that consumes 

fuel across the landscape. Remote sensing tools and techniques are employed to discern 

thresholds in grassland vegetation where fire could be potentially hazardous. Chapter 4 

investigates the fire-grazing interaction, tracking the responses of plants, cattle, and bison 

following burning. Chapter 5 focuses on prescribed fire in a social and cultural context, offering 

an analysis and critique of various organizational strategies for conducting and managing 

prescribed fire by comparing agencies in southern Saskatchewan and the northern Great Plains. 

Each agency has sought to address barriers to the use of fire in its own way, and by 

acknowledging successful practices we can build social cohesion through coordinated learning 

and implementation of beneficial actions. Chapter 6 provides a brief synthesis of the research 

and recommendations for future study and collaborating to conserve our remaining northern 

prairie.  
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2.0 LITERATURE REVIEW 
This review of relevant scientific literature is organized to rationalize the significance of 

the problem, delimit the inquiry, identify influential researchers in the field, outline and seek 

support for a methodology, and relate ideas and theory to key variables and evaluation (Gall et 

al., 1996; Hart, 1998; Randolph, 2009). Herein I provide a targeted review of fire and grassland 

ecological studies related to physical and geographical, biological, and social applications of 

prescribed fire centered in Saskatchewan’s prairie ecozone (Padbury et al., 1998; Pyne, 2007b). 

2.1 Towards a revised conception of fire  

Fire is a chemical reaction arising when oxygen, fuel, and heat reach a threshold to ignite 

and sustain combustion (Quintiere, 2006), representing a striking example of a focused, 

energetic, ecological process (McKenzie et al., 2011). Fire and related processes are ubiquitous, 

created in large part by and necessary to life (Bowman et al., 2009). From cellular respiration to 

immense wildfires (Bowman et al., 2009), “[t]he chemistry of combustion is a biochemistry: fire 

takes apart what photosynthesis puts together” (Pyne, 2007b). While an intrinsic process in fire-

prone ecosystems, wildfire can inflict injury and loss of life across vast landscapes (Fidelis, 

2020). Observing a patch of burned vegetation, with new green growth of plants and return of 

game and other wildlife, we can also view fire as an agent of regeneration (Pyne, 2013). 

Purposely using fire as a safe and effective tool to achieve various objectives, as has been done 

for millennia (Vale, 2002), is inherently collaborative, with health, wellness, and societal 

benefits associated with community engagement and participation (Campbell and Jovchelovitch, 

2000). Recognizing the inextricable connection between humans and fire, at an individual and 

cultural scale, we can acknowledge that both have negative and positive elements (Bird et al., 

2016). Moving beyond binary thinking to embrace greater complexity in our relationship with 

fire provides us a mechanism to learn and grow within ourselves, our cultures, and our global 

society (Wood and Petriglieri, 2005; Williams, 2008; Tsao, 2020). Through this process of 

revision, we can, at least in part, better address multiple social and environmental issues and 

drive a deeper understanding of our place in nature, our history, and the unique opportunity we 

have for a shared future (Rowe, 1997; Pyne, 2007b; 2013; 2016). 
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2.2 Paradigms of fire and grassland ecological research 

Pyne (2007b) categorized the study of fire as three interrelated paradigms: physical and 

geographical, biological, and social. In the most traditional, well-funded, and reductionist of the 

three realms, fire is understood as a chemical reaction and physical disturbance in the landscape, 

with a measurable set of characteristics, behaviours, and effects that interact in complex ways 

within its environment (Pyne, 2007b; McKenzie et al., 2011). The second paradigm, which is 

relatively new to western science, fire is refocused as an organic process operating as an adaptive 

and evolutionary force through a biological medium, better suited “to describe the significance of 

fire to biodiversity, ecological complexity and integrity, and sustainability” (Pyne, 2007b; 

McLauchlan et al., 2020). Thirdly, the social paradigm seeks to explain the relationship between 

fire and humans, through research into the diverse aspects of human-fire practices, institutions 

best equipped to manage fire, or fire as an organizing device (Pyne, 2007b; Coughlin and Petty, 

2012). Indeed, a more comprehensive approach to fire research is required, with the subsequent 

chapters of this thesis organized to reflect these paradigms, not to be seen as independent but 

rather complementary, as a path to greater appreciation of a multifaceted, socioecological 

process (Pyne, 2007b; Coughlin and Petty, 2012; Lauk and Erb, 2016; Fernandes et al., 2020; 

Hiers et al., 2020; Bardgett et al., 2021). 

The history of fire research mirrors that of other scientific disciplines, enabling great 

progress in designated priority areas while neglecting other important components (Pyne, 2007b; 

Hiers et al., 2020). Investigators and research funders, largely being of certain gender, race, and 

socioeconomic class, tended to devalue, depress, or otherwise disregard the contributions of 

women, minority groups, and Indigenous peoples (Saini, 2017; Christianson, 2015; Nicholas, 

2018). This is particularly egregious with respect to Indigenous cultures, with many having 

conducted intentional burning to selected portions of land for specific reasons over thousands of 

years (Lake and Kimmerer, 2001; Roos et al., 2018). “Western-trained fire scientists often 

remain skeptical of, or unfamiliar with, Indigenous Ecological Knowledge…and their experience 

and traditions…ignored” (Christianson, 2015; Hoffman et al., 2022). 

The field has evolved to understand fire as a necessary and recurrent natural process, 

recognizing the importance of fire regimes and interacting disturbances, having direct physical, 

ecological, and social feedbacks at multiple levels of organization (Hiers et al., 2020; 
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McLaughlin et al., 2020). Further, reintroduction of traditional Indigenous practices and 

fundamental ecological processes are now considered essential to address diverse human and 

environmental issues including reducing the risks associated with wildfire (Kolden, 2019; 

Hoffman et al., 2022), conservation of biodiversity (Trauernicht et al., 2015; Ogar et al., 2020; 

Moritz et al., 2023), and facilitating reconciliation across sociopolitical divisions (Burr, 2013). 

Returning bison to native landscapes for cultural and ecological purposes has increased across 

western Canada (Derworiz, 2018; Short, 2020; Fieber, 2021), and may assist reparative efforts 

(Hisley et al., 2021). The importance of revitalizing Indigenous-led burning programs is also 

being acknowledged (Steffensen, 2020; Taylor, 2020; Hoffman et al., 2021; 2022; Adlam et al., 

2021; Sutherland, 2021). Returning both fire and bison, and the fire-grazing interaction, to 

prairie landscapes for ecocultural restoration has not yet been widely explored, and there is a 

significant opportunity for Indigenous groups, conservation agencies, and academia to 

collaborate (Burr, 2013; Eisenberg et al., 2019). These efforts would advance Principle 8 of the 

Truth and Reconciliation Commission (TRC) that actions “[s]upporting Aboriginal peoples’ 

cultural revitalization and integrating Indigenous Knowledge systems, oral histories, laws, 

protocols, and connections to the land into the reconciliation process are essential” (TRC, 2015). 

As with fire ecology and management, there has been a similar evolution within the field 

of grassland ecology, typified in the research conducted in the Great Plains of North America 

(Krebs et al., 2010). From the early 1900s, plant communities were understood to respond in a 

linear fashion following disturbance, driven predominantly by climate, and reaching an 

equilibrium with a highly predictable outcome (e.g., Clements, 1916; 1936; Weaver and 

Clements, 1938; Weaver, 1954). The so-called Clementsian model emphasized the importance of 

vegetation pattern over ecological process, leading conservation and land management programs 

to restrict disturbances such as fire and at times grazing, in hopes of returning ecosystems to their 

optimal state (Smith et al., 1993). In response to critical events, particularly the dust bowl of the 

1930s, and competing hypotheses, such as Gleason (1939), Watt (1947), and Westoby et al. 

(1989), a more complex set of disturbance feedbacks were described, with multiple alternative 

states (i.e., plant communities differing in structure, function, and composition and associated 

disturbance regimes) conceivable, related to climate cycles, topoedaphic conditions, land 

management, and a host of other factors (Briske et al., 2005). The application of hierarchy 

theory, the concept that interacting patterns and processes differ based on the level of 
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observation (Westoby et al., 1989; Wu, 2013), bridge the apparent dichotomy of competing 

theories (Briske et al., 2003). Recognizing that novel, persistent states significantly alter 

disturbance regimes, and the effects of fire and grazing in grasslands vary based on the level of 

geographical extent and biological organization, evaluation at multiple spatiotemporal scales is 

needed to more fully comprehend repercussions to landscape heterogeneity, grassland 

biodiversity, and ecosystem management (Briske et al., 2003; McKenzie et al., 2011; Mahood et 

al., 2022).  

2.3 A brief history of fire in northern prairies 

Fire regimes, as a concept central to fire and grassland ecologists to describe and study 

the behaviour and effects of fire, are characterized in terms such as frequency, size, seasonality, 

intensity, and severity (Murphy et al., 2011). Fire regimes describe when, where, and how fires 

happen (Bowman et al., 2011). Current regimes are often compared to those at some point in the 

past and across a variety of ecosystems (Krebs et al., 2010; McLauchlan et al., 2020). In basic 

terms, fire behaviour, referring to the manner in which fuel ignites, flame develops, and fire 

spreads, is influenced by the interaction of fuel (i.e., mass, availability, spatial arrangement, 

moisture), weather (i.e., air temperature, wind speed, humidity), and topography (i.e., elevation, 

slope, aspect; Quintiere, 2017), and quantified by measures such as rate of spread, residence 

time, intensity, flame lengths, and combustion phase (McLauchlan et al., 2020). The more heat, 

oxygen, and fuel, the so-called fire triangle, available under a given fuel type, weather pattern, 

and aspect, steepness, or slope position, the more fire will increase in intensity and advance 

(Quintiere, 2017). With the removal of one or more components of the triangle fire diminishes 

and is extinguished (Quintiere, 2017). In general, fire frequency and intensity vary across a 

gradient of aridity and plant productivity (Krawchuk and Moritz, 2011). In dry prairie 

environments fire activity is limited by available fuel, while in more mesic landscapes with 

higher plant productivity, fire is conducive under conditions such as low fuel moisture content 

and high temperatures and wind speed (Murphy et al., 2011). The variability and strength of 

these individual components and interacting factors will, in general, influence the effects of fire 

in grasslands (Whelan, 1995). 

Before European settlement, numerous fires, varying greatly in magnitude, severity, and 

distribution, occurred frequently across the northern Great Plains (Nelson and England, 1971), 
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creating complex spatial patterns of burned and unburned vegetation in various successional 

stages of recovery (Turner et al., 1999). Along with periods of drought and grazing by large 

mammals, frequent fire maintained a biome primarily of disturbance-adapted graminoids, forbs, 

and shrubs, with forests confined to more mesic areas experiencing fire less often (Axelrod, 

1985). Frequency, timing, and size of fires, driven by climatic, landscape, and cultural factors, 

were highly variable (Seig, 1995; Frost, 1998), with semi-arid, northern mixed prairies having an 

average return interval of 5 to 10 years with noticeable deviations from the mean (Wright and 

Bailey, 1982; Brown and Seig, 1999). Return intervals in aspen parkland were considered to vary 

within 7-12 years (Frost, 1998; Brown and Seig, 1999), with fire in fescue prairie ranging from 

one to 60 years (Romo, 2003). Evidence for these past fire regimes was derived from interviews 

with Indigenous peoples (Lewis and Ferguson, 1988), reviews of historical documents (Nelson 

and England, 1971; McClain et al., 2021), grass phytoliths (Boyd, 2002), charcoal in soil 

sediments (Umbanhowar, 1996; Leys et al., 2015; 2017), fire scarred trees adjacent to grasslands 

(Brown and Seig, 1999), and distribution of fire-responsive plant species (Trauernicht et al., 

2015). Fires caused by lightning mostly occurred June to August corresponding to summer 

storms (Rowe, 1969), whereas fires lit by Indigenous peoples were conducted in nearly all 

months with a majority in spring (Lewis, 1980), late summer and autumn (Higgins, 1986; 

McClain et al., 2021). Fires were more frequent in spring and fall during dry conditions but 

could also occur in the winter in many areas, favoured by periodic warm, dry Chinook winds 

(Nelson and England, 1971; Higgins, 1986; Romo, 2003; McClain et al., 2021). Fires were 

highly variable in size from small patches to extending for hundreds of thousands of hectares 

(Nelson and England, 1971; Higgins, 1986; McClain et al., 2021). 

Many Indigenous peoples located in what is now western Canada and adjacent northern 

U.S. employed the purposeful use of fire for a variety of reasons and had considerable influence 

over the management of the presettlement landscape (Lewis, 1980; 1985; Axelrod, 1985; Lewis 

and Ferguson, 1988; Kimmerer and Lake, 2001; Oetelaar, 2014; Roos et al., 2018; Eisnenberg et 

al., 2019; McClain et al., 2021). A key reason for Indigenous burning was to influence the 

distribution of small game and migration patterns of plains bison (Bison bison), their principal 

resource and critical component of the North American prairie (Lewis, 1985; Knapp et al., 1999; 

Cunfer and Waiser, 2016; Kristensen and Reid, 2016; Roos et al., 2018; McMillan et al., 2019). 

Near extinction of plains bison, exclusion of Indigenous people from much of the landscape, and 
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conversion of grasslands to annual cropland, altered fire and grazing regimes, including actions 

to suppress traditional burning, have followed (Pyne, 2007a; Bailey et al., 2010; Willms et al., 

2011). Not only do those measures continue to depreciate the ecological integrity of northern 

prairie (Samson et al., 2004; Perkins et al., 2019; WWF, 2021), but the trauma of colonialism 

inflicted on Indigenous peoples has been severe, contributing to a loss of language, culture, and 

knowledge of the land (Battiste, 2000; Whyte, 2018; Maher, 2020). Furthermore, many First 

Nations communities are subject to frequent wildfire activity and associated danger, destruction 

of infrastructure, and disruption by evacuation (McGee and Christianson, 2021). Already well 

established in many communities, there is a growing movement of Indigenous peoples across 

Canada and elsewhere to reclaim their leadership role as fire and land managers (Lake and 

Christianson, 2019; Christianson et al., 2020). As concluded by Hoffman et al. (2021), 

“Indigenous-led fire stewardship can assist with reviving important cultural practices while 

protecting human communities from increasingly severe wildfires, enhancing biodiversity, and 

increasing ecosystem heterogeneity.” 

2.4 A strategic focus on prescribed fire  

Through a methodical narrative I seek to demonstrate in the following chapters that the 

intentional application of fire in the grassland environment can serve many interests. Even in 

situations where fire is not appropriate, the process of evaluating fuel characteristics to reduce 

the risks associated with prairie wildfire, using attractants to improve the distribution of 

livestock, managing vegetation to benefit wildlife and species and risk habitat, and forming 

organizations with targeted strategies and goals to increase societal cohesion, can all be apprised 

by the information herein. My research was based in a mixed prairie grassland at Nature 

Conservancy Canada's (NCC) Old Man on His Back Prairie and Heritage Conservation Area 

(OMB) in southwest Saskatchewan, Canada. OMB and surrounding large blocks of native prairie 

form part of a key corridor for wildlife and species at risk and one of the largest areas of 

contiguous fuel in the region (ECCC, 2017). Cattle grazing (Bos taurus) on native rangeland is 

an important economic driver in the region (Block and Abouguendia, 1997). Listening to 

community members in preparation for my research into fire and grazing for remnant native 

prairie conservation, my focus grew to include ways to identify, communicate, and address 

periodically dry, variable grassland fuel accumulations to reduce the risks associated with 

mitigating or suppressing large wildfires that threaten rural people and communities, a very real 
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concern in the region and elsewhere (Harris et al., 2012; Davies et al., 2015; Damianidis et al., 

2021; McGee and Christianson, 2021). Building on the collaborative efforts to deliver safe and 

effective fire treatments at OMB to test the fire-grazing interaction with bison and cattle, my 

project expanded to investigate strategies employed in southern Saskatchewan to return fire as a 

culturally significant endeavour and important economic, ecological, and community-building 

process (Burr, 2013; Sutherland, 2021; Clark et al., 2022a, 2022b). 

As wildfire and Indigenous cultural burning are no longer occurring according to the 

presettlement, historic regime, highly trained and experienced practitioners utilize detailed 

prescriptions to attempt to mimic its effects (Weir, 2009). Hoffman et al. (2022) mark an 

important distinction between cultural burning and prescribed fire, “primarily in the burn 

objectives, techniques used to burn, and who is conducting the burning.” Prescribed burning is 

setting fire to a selected area of vegetation under specific environmental conditions (e.g., wind 

speed, relative humidity, air temperature, fuel load) to allow practitioners a degree of control 

over fire spread and intensity to meet pre-determined, land management objectives (Wright and 

Bailey, 1982; Weir, 2009). This is in direct contrast to conditions experienced during severe, 

uncontrolled wildfire, with high fuel loads, wind speeds, and air temperatures and relatively low 

humidity, creating a rapidly moving, intense fire that is difficult, costly, and potentially 

dangerous to extinguish (Cheney and Sullivan, 2008; Hiers et al., 2020; Thompson and 

Morrison, 2020). There are dangerous conditions inherent in either situation, particularly in 

grasslands, with comprehensive knowledge of fire behaviour and thorough understanding of site-

specific fuel characteristics essential for safe and effective fire management (Fogarty and 

Alexander, 1999; Cheney and Sullivan, 2008; Alexander and Cruz, 2013; Wells et al., 2021). 

The use of prescribed burning for managing land is common in many jurisdictions across 

North America (e.g., Wright and Bailey, 1982; Fuhlendorf et al., 2011; Leverkus et al., 2017; 

Powell et al., 2018) and globally (Weir and Scasta, 2022). Prescribed fire remains limited in 

many portions of the Canadian prairies due to numerous factors including lack of available 

training and perceived risk and liability during application (Yoder et al., 2004; Quinn-Davidson 

and Varner, 2012; Weir et al., 2019). Indigenous communities face additional constraints to 

“undertake cultural burning on reserve lands”, with “significant wildfire agency oversight and 

control” …and “major barriers to utilizing cultural burning across broader Indigenous territories, 
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which is considered Crown land under the statutory authority of provincial or federal 

governments” (Hoffman et al., 2022). Livestock producers, wildlife biologists, land managers, 

conservationists, Indigenous groups, and researchers have an opportunity to work together to 

address similar impediments and reach common goals in a respectful manner (Marks-Block and 

Tripp, 2021). 

2.5 Prescribed fire as a tool for land and risk management 

Periodic wildfires are essential for ecosystem integrity and persistence of a wide variety 

of native species and communities (Kozlowski and Ahlgren, 1974; Driscoll et al., 2010), but can 

also have devastating effects to property and cause loss of life (Courtwright, 2011; Lindley et al., 

2019). Planning and operational preparations are necessary to reduce risks to those living within 

fire-prone landscapes and agency representatives tasked with active wildfire suppression (Scott 

et al., 2013). The interrelated phenomena of dramatic declines in biodiversity and increased 

losses to human communities from wildfires, due in large part to the cumulative effects of land 

use modification and intensified by climate change, requires a fundamental revision to the 

perception and understanding of the role of fire and the relationship of humans to their 

environment (Shlisky et al., 2007; Coughlan et al., 2012; Mortiz et al., 2014; Pyne, 2013; 2016). 

Humans have coexisted with fire on these lands for millennia (Doerr and Santin, 2016). The 

relatively recent, predominantly western cultural paradigm of large-scale fire suppression has 

exacerbated the problem, with increased fuel accumulation preventing ecosystem renewal, 

reducing habitat availability, and, along with accelerating climate change, increasing the 

probability of large, catastrophic wildfire (Flannigan et al., 2009; Hope et al., 2016; Hiers et al., 

2020). This process is evident most recently and manifestly in Australia (Scott, 2019), the 

western U.S. (Temple, 2020), and Canadian prairies, parklands, and forests (Wotton et al., 2017; 

Sauchyn et al., 2020; Markov, 2023; Stueck, 2023). The urgency and severity of these problems, 

combined with a renewed interest in Traditional Ecological Knowledge and practices, and 

technological advances now more accessible to the public, behoove us, as academics working in 

concert with community members, agencies, and decision-makers, “to identify and understand 

the risks… and to develop cost-effective mitigation strategies accordingly” (Scott et al., 2013). 

Grassland wildfire is an increasing threat across the Great Plains (Donovan et al., 2017) 

and a frequent disturbance particularity in the grassland-forest ecotone of the Canadian prairies 
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(Thompson and Morrison, 2020). Extensive habitat fragmentation from cultivated fields, 

overgrazed pastures, and roads, has contributed to a significant alteration in historic fire regimes 

in remnant northern prairie (Romo, 2003; Thompson and Morrison, 2020). At least 95,000,000 

ha or 70% of the prairie in Canada has been cultivated for annual cropland (Bradley and 

Wallace, 1996); a similar phenomenon found across northern U.S. grasslands (Rashford et al., 

2011; WWF, 2021) and worldwide (Boakes et al., 2010). Saskatchewan has more road surface 

than any other province, about 250,000 km (Tourism Saskatchewan, 1994), and the western 

prairies have the most extensive road system per capita in the world (Barry et al., 1999). 

Globally, total burned area and number of fires continues to decline (Doerr and Santin, 2016), 

with the largest impact to savannah ecosystems over the last 20 years from continued agricultural 

expansion and intensification (Andela et al., 2017). However, 80% of current annual fire activity 

occurs in grasslands, despite being 40% of the Earth’s terrestrial surface (Mouillot and Field, 

2005), with large, catastrophic wildfires more frequent than presettlement regimes (Donovan et 

al., 2017; Cattau et al., 2020). Wildfires are anticipated to further increase with climate change 

causing longer, drier, and hotter fire seasons (Flannigan et al., 2013; Wang et al., 2015; 

Abatzoglou and Williams, 2016; Abatzoglou et al., 2019), with considerable, negative 

environmental and economic outcomes (Hope et al., 2016).  

The probability wildfire occurrence has traditionally been assessed and communicated 

based on coarse scale metrological and topographical factors, along with generalized 

determinations of fuel condition, quantity, and distribution (Flannigan and Harrington, 1988; 

Alexander and Cruz, 2013; NRC, 2020). Such methods fail to capture variability at small scales 

required for effective evaluation, planning, and attenuation of high-risk areas (Moreira et al., 

2011). Advances in remote sensing operational products involve fine scale detection and analysis 

of vegetative affecting fire behaviour; incorporating relative humidity, temperature, wind speed, 

and topography to determine various fire indices (Taylor and Alexander, 2006; Sullivan et al., 

2012; Yebra et al., 2013; Kidnie et al., 2015; Cruz et al., 2015; 2018). Application of these tools 

by local agencies and communities to support decision-making and monitor, mitigate, and 

prepare for wildfire is essential to prevent damage to property, injury, or loss of life, and reduce 

social and economic disruption and degradation to the environment (Scott et al., 2020; Parker et 

al., 2021; McFayden et al., 2023).  
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By their very nature, locally catastrophic events such as severe wildfire or other natural 

or human-caused disasters tend to be highly periodic and reoccur at irregular intervals (Paton, 

2003). Individuals and communities may go decades or longer without serious incident or may 

downplay the severity of similar disasters in other locations, and thereby fail to perceive the 

probability and consequences of the hazard (Paton, 2003; McCaffrey, 2004). While there is a 

great deal of scientific discussion around perception of risk (Slovic, 1987), McCaffrey (2004) 

identifies actions to prepare for and mitigate risk, once acknowledged, are highly influenced by 

an accessible method of calculating the probability of the hazard occurring and availability of 

adequate resources to act. Furthermore, the increased recognition that an approach totally 

focused on fire suppression is extremely expensive, ineffective, and counterproductive (Doerr 

and Santin, 2016; Hope et al., 2016), opens a dialogue with agencies and communities seeking to 

better understand the purposeful use of fire as a land and risk management tool (Johnson et al., 

2006; Labossiere and McGee, 2017), with models developed to assist prioritization (Hiers et al., 

2003; Chuvieco et al., 2010; Rachmawati et al., 2015).  

Often considered trivial in comparison to other societal demands, during severe wildfire 

seasons calls for more prescribed fire, and other measures related to fire prevention and 

mitigation on the landscape, become prevalent (Campbell, 2016; Kolden, 2019; Weir, et al. 

2019; Russell-Smith et al., 2020b, Oldham, 2023). As an effective hazard reduction tool, and 

likewise as an ecological process for conservation of biodiversity in fire-prone ecosystems, the 

literature offers an overall conflicted view of the utility of prescribed burning (Fernandes, 2002). 

While there is abundant evidence of beneficial results, a growing consensus suggests that a larger 

cultural shift in public sociocultural perceptions of prescribed fire is needed to fully capitalize on 

its advantageous effects; in short, we need to do more of it (Kolden, 2019; Oldham, 2023).  

The benefits of prescribed fire can be difficult to measure in strictly monetary terms, and 

due to the necessity it is conducted safely and effectively, responsible application of the practice 

can be costly requiring extensive planning, cooperation, education, evaluation, training, 

equipment, personnel, and sustained funding (Hesseln, 2000). Wildfire management is incredibly 

expensive, with annual suppression costs in Canada up to $1 billion; recovery from major fires 

can be many times more (Hope et al., 2016; Tymstra et al., 2020). Climate change, associated 

with a projected increase in wildfire frequency and severity, along with its destabilizing effects 
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on ecosystems, will make these problems worse, driving collaboration, resource sharing, and an 

increased focus on prevention, mitigation, and resilience (Hope et al., 2016; Smith et al., 2016; 

Wotton et al., 2017; Tymstra et al., 2020). Detailed, collaborative planning is required to 

determine where, when, and how to perform treatments, using prescribed fire to effectively 

reduce fuel loads in strategic locations, incorporating important ecological processes, becoming 

an integrated, multiple disturbance, and multiagency initiative (Bihari and Ryan, 2012). These 

actions support local employment and create other financial opportunities, improving cultural 

and educational activities, water security, wildlife habitat, and biodiversity, and would be 

achieved for a fraction of wildfire suppression costs (Weber and Taylor, 1992; Hesseln, 2000; 

Butry et al., 2010; Chung, 2015; Smith et al., 2016; Thomas et al., 2017; Kolden, 2019; Lake and 

Christianson, 2019). Additionally, new research indicates that contrary to popular understanding, 

prescribed burning can stabilize or even increase soil carbon as cooler, infrequent fires encourage 

grass growth and increased root biomass, therefore increasing the amount of carbon stored in an 

ecosystem (Kroeger, 2022; Pellegrini et al., 2022). Prescribed fire, by reducing the occurrence 

and severity of large wildfires, can also benefit air quality greater than their air pollution impacts 

(Afrin and Menendez, 2022). Prescribed burning thereby becomes not only a tool for wildfire 

mitigation, but an adaptation to climate change and an important nature-based climate solution to 

enhance carbon sequestration and reduce wildfire-related air pollution (Afrin and Menendez, 

2022; Pellegrini et al., 2022). 

2.6 Prescribed fire as an interactive, biological process 

Grasslands are one of the planet’s dominant cover types and sustain the livelihoods of 

millions of people at the same time being one of the most threatened ecosystems on the planet 

(Bardgett et al., 2021). Despite the efforts of managers and organizations that support prudent 

management, native prairies continue to decline in quantity and at times, quality (Peart, 2008; 

WWF, 2018; Godde et al., 2020). Changes have occurred so rapidly over the last century that 

species are not adapting to novel environments and ecological conditions, leading to dramatic 

losses in species diversity and potentially deleterious outcomes for current and future generations 

(Otto, 2018; Ide et al., 2020). Northern mixed grasslands of western Canada and the adjacent 

U.S. are not unique, having experienced significant socioeconomic and ecological alteration in a 

very short time with associated negative impacts to the land, its species, and its people, 
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necessitating a critical review of the recent past and present to formulate a vision of a desired 

future state (Samson et al., 2004; Hendrickson et al., 2019; Perkins et al., 2019). 

Fire suppression and altered grazing regimes have simplified the structure, composition, 

and function of rangelands, reduced biodiversity, and impacted ecological goods and services 

derived from native grasslands (Bradley and Wallace, 1996; Fuhlendorf et al., 2012). Fire is a 

source of heterogeneity, defined as spatial or temporal variation in a measured parameter (Wiens, 

2000), and a precursor to biodiversity in grasslands (Fuhlendorf and Engle, 2001; Moritz et al., 

2023). Heterogeneous landscapes provide more potential niches for plants and animals than 

those that are uniform (Burnett et al., 1998). Positive correlations between habitat heterogeneity 

and animal species diversity have been extensively reported (Tews et al., 2004; Mortiz et al., 

2023), with disturbance-driven heterogeneity shown to be beneficial for insects (Bestelmeyer and 

Wiens, 2001), birds (Madden et al., 1999; 2000), and mammals (Ceballos et al., 1999). 

Reintroducing fire alone, however, may be insufficient to maintain or enhance biodiversity in 

grasslands, or effectively manage fuel loads, as it is only part of the natural disturbance regime 

(Romo, 2003; Starns et al., 2021; Wilcox et al., 2022). The interaction of fire and grazing creates 

shifting mosaic of patches in different stages of succession, providing spatial and temporal 

variation in the landscape increasing the availability of resources for numerous species, critical 

for sustainable management of grasslands (Collins and Barber, 1985; Knapp et al., 1999; 

Fuhlendorf and Engle, 2001; 2004). According to Driscoll et al. (2010), to better understand fire 

as a land management tool, research must evaluate the effects of fire at various scales including 

the responses of individual species and functional groups, on plant community structure, 

composition, and patchiness, interactions with other processes such as grazing, weather, and 

topography, and by incorporating Geographic Information Systems (GIS) models and remote 

sensing techniques for improved spatial and temporal analyses. 

Grassland species have developed numerous strategies and adaptations to exist and thrive 

in an environment of climatic extremes and periodic disturbances (Coupland and Johnson, 1965; 

Anderson, 2006). In response to these environmental stresses, grassland plants tend to be mostly 

belowground, with extensive root systems and complex symbiotic relations to maximize 

acquisition and conservation of limited water and nutrients (Briske, 1996). Mechanisms related 

to avoidance and tolerance of disturbance, such as low set growing points and stimulation of 
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growth following defoliation, respectively (Briske, 1996), confer advantages to plants being 

grazed, burned, or subject to drought and desiccation (Bond and van Wilgen, 1996). The relative 

abilities and tradeoffs of plants related to each mechanism create variable responses to 

disturbances and shifts in community composition, structure, and function (Bond and van 

Wilgen, 1996; Briske, 1996). Grazing affects plants and plant community characteristics by 

selectively consuming aboveground plant biomass thereby altering vegetation structure, 

competitive interactions between plant species, microenvironmental conditions (e.g., light, 

temperature, and moisture conditions near soil surface), and soil attributes through changes in 

root production and soil compaction from trampling (Milchunas et al., 1988).  

Animals have also adapted to the rigors of the grassland biome, typified by the plains 

bison, with its ancestors present in North America for at least 200,000 years (Froese et al., 2017; 

Martin et al., 2023). Plains bison once numbered in the 10s of millions and are considered a 

keystone species for creating habitats for a wide array of plant and animals through a series of 

adapted behaviours, including selection of more palatable and nutritious forage that regrows 

following fire (Pearson et al., 1995; Knapp et al., 1999; Fuhlendorf and Engle, 2001; Allred et 

al., 2011a). Bison and cattle have a common ungulate ancestor, but divergent evolutionary paths 

have created differences in behaviors like habitat selection and resource allocation, both of which 

will have influence on grazing patterns and associated impacts on plant attributes (Fuhlendorf et 

al., 2010; Allred et al., 2011a; Kohl et al., 2013; Tastad, 2013). As cattle far outnumber bison in 

North America, cattle grazing is often used as a proxy for bison to create variation in vegetation 

structure, function, and composition, and thereby a greater variety of habitats and resources for 

other species (Kohl et al., 2013). Cattle have been shown to move slower, and spend more time 

grazing, especially near water sources, and select areas of higher plant biomass than bison 

(Fuhlendorf et al., 2010; Kohl et al., 2013; Tastad, 2013). Bison also tend to favour graminoids 

while cattle consume a wider variety of grasses, forbs, and shrubs, and are less constrained to 

grazing near wetlands (Allred et al., 2011a). Livestock, like bison, in fire-prone mesic and semi-

arid grasslands managed with periodic, prescribed burning preform consistently better than in its 

absence, promoting more sustainable revenues to producers (Limb et al., 2011; Allred et al., 

2014; Scasta et al., 2015). Further, the fire-grazing interaction may “mitigate drought by 

buffering forage resources and maintaining animal performance” (Spiess et al., 2020). While 

being economically beneficial, these interactions, managed within an historic range of 
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variability, are critical to maintaining the structure, function, and composition of fire- and 

grazing-adapted ecosystems globally (Archibald et al., 2005; Murphy and Bowman, 2007; 

McGranahan et al., 2012; Augustine and Derner, 2014; Koerner and Collins, 2014; Leverkus et 

al., 2017). While a seemingly obvious concept with demonstrable merits, persistent cultural 

factors and perceived negative outcomes have virtually eliminated the purposeful application of 

the fire-grazing interaction, and its ecological and financial benefits, from Canadian grasslands 

(Archibold and Wilson, 1980; Adams et al., 1992; Campbell et al., 1994; Bailey et al., 2006; 

Henderson, 2006; Mori, 2009; Limb et al., 2011; Harr et al., 2014; Hilger, 2020).   

Reintroducing fire and the fire-grazing interaction requires understanding their effects to 

prevent unintended, negative consequences to the socioeconomic and ecological sustainability of 

a landscape and its people (Gillson et al., 2019; Twidwell et al., 2021). Burning influences 

grassland plants and plant communities of the northern Great Plains, as in other landscapes and 

ecosystems, directly through combustion of above ground plant material and indirectly by 

associated impacts to the microenvironment (Redmann, 1978; Redmann, 1991; Redmann et al., 

1993; Romo et al., 1993; Pylypec and Romo, 2003). Fire and defoliation effects grassland plants 

depending on timing (Old, 1969; Towne and Owensby, 1984; Brown and Whelan, 1999; Gross, 

2005; Gross and Romo, 2010a; 2010b; Romo and Gross, 2011), frequency (Anderson and 

Bailey, 1980; Collins, 1989; 1992; Madden et al., 1999; 2000; Shay et al., 2001), and the 

interaction of those and other factors (Keeley, 2009). Fire reduces standing crop and litter and 

increases frequency of bare soil (Wilson and Shay, 1990), but the effect is minimized if burning 

occurs when plants are dormant (Bailey and Anderson, 1978). Greater fuel loads increase fire 

temperatures and burning intensity (Archibold et al., 1998) while increased fuel moisture 

(Daubenmire, 1968; Wright and Bailey, 1982) and relative humidity (Britton and Wright, 1971) 

reduces it. Wind speed often overrides and confounds the effects of other factors (Shabbir et al., 

2020; Cruz et al., 2022). While increasing the temperature of fire, wind speed may also lower 

intensity in some circumstances due to increased velocity of fire, reducing time spent burning 

plants and preventing crowns and roots from being killed by high temperatures (Daubenmire, 

1968; Wright and Bailey, 1982). Grassland plants are more susceptible to injury from fire when 

rapidly growing compared to periods of dormancy or slow growth (Anderson et al., 1970) with 

the amount of residual photosynthetic material remaining following fire or the number of active 

meristems impacted by burning intensity more important to plant recovery than other factors 
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such carbon stores (Briske and Richards, 1995). Combustion releases nutrients trapped within 

plant biomass and litter into the atmosphere (Redmann, 1991) and soil surface, some of which 

may be taken up by soil microorganisms and growing plants (Sharrow and Wright, 1977; Hobbs 

and Schimel, 1984). Loss of vegetation structure reduces snow capture in winter (Archibold et 

al., 2003) and soil water recharge (De Jong and MacDonald, 1975) and reduction of litter reduces 

infiltration of water into the soil and increases evaporation of water from the soil surface (Wright 

and Bailey, 1982; Willms et al., 1986). Reduced soil water following burning increases plant 

water stress and reduces productivity (Redmann, 1978).  

Fuel load and type influence fire behaviour metrics, especially fire temperature, and are 

important for interpreting potential fire effects in grasslands (Wragg et al., 2018). Fire 

temperatures increase from forbs to grasses to shrubs, reaching a maximum 600-1,000°C, 

(Bailey and Anderson, 1980; Archibold et al., 1998; Augustine et al., 2014; Twidwell et al., 

2016; Wragg et al., 2018), with head fires hotter than those moving against the wind (Bailey and 

Anderson, 1980). Semi-arid grassland vegetation tends to be predominately graminoid, with 

smaller, at times, dense patches of forbs or shrubs, and high spatial variability in grass biomass 

(Coupland, 1950; Rowe and Coupland, 1984; Vetter, 2005). Augustine et al., (2014), found grass 

fuel loads of 350 kg ha-1 to 550 kg ha-1 generated fire temperatures between 110°C to 150°C, 

whereas loads around 1,000 kg ha-1 corresponded to roughly 185°C in multiple studies (Bailey 

and Anderson, 1980; Augustine et al., 2014). Grass fuels in excess of 1,500 kg ha-1, found in 

productive mixed grass prairie, created peak temperatures of approximately 433-500°C 

(Archibold et al., 1998; Strong et al., 2013). Whereas contiguous fuels generate high fire 

temperatures and consistent ignition and spread, fuel discontinuity reduces heat transfer and 

alters combustion (Kerby et al., 2007). Often recommended as a method to reduce woody plant 

encroachment into grassland remnants, relatively low temperatures achieved by typical 

prescribed fires are shown to increase growth and cover of some woody plants (Anderson and 

Bailey, 1979; Romo et al., 1993; Guedo and Lamb, 2013), and require extreme fire temperatures 

and extended moisture deficits to control (Twidwell et al., 2016). Concurrent, and at times 

repeated, effects of fire, grazing, and drought conditions help maintain the dominance of grasses 

and forbs, promoting tree–grass coexistence by controlling woody encroachment (Anderson, 

2006; Koerner and Collins, 2014; Capozzelli et al., 2020).  
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The combustion of plant material by fire removes decadent growth, with the vegetation 

that grows back more palatable, nutritious, and desirable to large ungulates (Fuhlendorf and 

Engle, 2001; Allred et al., 2011a; Augustine and Derner, 2014). Herbivores select high quality 

forage at intermediate biomass and peak greenness, influencing their grazing patterns and 

distribution across the landscape (Bailey et al., 1996; Merkle et al., 2016). Fiber content 

increases and forage nutritive value and digestibility decreases as vegetation matures, while 

mean digestible protein content relative to plant biomass was highest in burned grassland, 

indicating why grazing animals are inclined to consume recently burned forage (Raynor et al., 

2015; 2016). Small scale foraging patterns occur where high-quality resources are made 

temporarily available following fire and then retained by repeated grazing over the growing 

season (Raynor et al., 2015). Fire, therefore, is a major ecosystem driver creating spatially 

heterogeneous distributions of forage quality, with grazing animals responding to and modifying 

environmental conditions over multiple scales (Fortin and Fortin, 2009; Geremia et al., 2019).  

A grassland management paradigm that restores historic processes and evolutionary 

patterns, and the critical feedbacks between them, will enhance heterogeneity at multiple scales 

to promote biodiversity, wildlife and species at risk habitat, more resilient food webs, and 

ecological and economic sustainability (Fuhlendorf and Engle, 2001; Bowman et al., 2016; 

Bardgett et al., 2021). Fire suppression and deferral of grazing following wildfire has decoupled 

these interactive, ecological processes necessary for disturbance-driven spatiotemporal 

heterogeneity, critical for biodiversity conservation in grassland habitats (Wakimoto et al., 2005; 

Gates et al., 2017; Powell et al., 2018). The interactive process of pyric herbivory creates a new 

patch type within the existing spatial mosaic, and intra-seasonal changes in vegetation driven by 

grazing and precipitation constitute important temporal patch dynamics that grazing animals 

respond to and then themselves alter; propelling the mosaic of patches to shift, improving habitat 

quality and creating more niches available for species (Pickett and Cadenasso, 1995; Fuhlendorf 

and Engle, 2004; Fuhlendorf et al., 2006; Engle et al., 2008; Derner et al., 2009; Limb et al., 

2011; Hovick et al., 2014; Raynor et al., 2015; Duchardt et al., 2016; Geremia et al., 2019). In 

addition to fire and grazing, climatic conditions, particularly drought and soil moisture 

availability, have a profound and interactive effect on grasslands (Koerner and Collins, 2014). 

Intra-annual and year-to-year variability in weather and long-term climatic patterns, especially 

extremes in temperature and precipitation common across the continental interior, contributes to 
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heterogeneity in plant productivity (Smoliak, 1986) and community composition (Coupland, 

1958; Gibson and Hulbert, 1987; Bachelet et al., 2000). This variability exerts a powerful 

constraint on wildlife habitat conservation (Hovick et al., 2015), grazing animals, and associated 

socioeconomic activities in the northern Great Plains, that is anticipated to further increase with 

climate change (Derner et al., 2018). 

The stochastic nature of fire effects highlights the variability introduced by the 

disturbance, further compounded by the activities of grazers, as well as additional interacting 

factors such as weather, topography (Hartnett et al., 1996; Collins and Calabrese, 2012; 

Williamson et al., 2020), belowground physical, chemical, and microbial mediated processes, 

and previous land management practices (Neary et al., 1999). Tracking and analyzing responses 

of grazing animals for manipulative experiments is accomplished through affixing animals with 

Global Position System (GPS) collars, collecting location data at frequencies and duration 

relevant to sufficiently evaluate a treatment effect, that being a statistical change in preferential 

habitat selection, relative to other important environmental factors (Allred et al., 2011b; Kohl et 

al., 2013). Incorporating the full range factors driving fire effects and plant and animal responses 

to interacting disturbances is critical to effectively evaluating their complex impacts on, and 

diverse responses of, grassland ecosystems (Fraterrigo and Rusak, 2008).  

Quantifying spatial and temporal heterogeneity created by the complex interactions of 

vegetation, topography, weather patterns, and disturbances, important for numerous objectives 

such as fire risk detection and habitat management, can be accomplished with integrated GIS, in 

situ field data, GPS collar data, and state of the art remote sensing platforms (Wachendorf et al., 

2017). The complex, multiscale spatial patterns in grassland vegetation created by the processes 

of fire and grazing can be captured by imagery from satellites, typically from 10 m to 30 m 

resolution (Li and Guo, 2018), and airborne platforms, with cameras mounted on unmanned 

aerial vehicles (UAVs) achieving in excess of 0.05 m resolutions, sufficient to discern individual 

plants (Lussem et al., 2019). Imagery is enhanced using vegetation indices: ratios of frequency 

bands, or divisions of electromagnetic waves along the spectrum of light, designed to maximize 

sensitivity to vegetation characteristics while minimizing confounding factors such as soil 

background reflectance, or directional and atmospheric effects (Fang and Liang, 2014). Time-

series analyses detect changes in these processes and patterns at scales from monthly to hourly 



 
 

22 
 

(Cui et al., 2020; Li et al., 2020) with some platforms having archived data going back decades 

(Li and Guo, 2012). Such data sources provide the ability to evaluate and communicate 

important social and ecological phenomena in ways unheard of in previous generations. These 

technologies were purposefully employed in this research to discern variability in grassland 

vegetation relevant for fire risk detection and mitigation and disturbance-driven heterogeneity 

important for conservation of biodiversity, as well as a novel communication tool, effectively 

cutting through the noise to share messages critical to the public good (Strickert et al., 2017).  

Disseminating rigorously researched, modern, evidence-based practices to fire and rangeland 

practitioners is critical for grassland conservation and community resilience (Fazey et al., 2004). 

Restoring fire on its own or managing herbivores to create heterogeneity in the absence 

of periodic burning may be insufficient to drive a shifting mosaic to maintain or enhance 

biodiversity in grasslands (Romo, 2003; Henderson, 2006; Fuhlendorf et al., 2009). The fire-

grazing interaction incorporates those key disturbances, and has been studied extensively in 

tallgrass prairie (Collins, 1987; Hobbs et al., 1991; Hartnett et al., 1996; Fuhlendorf and Engle, 

2001; 2004; Briggs et al., 2002; Collins and Smith, 2006; Anderson et al., 2006; Fuhlendorf et 

al., 2006; 2008; 2009; Hamilton, 2007; Kerby et al., 2007; Veen et al., 2008; Allred et al., 2011a; 

2011b; Moranz et al., 2012; Voleti et al., 2014; Limb et al., 2016) and in other grasslands (Noy-

Meir, 1995; Brockway et al., 2002; Archibald et al., 2005; Kutt and Woinarski, 2007; Savadogo 

et al., 2007; 2008; Kirkpatrick, et al., 2011; Augustine and Derner, 2014). Few studies in Canada 

(Adams et al., 1992; Mori, 2009; Kohl et al., 2013; Richardson et al., 2014; Leverkus et al., 

2017; Hilger, 2020) and northern mixed prairie (Coppock and Detling, 1986; Bachelet et al., 

2000; Branson and Sword, 2010; Powell et al., 2018; Spiess et al., 2020; Duquette, 2021), 

indicate the need to investigate and communicate findings for improved management of 

northern, semi-arid grasslands. 

2.7 Prescribed fire as an organizational device 

Fire, as natural ecosystem process and Indigenous cultural practice, functions as an 

instrument to bring people together incorporating knowledge and shared experiences from 

various practitioners and communities working together to address social and environmental 

concerns (Pyne, 2007; Mason et al., 2012; Hiers et al., 2020). Prescribed fire is recognized as a 

valuable tool, yet complex issues constrain its meaningful reintroduction and broader 
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implementation (Ryan et al., 2013). Holistic approaches to adaptive ecosystem management 

attempt to address this complexity, focusing on how a system’s constituent parts interrelate and 

change over time across spatial, temporal, and administrative scales (Rogers et al., 2013; DeFries 

and Nagendra, 2017; Hallett and Hobbs, 2020). Integrating our story of fire, to culture as well as 

to ecology, from the past and into the future, creates a new narrative to form a powerful 

archetype, helping relate important feedback responses to better anticipate and communicate 

connections between actions and results, and adapt in a rapidly changing world (Saveland, 1998; 

Pyne, 2001; Hallett and Hobbs, 2020). Forming new, or supporting existing agencies focused on 

managing, restoring, and researching fire, enhancing network connections between them, 

supporting local champions and Indigenous groups, and exchanging information with the public 

and policy-makers, drives the development of a learning organization, as “one that continuously 

adapts to a changing and interdependent environment,” in order to facilitate a cross-cultural 

paradigm shift (Saveland, 1998; Christenson, 2003; DeFries and Nagendra, 2017; Lake and 

Christianson, 2019; Huber-Stearns et al., 2021). Kofman and Senge (1993) described moving 

“from a fragmented, competitive, and reactive organization to one that is systemic, cooperative, 

and creative;” building what they called a “community of commitment,” that goes beyond 

personal loyalty to positive societal advancement. Fire, this powerful, primal force, therefore, 

becomes the vehicle to build such an organization, and to grow and sustain an intentional 

community. Incorporating concepts of systems thinking, strengthening networks of individual 

practitioners and agencies building an adaptive, learning organization, within a fire-dependent 

culture and community of practice, can address barriers and help create successful ecological and 

socioeconomic outcomes to marshal societal effort towards transformational change (Kofman 

and Senge, 1993; Saveland, 1998; Wenger, 1998; Christenson, 2003; Thompson et al., 2018; 

Lake and Christianson, 2019; Hallett and Hobbs, 2020; Russell-Smith et al., 2020b). 

Barriers to successful implementation of prescribed fire programs have been known, and 

efforts made to overcome them, for decades, with persistent cultural factors related to fire 

suppression consistent throughout (Pyne, 2001). The issue has proved vexing, and subject to 

extensive research and discussion (Bright et al., 1993; Haines et al., 2001; Yoder et al., 2004; 

McCaffrey, 2006; Yoder, 2008; Weir, 2011; McCaffrey and Olson, 2012; Quinn-Davidson and 

Varner, 2012; Ryan et al., 2013; Harr et al., 2014; North et al., 2015; Spencer et al., 2015; 

Melvin and McIntyre, 2017; Schultz et al., 2018; 2019a; 2019b; 2020; Weir et al., 2019; 
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Hoffman, 2020; Nikolakis and Roberts, 2020; Russell-Smith et al., 2020a; 2020b; Clark et al., 

2021; Hoffman et al., 2021; Dickson-Hoyle et al., 2022; Marks-Block and Tripp, 2021; Smith et 

al., 2023) with several elements raised repeatedly, including lack of leadership, training, skilled 

personnel, partnerships, communication, information sharing, planning, coordination, social 

network, and sustained funding. There are legal, liability, and insurance concerns, impediments 

across institutional and administrative entities, issues related to internal dynamics and agency 

policies and priorities, public risk aversion and air quality concerns, and weather and site 

complexities (Yoder et al., 2004; McCaffrey, 2006; Yoder, 2008; Weir, 2011; McCaffrey and 

Olson, 2012; Quinn-Davidson and Varner, 2012; Ryan et al., 2013; Harr et al., 2014; North et al., 

2015; Schultz et al., 2018; 2019a; 2019b; 2020).  

Gaining education, training, and experience with prescribed fire has been a difficult 

problem to overcome (Kobziar et al., 2009; McGranahan et al., 2022). Education, if available, is 

limited, missing important interactions between fuels, weather, and the fire behavior that drives 

fire effects, especially related to species’ habitat and biodiversity (McLauchlin et al, 2020; 

McGranahan et al., 2022). Only those at select government agencies have access to 

comprehensive training in prescribed fire and wildland fire management (Schultz et al., 2019a). 

An issue recognized since the mid-20th century, Higgins et al. (1989a) attributed a well-attended 

symposium and workshop held in North Dakota in 1978 to a dramatic increase in the use of 

prescribed fire in the northern Great Plains. Leading the current effort to address constraints 

related to education, training, and experience is the Prescribed Fire Training Exchange program, 

or TREX, a collaborative training model started in 2008 by staff at The Nature Conservancy 

(TNC) in the U.S. (Spencer et al., 2015) and more recently introduced to other jurisdictions 

worldwide (Fernandes et al., 2022). The TREX strategy (TNC, 2022), “provides a cooperative 

burning model that services the needs of diverse entities, including federal and state agencies, 

private landowners and contractors, tribes, academics and international partners”… 

“incorporating local values and issues to build the right kinds of capacity in the right places.” In 

addition to fireline skills, TREX incorporates a wide array of other learning opportunities 

including local ecology and cultural aspects of fire as well as training in effective media 

engagement, and diversity, equity, and inclusion (TNC, 2022). For example, the strategy was 

credited with helping Indigenous community members, local personnel, and residents increase 

their agency qualifications to expand prescribed burning in California (Marks-Block et al., 
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2021). Spencer et al. (2015) found these collaborative, experiential “training events incorporate 

the key components of professional development in prescribed fire, foster collaboration, 

learning, and network building”… “with an emphasis on local context to train a variety of 

professionals with disparate needs.” The training and operational experience provided by these 

opportunities increased the number and variety of practitioners and agencies participating in 

prescribed fire, building adaptive capacity and community resilience, and enhancing biodiversity 

by restoration of an important ecological process (Spencer et al., 2015; McLauchlan et al., 2020).  

Partnerships are essential components to overcome barriers to prescribed fire programs 

(Taylor, 2005; Kobziar et al., 2009; Spencer et al., 2015; Weir, 2015; 2016; Schultz et al., 2018; 

Dickson-Hoyle et al., 2022; Smith et al., 2023). While providing local, experiential training 

events are important components of prescribed fire programs; training and experience alone, 

however, are inadequate to overcome all institutional barriers (Spencer et al., 2015). Partnerships 

between cooperatives, fire scientists, and national fire management and other organizations, 

made possible the formalized mentorships, land management agreements, and development of 

legal entities to ensure interagency and cross-boundary participation (Goldstein et al., 2010). 

Marks-Block and Tripp (2021) report on the work of the FLN, Karuk and Yurok Tribes of 

California, and local, regional, and national governments and Non-Governmental Organizations 

(NGOs) to expand prescribed burning and promote fire-adaptive communities using 

intercultural, polycentric governance models (Gillson et al., 2019; Huber-Stearns et al., 2021). 

Various models of cooperation are established in the U.S., but the process towards development 

in Canada is at a much earlier stage, with documented organizational reviews limited to British 

Columbia (Okrainetz and Neal, 2012; Lewis et al., 2018; Nikolakis et al., 2020). To the east in 

the prairies, there remains little formal interaction between settler and Indigenous agencies using 

prescribed fire (Hoffman et al., 2022). These types of organizational relationships are difficult to 

objectively evaluate (Provan and Sydow, 2008; Li et al., 2009), but the narrative approach 

employed by Goldstein and Butler (2010) on the evolution of U.S. fire management in the early 

2000s offers a compelling template. 

Contrary to the U.S., there are relatively few individuals and agencies utilizing prescribed 

fire as a process to manage grasslands and parklands in Saskatchewan and the Canadian prairies, 

and, furthermore, outside of Parks Canada and a scant few universities, government departments 
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and NGOs, burning to enhance wildlife and species at risk habitat and numerous other land 

management objectives, its use has declined significantly since the 1990s (Wright and Bailey, 

1982; Bailey, 1988; Weber and Taylor, 1992; Pyne, 2007a; Okrainetz and Neal, 2013; Campbell, 

2016; Coogan et al., 2021). The resurgent movement towards Indigenous-led governance, 

especially related to fire management, the importance of respectful integration of traditional and 

contemporary ecological knowledge (Nadasdy, 1999; Christianson, 2015; Mistry and Berardi, 

2016), and appropriate land and heritage conservation practices across western Canada (Whyte, 

2017; 2018; Artelle et al., 2019; Hisey et al., 2021; Dickson-Hoyle et al., 2022), provides a 

unique opportunity to research and communicate inhibiting factors and effective strategies to 

reintroduce prescribed fire (Hoffman et al., 2022). Taken beyond passive learning by fostering a 

prescribed fire community of practice, a social learning system is created where the knowledge 

and skill level of individual members, while varying in experience, grow together to develop a 

shared culture of commitment (Kofman and Senge, 1993; Saveland, 1998; Wenger, 1998; Li et 

al., 2009; Metallinou, 2020). The social capital, relationships, and expanded social networks 

serve to enhance trust and cohesion among community members and facilitate the expansion of a 

positive prescribed fire culture, to become more inclusive and adaptive, to acknowledge and 

reconcile past injustice, and to prepare for and address current and anticipated socioecological 

adversity in prairie Canada and elsewhere (Bardgett et al., 2021; Marks-Block and Tripp, 2021; 

Hoffman et al., 2022). 
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3.0 REMOTE SENSING OF GRASSLAND VEGETATION TO ASSESS POTENTIAL FIRE 

HAZARD AT DIFFERENT SCALES IN SOUTHWESTERN SASKATCHEWAN 
3.1 Abstract  

The northern prairie regions of Canada and the adjacent United States periodically 

experience large wildfires. Such fires can be locally catastrophic causing extensive property 

damage and at times, serious injury and death. Grass fires, comprised of fine fuels that dry 

quickly, can be extremely dangerous, fast-moving, and unpredictable. Grazing intensity alters 

fuel loads and fuel moisture with differential impacts to fire ignition and spread. A user-friendly 

method to evaluate fire risk in grazed grasslands using remotely sensed, multispectral images 

from unmanned aerial vehicles (UAV) and the Sentinel-2 satellite is described herein. Risk of 

wildfire is elevated during drought, and Sentinel-2 derived NDVI and NDWI, as a proxy for fuel 

abundance, distribution, and condition, varied significantly between years of precipitation 

extremes in southwest Saskatchewan, a region of contiguous fine fuels. Fine scale spatial 

patterns of burning were effectively measured with UAVs-mounted sensors. Grazing intensity 

reduced fine fuel heterogeneity and associated potential fire danger, but with less than 33% 

combustion following spring prescribed fires, likely did not eliminate the possibility of wildfire 

during extreme fire weather conditions periodically experienced in the area. Of the risk factors 

known to influence fire behaviour and spread tested by binary logistic regression, NDVI and 

slope and improved the likelihood of combustion within burned areas, whereas with NDWI and 

elevation, the odds of burning decreased. These results suggest models used to forecast fire 

patterns in heterogenous grassland fuel beds should include these factors as important, readily 

accessible measurements. Monitoring changes in grassland fuel load and condition detecting 

spatial variability at multiple scales are critical to safe and effective wildfire suppression or 

mitigation efforts and these tools must be available to stakeholders at risk. 
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3.2 Introduction  

Wildfire is a serious and growing threat in contiguous blocks of intact grassland in North 

America and around the world (Donovan et al., 2017; Lindley et al., 2019). Numerous 

jurisdictions have experienced devastating financial and human losses from wildfires in recent 

years (Cruz et al., 2012; Jin et al., 2015; Mamuji and Rozdilsky, 2019). While highly variable 

due largely to periodic drought, wildfires in the Great Plains grew from 33 year−1 in 1985 to 117 

year−1 in 2014 and total burned area increased 400% over the same period (Neary and Leonard, 

2020). Fire frequency and duration are projected to further escalate as climate change continues 

to extend the length of the wildfire season (Flannigan et al., 2009; Hope et al., 2016; Wotton et 

al., 2017) and in the Canadian prairies, higher temperatures and associated, recurrent drought 

will contribute to increased fire potential and severity (Sauchyn et al., 2020). Significant effort 

has been focused on education and prevention (Prestemon et al., 2010; Hesseln, 2018), but 

ignitions from lightning and human sources remain prevalent (Gralewicz et al., 2012; Thompson 

and Morrison, 2020; Fusco et al., 2022). 

In western Canada, efforts to mitigate and reduce wildfire risk in forested areas have 

become more common (Johnson et al., 2006; Labossiere and McGee, 2017; Ahmed et al., 2018; 

Ahmed, 2020; Ergibi, 2020). Communities surrounded by grassland have not garnered the same 

level of attention yet are subject to increasingly frequent and damaging prairie fire (Moritz et al., 

2014; McGee et al., 2015; Donovan et al., 2017). Grassland vegetation presents a dynamic 

hazard throughout the fire season due to swift desiccation of fine fuels, and rapid fire spread 

following ignition during short duration, extreme weather events (Cheney and Sullivan, 2008; 

Andela et al., 2019). Fire behaviour, intensity, and its variability relative to vegetation 

characteristics at small scales have important implications for human welfare, protection of 

property, as well as observed, divergent ecological responses (Higgins et al., 1989b; Gibson et 

al., 1990; Reinhart et al., 2016; Foster et al., 2019; Zopfi, 2020; Wells et al., 2021). Developing 

practical methods for assessing grassland fuels in advance of mitigation efforts and active 

suppression are required to reduce the likelihood and severity of damage to property, prevent 

injury or death, and protect other values at risk (Sesnie et al., 2018; Johnston et al., 2020; 

Thompson and Morrison, 2020; Beverly et al., 2021).  
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The probability of, and risk associated with, wildfire occurrence has traditionally been 

assessed and communicated to the public based largely on metrological factors driving fuel 

condition (Flannigan and Harrington, 1988; NRC, 2020), combined with a generalized 

determination of fuel quantity and distribution (Alexander and Cruz, 2013). Such methods are 

insufficient to capture fine scale heterogeneity in risk factors for effective planning and 

mitigation at priority locations (Moreira et al., 2011). Remote sensing products used to determine 

wildfire risk involve detection and analysis of live fine fuel moisture, the ratio between live and 

dead components, and fuel load and type as vegetative factors affecting fire behaviour; 

incorporating measures like humidity, temperature, wind speed, and topography (Taylor and 

Alexander, 2006; Sullivan et al., 2012; Yebra et al., 2013; Kidnie et al., 2015; Cruz et al., 2015; 

2018; Smith et al., 2023). Modern tools and techniques are available that provide exceptionally 

fine scale resolution to assist in the analysis of grassland fuel and fire behaviour (Sensie et al., 

2018; Stow et al., 2019; Wells et al., 2021; Gowravaram et al., 2022; 2023).  

Flame height, rate of spread, and fire intensity can vary dramatically in non-uniform 

environments (Fujioka, 1985; Parsons et al., 2011), thereby increasing the hazard associated with 

its control and suppression (Sullivan et al., 2012), and influencing a range of ecological 

responses to burning (Cheney and Sullivan, 2008; Neary and Leonard, 2020; Gordijn and 

O’Connor, 2021). The degree of curing in grasslands strongly influences fire behavior, driven at 

the landscape scale by persistent drying wind and lack of precipitation, and influenced locally by 

topographical variation (Alexander and Fogarty, 2002). South-facing slopes receive more direct 

sun, drying soil and vegetation, also making fuels less dense (Holden and Jolly, 2011). Steepness 

affects the rate and direction of fire spread; the steeper the slope the faster the fire (Sullivan et 

al., 2012). The probability of grass fire ignition was positively correlated to elevation in dry 

grassland (Zhang et al., 2010), presumably due to desiccation from wind and sun exposure 

(Rothermel, 1983). 

Grasslands are inherently heterogeneous, and disturbances like grazing and fire further 

alter the distribution and productivity of plants influencing fuelbed characteristics (Belsky, 1987; 

Adler et al., 2001; Fuhlendorf and Engle, 2001; Werner et al., 2021). Proactive strategies to 

attenuate harm from wildfire in prairie communities involve livestock grazing, mowing, 

construction and maintenance of fireguards, and prescribed burning (Stechman, 1983; Fernandes 
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and Botelho, 2003; Vicars, 2003). These actions offer provisional reduction in the amount and 

heterogeneity of fuel to lessen fire intensity and rate of spread (Frost et al., 2022). Grass fires can 

move quickly (Noble, 1991; Cheney and Sullivan, 2008). Dangerous incidents occur in light, dry 

fuels where fire behaviour is so reactive to wind speed and direction, that personnel fail to adjust 

operations to account for variable conditions (Wilson and Sorenson, 1978; Cheney and Gould, 

1995; 1997; Alexander and Fogarty, 2002; Dether and Black, 2006). Unpredictable fire 

behaviour was a leading cause of wildland firefighter injury and death (Alexander et al., 2015; 

2017). Alexander and Buxton-Carr (2011) reported 165 fatalities in Canada, primarily in forests, 

over a 70-year period. One firefighter was killed and two injured in a grassland wildfire in 

southwest Saskatchewan (Fraser, 2017) and a significant number of deaths were associated with 

prairie fires in the United States (Wilson and Sorenson, 1978; NWCG, 2016; 2017). The ability 

to detect precise spatial variability in vegetation is important to those conducting prescribed fires 

and can improve the safety of firefighters involved in wildfire suppression (Jolly and Freeborn, 

2017; Campbell, 2018; Cruz et al., 2022).  

While acknowledging the often-dominant role played by weather and topography, fire 

behaviour metrics such as fire temperature, flame height and length, tend to increase with fuel 

load and fuel type, from forbs to grasses to shrubs (Bailey and Anderson, 1980; Archibold et al., 

1998; Augustine et al., 2014; Twidwell et al., 2016; Wragg et al., 2018; Zopfi, 2020). Small scale 

variation in plant biomass (i.e., aboveground net primary productivity [ANPP], litter) has 

pronounced effects on fire behaviour (Archibold et al., 1998; Kerby et al., 2007). Cruz et al. 

(2018) found a doubling of fuel loading resulted in a 50% increase in flame height. Semi-arid, 

native grassland is predominately graminoid, with smaller, at times, dense patches of forbs or 

shrubs, with variable amounts of residual litter (Coupland, 1950; Rowe and Coupland, 1984; 

Vetter, 2005). Seeded perennial forages, in contrast, tend to have higher, more uniform 

productivity but greater fuel discontinuity from bare ground exposed between planted rows 

(Dormaar et al., 1995). The high degree of variation in fire behaviour based on small-scale, 

heterogeneous fuel characteristics highlights the need for increased awareness and application of 

multiscale remote sensing to assess grassland vegetation for fire management operations (Hyde 

et al., 2013). Firefighters, prescribed fire practitioners, and researchers benefit from up-to-date 

information on grassland fuel condition and distribution to identify potential thresholds in fire 

behaviour in advance of operations, to better anticipate and mitigate risk and enhance safety, and 
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more effectively implement ecological land management objectives (Jolly and Freeborn, 2017; 

Sesnie et al., 2018; Zopfi, 2020; Wells et al., 2021; Werner et al., 2021).  

Southwest Saskatchewan encompasses one of the largest areas of contiguous grassland 

fuel in the Canadian prairies, with a significant component of native grassland and seeded 

perennial forages relative to annually cultivated land, where livestock grazing is a common 

economic activity (Gayton, 1991; Block and Abouguendia, 1997; ECCC, 2017). The area has a 

history of periodic prairie fire (Rowe, 1969; Courtwright, 2011), experiencing three severe, 

deadly wildfires during the drought of 2017 (Taylor, 2017), and is a high priority for various 

levels of government and communities to develop plans in preparation for future events (L. 

Fremont, personal comm.). Risk of wildfire is elevated during drought, especially if prolonged 

dry conditions occur after years of above average precipitation, due to build up of grassland plant 

biomass under good growing conditions (Brown et al., 2005; Verhoeven et al., 2020; McClain et 

al., 2021). Livestock grazing tends to reduce cover and biomass of grasses, standing dead 

materials, and litter (Bai et al., 2001). Heavily grazed areas often have lower spatial variability 

and fuel continuity with increased bare soil (Milchunas et al., 1989; Teague et al., 2004; Limb et 

al., 2018; Werner et al., 2021), and potentially, decreased fire danger (Davies et al., 2016). While 

increased grazing intensity and soil compaction induced by trampling depletes soil moisture and 

desiccating vegetation (Blackhall et al, 2017), topography, soil type, and precipitation have 

significant effects (Milchunas et al., 1989; Zhao et al., 2007; Sharma et al., 2021).  

Integrating remote sensed data from a variety of spatiotemporal scales with in situ 

vegetation and environmental data within a Geographic Information System (GIS) framework 

creates a powerful apparatus for evaluating ecological phenomena and addressing urgent land 

management issues (Chuvieco et al., 2010; Wang et al. 2010; Wegmann et al. 2016). Multi-scale 

and multi-spectral imagery, captured by unmanned aerial vehicles (UAV) and satellites, assessed 

with an appropriate vegetation index (VI), can detect and monitor grassland vegetation 

susceptible to wildfire ignition, spread, and potentially dangerous fire behaviour (Maki et al. 

2004; Li and Guo, 2012; Rahimzadeh-Bajgiran et al. 2012; Yang et al., 2012; Cao et al., 2015; 

Ahmed, 2020; Wells et al., 2021; Zhang et al., 2022). This information is useful for planning 

proactive measures in strategic locations, such as prescribed burning, targeted grazing, and 

fireguard construction (Link et al., 2006; Ager et al., 2015; Gillson et al., 2019).  
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Normalized difference vegetation index (NDVI) and normalized difference wetness or 

water index (NDWI) are combinations of spectral bands sensitive to changes in plant biomass 

and fuel condition, respectively, for measuring fire risk in a variety of vegetation types 

(Verbesselt et al., 2006; Lozano et al., 2007; Rahimzadeh-Bajgiran et al., 2012; Bian et al., 2013; 

Yang and Guo, 2014; Chaivaranon et al., 2018; Sesnie et al., 2018; Ahmed, 2020). Normalized 

difference vegetation index, or relative biomass, detects green, growing plants through a ratio of 

near infrared (NIR; which vegetation strongly reflects) and red light (R; which vegetation 

absorbs), whereas NDWI uses shortwave-infrared (SWIR) instead of red wavelengths to measure 

plant moisture content (Gao, 1996; Wilson and Sader, 2002; Lozano et al., 2007; Adab et al., 

2011; Olmos-Trujillo et al., 2020). Chlorophyll-related indices, like NDVI, are related to fuel 

moisture such that when vegetation dries out, the chlorophyll content of leaves decreases 

proportional to moisture content, as a measure of greenness and degree of curing (Chaivaranont 

et al., 2018), while NDWI exhibits an immediate and direct response to changes in plant water 

status (Verbesselt et al., 2006; Gu et al., 2007).  

The effectiveness of remote sensing and VIs to measure the spatial distribution and 

temporal changes in plant biomass and condition are well established (Lozano et al., 2007; Li 

and Guo, 2012; Grant et al., 2013; Yang et al., 2012; Ware et al., 2015; Xu et al., 2018; Wells et 

al., 2021) and the efficacy of UAVs for forest wildfire detection has been widely investigated 

(Yuan et al., 2015). Few studies, however, have utilized UAVs to evaluate vegetation 

characteristics in grasslands following prescribed fire (Cruz et al., 2015; McKenna et al., 2017; 

Sankey et al., 2021) or integrated UAVs and satellites for analysis of fuels at different spatial 

scales (Nesslage et al., 2020). The objective of this research was to evaluate methods of detecting 

fire hazard in grassland vegetation with multiple remote sensing platforms and assess the 

effectiveness of grazing and prescribed fire to reduce risk of wildfire. The predictive value of 

these methods was tested following prescribed fires in light and moderate to heavily grazed 

pastures, in native and seeded pastures, across a topographical diverse, prairie landscape. 
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3.3 Materials and methods 

3.3.1 Study site 

This study was conducted at the 5,300-hectare (ha) Old Man on his Back Prairie and 

Heritage Conservation Area (OMB), a former cattle ranch owned and operated by the Nature 

Conservancy of Canada (NCC) since 1996, located 15 km west of Claydon, Saskatchewan, 

Canada (49°12' 22.4568'' N, -109°6' 27.5436'' W). Native upland vegetation of OMB is 

dominated by a June grass (Koeleria macrantha), wheatgrass (Elymus spp.), needlegrass 

(Hesperostipa and Nassella spp.), and blue grama grass (Bouteloua gracilis) community, an 

association typical of the semi-arid, mixed grassland in the region (Coupland, 1950). Portions of 

OMB were cultivated for annual crop production for decades, and in the early 2000s, pasture S4 

was seeded with variety of native cultivars and S5 planted with tame forage (primarily crested 

wheatgrass [Agropyron cristatum] with lesser amounts of alfalfa [Medicago sativa]). Vegetation 

cover and productivity are uneven, including fresh, seasonally wet depressions and seepage areas 

with heavy graminoid cover, and sparsely vegetated saline areas, dry hilltops, and slopes (Bork 

and Irving, 2015; NCC, 2015). 

Annual and growing season precipitation data were collected from Environment and 

Climate Change Canada (ECCC, 2020) and averaged between Val Marie and Eastend, 

Saskatchewan, the two closest weather stations to OMB. The area has a mean annual 

precipitation of 348 mm, of which approximately 70% is received as summer rainfall (ECCC, 

2020). Precipitation is highly variable, ranging from 495 mm in 2016 to 172 mm in 2017, over 

the period of study (ECCC, 2020). While surrounding areas have experienced wildfires 

periodically, no fires have occurred at OMB for at least 60 years (A. Dumontel, personal 

comm.). Since 1996, about 200 head of domestic cattle graze several pastures at OMB. Fifty 

plains bison were reintroduced to OMB in December 2003; currently the herd is maintained at 

around 75 adults (NCC, 2015).   

3.3.2 Remotely sensed data collection  

Slope, aspect, and elevation rasters for OMB were created using the 30 m USGS digital 

elevation model (DEM; https://apps.nationalmap.gov/downloader/#/) and resampled in ArcGIS 

Pro (Esri, 2022) to 10 m to match the resolution of multispectral imagery from the Sentinel-2 

satellite. Sentinel-2 data was collected from the European Space Agency’s Copernicus open 
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access hub selected for predominately cloud-free days between July 22, 2016, and July 17, 2017, 

near the anniversary date of ground surveys in 2017 (https://scihub.copernicus.eu/dhus/#/home/). 

The sen2cor processor corrected Sentinel-2 Level-1C top-of-atmosphere (TOA) images from the 

effects of the atmosphere to deliver a Level-2A bottom-of-atmosphere (BOA) reflectance 

product within the Science Toolbox Exploitation Platform (SNAP; Main-Knorn et al., 2017). 

Red colour bands were composited with the NIR bands in ArcGIS Pro v2.9.1 using the 

formula for green reflectance/relative biomass, NDVI = (NIR - R) / (NIR + R), to create NDVI 

images and values (Rouse et al., 1974; Esri, 2022). While commonly used in grasslands, NDVI is 

sensitive to soil optical properties at incomplete plant cover, and to counter this soil background 

effect a modified soil-adjusted vegetation index (MSAVI) was also tested. Further, there are two 

SWIR bands available from Sentinel-2, band 11 with a central wavelength at 1610 nm and band 

12 at 2190 nm, shown to detect differences grassland plant groups (Shoko and Mutanga, 2017). 

The NDVI and MSAVI were based on 10 m x 10 m tiles while the two NDWI variations had 20 

m pixel size due to the resolution of the SWIR bands. The NDWI variations were also resampled 

to 10 m resolution in ArcGIS Pro. 

3.3.3 Vegetation sampling  

Grazing intensity is the proportion of the current season's forage production consumed by 

herbivores and was estimated based on forage supply and stocking rate demand in select pastures 

at OMB in 2016 and 2017 (Abouguendia, 1990). Grassland vegetation data were collected from 

plots in six pastures at OMB (Figure 3.1). Eight plots (seven in the S4 pasture) of 9 ha each (5 ha 

in the S5 pasture) were established in grid patterns in pastures lightly (N2, N4), moderately (N5, 

N8), and heavily grazed (S4, S5). Plant biomasses were collected between July 17 and August 

11, 2017, from a random subset of up to 20 permanent sampling locations in each treatment plot. 

Sampling locations were arranged on a 50 m x 50 m grid and consisted of a 0.25 m2 biomass 

sampling quadrat. The percentage cover of bare ground was visually estimated within a 1.00 m2 

sampling quadrat immediately adjacent to the biomass quadrat. Aboveground net primary 

production was estimated by clipping vegetation at ground level and sorted into graminoids, 

forbs, shrubs, and litter (dead plant material). Samples were dried at 80°C for 48 hours, sorted, 

and weighed. The GPS locations for cover of exposed bare ground and biomass samples were 

mapped using ArcGIS Pro. 
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Figure 3.1. OMB boundary, selected pastures, monitoring plots, and quadrats sampled in 2017. 

3.3.4 Prescribed burning   

Prescribed fires were conducted within a single 5-9 ha treatment plot in the selected 

pastures in mid- to late-April of 2018 (N8, S5) and 2019 (N2, N4). Prescribed fires were not able 

to be completed in pastures S4 and N5. Imagery from UAVs was gathered within days after 

burning each year. In each burned pasture, the burned plot was captured at a height of 88 m with 

an eBee SenseFly UAV, which achieved a 2.5-3.0 cm ground sampling distance (GSD). Images 

were uploaded to eMotion 3 software along with Sensefly proprietary flight log BBX files and 

merged to generate georeferenced image files. The georeferenced images were further processed 

using Pix4D software to create the final orthomosaics of each pasture’s burned plot. 
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3.4 Statistical analyses 

A comparison between 2016 (precipitation surplus) and 2017 (drought), as close as 

possible to the period of in situ vegetation sampling, was used to detect changes in Sentinel-2 

derived VIs between years (Hill, 2013; Li and Guo, 2018). Vegetation indices were compared to 

discern relationships to bare soil cover, total aboveground biomass, and biomass of four fuel 

types (i.e., grasses, forbs, shrubs, litter) in OMB pastures that differed by grazing intensity and 

forage type, gathered in summer 2017, with analysis of variance (ANOVA; Sesnie et al., 2018; 

Zhang et al., 2018a) followed by pairwise comparisons by Tukey’s HSD test. Topographical 

features were also tested in this fashion to determine how factors changed in response to slope, 

aspect, and elevation. Linear regression assessed relationships between grazing intensity, bare 

soil, fuel types, VIs, and topography (Park et al., 2018). With those relationships evaluated, a 

potential fire hazard map incorporating factors known to influence fire intensity and spread was 

developed with categories of low, medium, high, and very high risk (Adab et al., 2011). Slope, 

aspect, elevation, NDVI, and NDWI were classified based on subjective weights in ArcGIS Pro. 

To validate the proposed ranking of factors, prescribed fires were conducted within one 

treatment plot in pastures N2, N4, N8, and S5. From imagery collected by UAVs soon after 

burning, vegetation was categorized using pixel-based classification into burned, partially 

burned, or unburned in pastures S5/N8 (spring 2018) and N2/N4 (spring 2019) as fine scale 

visualization of fire effects (Brewer et al., 2005). Classified images were compared to VIs and 

topographical features to determine if selected risk factors predicted combustion during 

prescribed fires (Ranganathan et al., 2015) and analyzed by logistic regression (Zhang et al., 

2013). Within each burned plot, 1000 random points were generated in ArcGIS Pro to sample 

binary dependent and categorical independent variables. A binary response (burned vs. 

unburned) was regressed relative to dichotomous risk factors (low to medium vs. high to very 

high), evaluated by type II ANOVA as there were no interaction effects evaluated, and presented 

with exponentiated coefficients as the odds ratio. An exponentiated coefficient > 1.0 means the 

event is more likely to occur, whereas with values < 1.0 the odds of the event decrease (Wiest et 

al., 2015). Statistical analyses were conducted using the generalized linear model (glm) function 

within the car package in R software v.4.1.2 (R Core Team, 2022). Model fit was assessed using 

Area Under the Curve (AUC) obtained by the Receiver–Operating Characteristic (ROC) plot 

method (Lozano et al., 2007).  
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3.5 Results  

Annual and growing season precipitation varied greatly between 2014 and 2019 (Table 

3.1). Abundant rainfall in 2016 was followed by drought conditions, with a 373% decline in 

growing season precipitation, in 2017. The second lowest precipitation and the highest maximum 

temperature occurred in 2018 indicating an extended, severe drought during the period of study 

(Table 3.1).   

Table 3.1. Precipitation, temperature, and wind speeds averaged between Val Marie and Eastend, 

SK, the two closest weather stations to OMB, from 2014 to 2019. 

Year 

Growing Season (Apr. - Oct.) Annual Total 

Total 
Precip. 
(mm) 

Mean 
Temp. 
(°C) 

Max 
Temp. 
(°C) 

Mean 
Max. 
Wind 
Speed 
(km/h) 

Max. 
Wind 
Speed 
(km/h) 

Total 
Precip. 
(mm) 

Mean 
Temp. 
(°C) 

2014 397 13 34 74 91 423 4 
2015 252 12 35 77 96 313 5 
2016 455 12 32 81 95 495 5 
2017 122 12 36 84 104 172 4 
2018 153 11 39 73 93 212 2 
2019 288 11 35 78 99 355 2 

 
Mid-July 2016 and 2017 VIs are shown in Figure 3.2. Within OMB, lighter patches 

indicated higher mean values for all vegetation indices, found near wetlands and depressions, 

with associated greener, more abundant, and lush plant biomass (Figure 3.2). Mean VI values 

were all lower in 2017 compared to 2016, corresponding to less abundant green vegetation in the 

case of NDVI and MSAVI, and greater degree of plant desiccation captured by the two 

variations of NDWI (Figure 3.2; Appendix Table A.1).  
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Figure 3.2. VI values at OMB in July of 2016 and 2017. 
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Based on the estimated forage supply and stocking rate in each year of observation, 

pastures N2 and N4 were assigned a “light” grazing intensity, N8 and N5 were considered 

“moderately” grazed, and S4 and S5 designated as “heavy” grazing intensity (Table 3.2; 

Abouguendia 1990). Stocking rate demand (animal unit months or AUMs) per hectare (ha) 

exceeded forage supply (AUMs year-1) in heavily grazed pastures. Grazing demand was roughly 

balanced under moderate pressure, whereas a surplus of forage was present in lightly grazed 

pastures. Cattle tend to be moved off the more heavily grazed pastures to other less utilized 

pastures at OMB in years of drought, as was done in pasture S5 in summer of 2017 (Table 3.2). 

Table 3.2. Grazing intensity based on the difference between forage demand and supply in 

selected pastures at OMB between 2016 and 2017*. 

OMB 
pasture Forage type Grazing 

intensity Area (ha) 
Forage surplus (Deficit) 

AUMs year-1 AUMs ha-1 
2016 2017 2016 2017 

N2 Native Light 909 175  186  0.3  0.3  
N4 Native Light 2394 297  317  0.2  0.2  
N5 Native Moderate 132 (34) 20  (0.6) (0.1) 
N8 Native Moderate 151 (32) (70) (0.3) (0.6) 
S4 Seeded  Heavy 69 (71) (99) (1.3) (1.7) 
S5 Seeded  Heavy 45 (60) (21) (1.6) (0.8) 

*Stocking rates from K. McGregor and N. Hassett, NCC Saskatchewan, personal communications. 
 

Grazing intensity in N8 increased in 2017 (Table 3.2), but that pasture had not yet been 

grazed at the time of sampling, contributing to a higher recorded fuel load in 2017 (Appendix 

Table A.2). The cover of exposed bare ground was much higher in heavily grazed pastures, as 

would be expected, but also explained by previous cultivation and patchy establishment of 

seeded plants (Appendix Table A.2). 

Cover of bare ground (df=2, F=80.02, p<0.01) increased and grass biomass decreased  

(df=2, F=3.05, p=0.0487) in response to heavy grazing intensity while forb (df=2, F=2.63, 

p=0.07), shrub (df=2, F=1.80, p=0.17), litter (df=2, F=1.60, p=0.20), and total biomass (df=2, 

F=2.96, p>0.05) were not significantly different (Figure 3.3). Exposed bare ground (df=1, F= 

152.80, p<0.01), productivity of grasses (df=1, F=5.48, p=0.02), and total fuel load (df=1, 

F=3.94, p=0.05) were significantly dissimilar relative to forage type (Figure 3.3). A patchy 

distribution of most variables was evident, especially forbs and shrubs (Appendix Table A.2). 

Shrubs were absent from previously cultivated, seeded pastures, but variable in native pastures.  
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Figure 3.3. Cover of exposed bare soil and grass biomass in response to grazing intensity, with 

bare soil and grass and total biomass corresponding to forage type at OMB in summer 2017. 

Factor levels within a boxplot with the same letter are not significantly different according to 

Tukey’s HSD test. 

All VIs varied significantly with grazing intensity and forage type (Appendix Table A.3). 

Heavy grazing and seeded forage reduced NDVI (df=2, F=64.81, p<0.01), MSAVI (df=2, 

F=73.97, p<0.01), and NDWI with SWIR band 12 (df=2, F=20.32, p<0.01; Figure 3.4). The two 

variants of NDWI contradicted each other, with the NDWI variant 11 response suggesting 

heavily grazed, seeded pastures had more lush, wetter vegetation, whereas NDWI variant 12 

indicated the opposite (Figure 3.4). 
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Figure 3.4. Sentinel-2 derived VIs responding to grazing intensity and forage type at OMB in 

summer 2017. Factor levels within a boxplot with the same letter are not significantly different 

according to Tukey’s HSD test. 

Exposed bare ground had a moderate, negative relationship with MSAVI (R2=-0.46), 

NDVI (R2=-0.44), and NDWI variant 12 (R2=-0.33) and corresponded to elevation (R2=0.27). 

NDWI using SWIR band 11 also increased with elevation (R2 = 0.37), while the band 12 variant 

had a much weaker relationship (R2 = 0.14). Grass productivity positively corresponded to NDVI 

and MSAVI (R2 = 0.28) with a slightly stronger relationship between NDWI using SWIR band 

12 (R2=-0.33). As vegetation indices NDVI and MSAVI offered similar results and NDWI 

variants were contradictory, MSAVI and NDWI variant 11 were excluded from further analysis.  

Fire risk variables were classified based on subjective weights and rated to degrees of fire 

sensitivity, with fuel load (NDVI) and condition (NDWI) contributing greater potential hazard, 

followed by slope; aspect and elevation having less impact (Table 3.3; Figure 3.5). Much of 

OMB gently slopes south with hills that are occasionally steep (Appendix Table A.4). The 
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combination of these factors at high elevations was considered very high potential fire hazard 

(Appendix Table A.5; Figure A.1). There was generally a moderate amount of fuel, typical of 

semi-arid mixed grassland, across all pastures at OMB. Increased green biomass, represented by 

NDVI, was found in low-lying areas influenced by fresh water. Increased fire risk associated 

with desiccated vegetation, measured by NDWI, was found in most areas across OMB, the result 

of exceptionally dry conditions in summer 2017. 

Table 3.3. Weights assigned to variables and classes for fire hazard modelling at OMB in 2017. 
Variable Class Hazard 

Rating 
Fire Hazard Potential  Weight 

(%) 
NDVI <0.28, 0.28-0.36, 0.36-0.47, >0.47 1, 2, 3, 4 Low, medium, high, very high 40 
NDWI >0.23, 0.23-0.10, 0.10-0.00, <0.00 1, 2, 3, 4 Low, medium, high, very high 40 
Slope <1.0, 1.0-2.5, 2.5-4.5, >4.5 1, 2, 3, 4 Low, medium, high, very high 10 
Elevation <934, 934-957, 957-977, 977-1002 1, 2, 3, 4 Low, medium, high, very high 5 
Aspect north, east, west, south 1, 2, 3, 4 Low, medium, high, very high 5 

 

 
 

Figure 3.5. Classification and weighted overlay of variables associated with potential fire hazard 

at OMB pastures in summer 2017. Wetlands at OMB are highlighted in blue. 
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Weather conditions during prescribed burning have a major influence on fire behavior 

(Table 3.4). Lower air temperature and higher relative humidity during operations in 2019 (N2, 

N4) likely reduced fire intensity, favouring a patchier burn. Higher air temperature with lower 

relative humidity in 2018 presumably increased fire intensity, potentially contributing to the 

greater degree of combustion in S5, however, this was not observed in N8. Wind speed was 

highest during burning in pasture N2, with the lowest wind speed recorded in the S5 pasture. 

Table 3.4. Weather conditions during prescribed fire operations at OMB in spring 2018 (N8, S5) 

and 2019 (N2, N4). 

OMB  
Pasture 

Wind speed (km/h) 
Air 

Temperature 
Relative 
Humidity 

Mean Max.  (°C) (%)  
N2 12.1 15.3 5.0 51.4 
N4 9.9 13.1 6.3 51.1 
N8 9.0 13.7 13.0 37.8 
S5 7.0 13.4 11.6 38.0 
     

Prescribed fires were patchy in all pastures, with burned and unburned vegetation evident 

in classified imagery collected by UAVs (Figure 3.6). Lightly grazed pastures (N2, N4), with 

~60% of their areas designated high fire hazard (Appendix Table A.5) had roughly 25% of their 

treatment plots (range of 68% to 81% under high fire risk) burned or partially burned based on 

blackened and greyed colours, respectively. Moderate to heavily grazed pastures (N8, S5), with 

less than 50% and 40% high fire risk at the pasture and treatment plot scales, respectively, had 

divergent results, with N8 having 16% of the treatment plot consumed by fire, while S5 had the 

greatest proportion burned at 33% (Figure 3.6; Appendix Table A.5). Heavier grazing pressure 

was anticipated to reduce the abundance and variability of plant biomass, with smaller burned 

patches and more frequent spatial transitions between burned and unburned patches, as was the 

case in pasture N8. Pasture S5, the only seeded pasture where prescribed fire was conducted, had 

the least variable and highest burned area completeness of all treated plots. 
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Figure 3.6. UAV-derived imagery of prescribed fire treatment plots in selected pastures at OMB 

soon after burning with classification supervised to categorize burned from unburned vegetation.    
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Based on 1000 random points generated in ArcGIS Pro, pixels within OMB prescribed 

fire plots classified as low fire hazard were not burned (30.7%), whereas 41.2%, 58.7%, and 

<0.1% of burned pixels derived from UAV imagery were designated under medium, high, and 

very high fire risk, respectively (Figure 3.7). There were portions of burn plots assigned medium 

(27.9%) and high (41.5%) fire risk that were not burned (Figure 3.7). 

 

Figure 3.7. Potential fire hazard classes and proportion of pixels that were burned or unburned. 

Within the four prescribed fire plots, 27% of sampled quadrats were burned. Of those 

sampled quadrats, 71% were in lightly grazed pastures, with mean fuel loads of 440±277 kg ha-1, 

only 6% higher than nearby unburned quadrats, consisting primarily of grass biomass (88%) with 

less than 1% bare soil cover. In burned quadrats, NDVI and NDWI were 0.38±0.08 and 

0.09±0.12, respectively; unburned quadrats had slightly lower values: 0.34±0.05 NDVI, 

0.05±0.07 NDWI. Fuel load in pasture N8’s burned quadrats were sampled before grazing 

occurred in 2017 and measured 1,022±35 kg ha-1, whereas adjacent unburned quadrats had 

roughly 50% lower biomass. NDVI and NDWI in these burned quadrats were 0.33±0.02 and 

0.04±0.02, respectively. Unburned sites in N8 and S5 were 0.32±0.03 NDVI and 0.01±0.02 

NDWI. While S5 had the greatest proportion burned of all plots treated, none of the sampled 
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quadrats within the pasture were burned and averaged 318±99 kg ha-1 total biomass, with a 

relatively large component of forbs (32%) and exposed cover of bare soil (37%). 

Vegetation indices, slope, and elevation were statistically significant (p≤0.05; Appendix 

Table A.6), when tested by binary logistic regression. Variables with positive coefficients, and 

exponentiated coefficients >1.0, have more explanatory capability than variables with values 

<1.0, in terms of predicting fire occurrence (Zhang et al., 2013). The likelihood of burning is 

improved by NDVI (1.34) and slope (1.49) while the odds of burning decreased with NDWI 

(0.46) and elevation (0.68; Appendix Table A.6). The AUC-ROC value ranged from 0.53 to 0.61 

for all variations of the model tested, indicating a poor to moderate overall model fit (Lozano et 

al., 2007). The model's reliability was highest with no variable interaction, indicating the type II 

ANOVA was the appropriate tool (Appendix Table A.6; Zhang et al., 2013). 

3.6 Discussion 

Sensors mounted on UAVs detected exceptionally fine scale variation in the spatial 

distribution of grazed grassland fuel and burned and unburned patches at OMB (Figure 3.6). 

When integrated with a satellite platform, observations at multiple spatial scales increased the 

ability to discern thresholds in potential fire behaviour and develop mitigative strategies in 

priority locations (Peters et al., 2004; Lu and He, 2017). Comparison of satellite-derived VIs 

under wet and dry periods illuminated areas of potential fire risk at OMB that would otherwise 

not be evident (Brown et al., 2004). Commonly used vegetation indices like NDVI and NDWI 

tracked fluctuations in fuel load and condition, and levels of fire hazard varied with grazing 

intensity and topographical features, where sudden changes in potential fire behaviour due to 

differential fuel loading and curing create dangerous conditions (Figures 3.2 and 3.5; Alexander 

and Fogarty, 2002; Cheney and Sullivan, 2008). 

The benefits of freely available, high-resolution imagery collected every five days makes 

Sentinel-2 well suited for observing changes in fire risk in grasslands (Wells et al., 2021), 

although other satellite platforms, including MODIS (Cao et al., 2013), HyspIRI, Landsat 8 OLI, 

and VENµS, are also effective for rangeland monitoring (Sibanda et al., 2016). Satellite systems 

with imagery available for purchase, such as WorldView-1:4, GeoEye, IKONOS, RapidEye, 

SkySat-1:2, and PlanetScope, provide detailed panchromatic and multispectral imagery at a 

spatial resolution previously only captured by airborne systems, with Worldview-2 and -3 



 
 

47 
 

capable of a 1 to 4-day revisit time (Sesnie et al., 2018). Given the preponderance of fine fuels in 

grasslands, the potential for wildfire to occur is highly predicable, often with only a few hours of 

warm, drying winds in any season required for fire ignition and spread in the Canadian prairies 

(Daubenmire, 1968; Romo, 2003). Wildfire is highly correlated with critically dry fuel, low 

relative humidity, and high winds particularly in the days soon after snow melt in spring 

(Thompson and Morrison, 2020). This necessitates consistent, year-long, high frequency 

monitoring at regional and local scales, ideally using a variety of VIs to gather data on 

distribution, condition, and trend of key vegetation indicators (Hill, 2013). 

Herbivore-induced heterogeneity reduced continuity in grassland fuels altering fire 

spread, presumably lowered fire temperatures, and created patchier burns in native pastures at 

OMB (Table 3.2; Figure 3.6; Kerby et al., 2007). The seeded pasture dominated by crested 

wheatgrass, while heavily grazed with the highest amount of exposed bare soil, had the greatest 

burn completion. The palatability of crested wheatgrass decreases in summer (Holechek, 1981), 

and livestock were moved off to the adjacent N8 pasture in the middle of the grazing season 

(Table 3.2). This action potentially left a relatively higher fuel load in S5 and increased grazing 

pressure in N8, contributing to a more uniform fuel matrix and the observed combustion pattern 

in both pastures (Figure 3.6). Wragg et al. (2017) reported much of the estimated bare ground 

found in their grassland fire behavior study was composed of numerous small bare patches 

interspersed between combustible plant material that was readily crossed by fire. At OMB, total 

burned area ranged from 16-33%, whereas in more mesic grasslands Werner et al. (2021) found 

mean proportion of area burned in Kenyan savannah was 73% (range 25–99%) and burned area 

and continuity decreased with increasing grazing pressure. In tallgrass prairie, completeness of 

prescribed fires was roughly 60% when heavily stocked by cattle (3.3-3.9 AUM ha-1), increasing 

to ~98% under light to moderate (1.5- 2.4 AUM ha-1) grazing intensity (Scasta et al., 2016).  

Fuel loads varied by as much as 20-times at OMB (Appendix Table A.2). Flame heights 

increase dramatically with fuel load creating potentially hazardous conditions (Cruz et al., 2018). 

Grazed, northern grasslands tended to be vulnerable to fire with fuel loads more than 350 kg ha-1, 

generating fire temperatures between 110°C to 150°C (Bailey and Anderson, 1980; Augustine et 

al., 2014). Fuels in excess of 1,500 kg ha-1, found in a few locations at OMB (Appendix Table 

A.2), can reach 433-500°C (Archibold et al., 1998; Strong et al., 2013). Total mean fuel load was 
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similar across OMB, from 439 kg ha-1 in pasture S5 to 516 kg ha-1 in N4, with standard 

deviation, as a measure of spatial heterogeneity, lowest in S5 (Appendix Table A.2; Dormaar et 

al., 1995). A homogeneous fuel load in S5, derived from the effects of seeding roughly two 

decades ago, may have also contributed to burn completeness (Scasta et al., 2016). Fuel 

continuity increases heat transfer and fire spread (Kerby et al., 2007), thus, the ability to measure 

fine scale fuel variability is important for wildfire suppression activities. Orr et al. (2023) found 

ungrazed to lightly grazed areas had increased fire intensity, while moderate to high intensity 

grazing had a similar effect of reducing fire behaviour. These results indicate pre-fire herbivory 

can be used as a management tool to decrease fuel loads in advance of fire but favours heavier 

intensity grazing to reduce fuel abundance, heterogeneity, and continuity (Blackhall et al. 2017; 

Werner et al., 2021; Orr et al., 2023). 

A comparison of all grazing intensities across all forage types was not available at OMB. 

Heavily grazed native rangelands and seeded forages tend to both have greater exposed bare soil 

thereby confounding results of this portion of the study (Dormaar et al., 1995; Augustine et al., 

2012). Grazing intensity, while reducing fine fuels, further alters the microclimate that moderates 

the rate of fuel and soil desiccation, contributing to drier fuel more vulnerable to fire (Figure 3.5; 

Blackhall et al., 2017). Such effects can be highly localized, with Zopfi (2020) indicating fuel 

moisture and fire behavior were most variable at the 1-m patch scale in northern mixed prairie. 

Increased grazing intensity reduced heterogeneity of soil and plant moisture from a patchy to a 

homogeneous distribution in grazed semi-arid steppe (Zhao et al., 2011). Heavier grazed or other 

low productivity sites had reduced NDVI, suggesting lower fuel loading (Figure 3.2; Appendix 

Figure A.1). While decreased NDWI was indicative of desiccated vegetation and noticeable in 

seeded pastures, during the drought of 2017, was also spread across most upland portions of 

OMB (Table 3.1; Figures 3.2 and 3.5). Bielski et al. (2018) observed “a shift from spatially 

distinct patches before drought to a convergence of patches during drought in terms of above-

ground plant biomass” and nutritional content, as a measure of vegetation abundance and 

condition. Thus, while intense grazing may have reduced NDVI and NDWI in relatively small 

patches, reducing potential fire hazard, the larger scale effects of drought (Bielski et al., 2018) 

was a dominant contributor of recurrent and predicable wildfire risk (Brown et al., 2005; Moran 

et al., 2014). While NDVI and NDWI both correlate to changes in precipitation, NDWI 

responded faster to drought (Gu et al., 2007), making it preferrable for more frequent sampling 
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of fuel condition in advance of increasing wildfire risk (Verbesselt et al., 2006). However, even 

during periods of normal precipitation, under extreme weather conditions, fire can spread in 

grasslands with intermittent fuel as low as 20% cured (Cruz et al., 2015; 2022).  

Fine scale rates of plant senescence increase the probability of fire propagation in 

grasslands (Kidnie et al., 2015; Cruz et al., 2015; 2018). A reliable measure of plant curing and 

dryness is critical to detecting where fires may ignite and spread, and NDWI derived from 

Sentinel-2 imagery was useful as an indicator of fuel condition and its spatial distribution at 

coarse scales. Verbesselt et al. (2006) demonstrated NDWI had the highest capacity to monitor 

fire activity and was better able to detect the start of the fire season in savanna ecosystems 

relative to chlorophyll-based (e.g., NDVI) or meteorological danger indices (Keetch–Byram 

drought index ([KBDI]). Yang and Guo (2014) argued for NDVI and NDWI along with a DEM 

to classify dry and dead vegetation in grasslands at a regional scale. Combining NDWI with 

landscape features (i.e., elevation, slope, aspect) formulated a predictive fire risk model for 

grasslands and forests in Iran (Abad et al., 2011). A time series of fractional green vegetation 

cover using spectral mixture approach identified changes in live and dead plant material in 

heterogeneous, semi-arid, mixed grassland (He et al., 2020). Both NDVI and NDWI are default 

selections in ArcGIS Pro and classifying ranges of values to specific thresholds is a simple 

procedure, making the indices and GIS platform a good option for those with an ESRI license 

and moderate skill level (Corbin, 2015). Sentinel Explorer is a web-based application providing 

“multispectral, multi-temporal, 13-band images with visual rendering and vegetation indices” 

and is exceptionally user-friendly for similar grassland fuel analyses, but imagery is unavailable 

before 2018 (https://sentinel2explorer.esri.com/). 

The likelihood of burning increased with fuel load and steeper slopes but odds decreased 

with NDWI and elevation at OMB. Due to the rather coarse spatiotemporal resolution of VIs and 

topographical features relative to the much finer-grained fuel heterogeneity and associated burn 

patterns captured by UAVs, these results should be interpreted with some caution (Figures 3.5 

and 3.6; Kerby et al., 2007). While portions prescribed fire plots designated as low fire risk did 

not burn, some medium and high fire hazard areas were also burn not burned, indicating the 

model produced some false positive results (Figure 3.7). Receiver–Operating Characteristic 

values were lower than those obtained by other binary models of fire occurrence (Alencar et al., 
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2004; Lozano et al., 2007; Zhang et al., 2013). Employing a higher resolution DEM and 

increased frequency of imagery collection closer to the time of burning would improve this 

resolution (Carvajal-Ramírez et al., 2019). In this study, it was important to visualize areas of 

grassland at higher risk of fire, so that proactive measures can be taken in advance of wildfire, 

strongly indicative in the comparison of VIs between 2016 and 2017 (Figure 3.2). In the forests 

and grasslands of northeast China, out of numerous meteorological, topographic, vegetation, and 

anthropogenic factors evaluated, NDVI had the most explanatory capability forecasting fire 

occurrence (Zhang et al., 2013). Lozano et al. (2007), in contrast, identified slope as the strongest 

explanatory variable in Mediterranean ecosystems. Burn completeness, as a measure of fire 

intensity, was also likely influenced by temperature, relative humidity and windspeed at the time 

of burning (Table 3.4; Figure 3.6; Augustine et al., 2014; Kidnie et al., 2015; Cruz et al., 2018; 

Zophi, 2020).  

A few fire management agencies in Canada are currently using prescribed burning to 

reduce fuel loads in grasslands (McGee et al., 2015). Prescribed fire is a more common tool in 

forested ecosystems for this purpose (Martin et al., 1989), although its effectiveness in reducing 

the fire hazard has been questioned due to current spatial and temporal limitations of its 

application, and that extreme fire weather events can overwhelm such fuel reduction treatments 

(Fernandez and Botelho, 2003). Spring burning at OMB, constrained by the prescribed weather 

conditions important for safety (Table 3.4) reduced grass, litter, and total biomass in a patchy 

distribution (Figure 3.6). However, at ≤33% burn completeness, did not eliminate the possibility 

of wildfire ignition and spread through the property, given the rather extreme temperature, wind 

speeds, and relative humidity that the region periodically experiences (Table 3.1; Taylor, 2017). 

In contrast, fall and summer prescribed fire created more than twice and nearly seven times the 

bare ground, respectively, relative to spring burning in northern mixed prairie (Vermeire and 

Russell, 2018). Employing fire to meet wildfire abatement objectives, therefore, may require 

adjustments to traditional seasonal timing of prescribed fire (Brockway et al., 2002; Gross and 

Romo, 2010b; Vermeire and Russell, 2018). Repeated burning to maintain low fuel levels and 

increase areas of bare soil, however, may have undesirable effects including long-term changes 

to plant community composition and decreased productivity (Anderson and Bailey, 1980). 
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Wildfire fuel characteristics, as well as fire ignition, rate of spread, and the impact that 

fire has on vegetation and soil are influenced by abiotic factors such as elevation, slope, and 

aspect (Countryman, 1972; Fujioka, 1985; Gibson and Hulbert, 1987), and therefore critical to 

incorporate into an evaluation of grassland fire hazard (Figure 5; Abad et al., 2011). While aspect 

did not significantly predict burning at OMB, in the prairies of North America, south-facing 

exposures in mid- to high-slope positions experience the most rapid drying, and those at higher 

elevations, which tend to have higher wind speeds and lower relative humidity, have increased 

potential for fire spread (Gibson and Hulbert, 1987). It is important to note that this tends to be 

reversed in early spring, a period of frequent grassland wildfire (Donovan et al., 2017). These 

areas receive greater solar radiation and earlier green-up reducing the ratio of live to dead fuel, 

with fire risk, combustion, and rate of spread lower in these topographical positions at this time 

(Knapp et al., 2009). Lower slope positions, due to higher soil water, tend to have more 

abundant, contiguous vegetation, but also receive higher grazing pressure thereby reducing fuel 

loads and potential fire risk during the grazing season (Milchunas et al., 1989). 

Annual variation in precipitation, especially during the growing season, influenced 

quantity, condition, and spatial distribution of grassland fuel detected by vegetation indices in 

dry, mixed grasslands in southwest Saskatchewan (Li and Guo, 2012; Yang et al., 2012). The 

stark pattern observed at OMB between 2016 and 2017 of heavy seasonal precipitation followed 

by extreme drought, may be an outcome of climate change (Table 3.1; Figure 3.1; Zhang et al., 

2001; Min et al., 2011; Abatzoglou and Williams, 2016), although such temporal variability in 

the Northern Great Plains is nothing new (Brown et al., 2005; Post and Knapp, 2020). When 

combined with extreme, short duration weather events, such as very high air temperature and 

wind speed, the resulting extreme fire weather conditions become catastrophic; resulting in large, 

very fast-moving, and lethal grassland wildfires in fall 2017 (Loria, 2017; Pells, 2017; Taylor, 

2017). The increased frequency of these integrated factors suggests large-scale atmospheric 

changes, with concurrent land use and land cover modifications, are occurring (McKenzie at al., 

2004; Wang et al., 2015). Additionally, climate change models and observational data indicate 

the spatial variability of precipitation may also be increasing (Donat et al., 2016). Thus, some 

areas within a local vicinity will be very dry while others are wet, leading to an increasingly 

localized fire risk typically not detected by conventional coarse-filter analysis, mapping, and 

communication to the public (e.g., Fire Weather Maps; NRC, 2020). A protocol using Sentinel-2 



 
 

52 
 

and UAV imagery with VIs incorporating topographical features should detect contrast between 

locally dry sites with elevated risk of wildfire compared to areas receiving abundant precipitation 

(Figures 3.2 and 3.5).  

Spatially delineated, wildfire risk factors identified important thresholds for fire 

behaviour in grasslands and as well as priority target sites for wildfire mitigation (Figure 3.5; 

Abad et al., 2011; Liu et al., 2012; Bian et al., 2013; Markovic et al., 2016). Other variables to 

evaluate risk include distance from roads and settlements (Abad et al., 2011), historical fire 

occurrence, fire evacuation reports (Thompson and Morrison, 2020), and socio-economic factors 

such as emergency response capacity (Liu et al., 2012), population density, wealth, and 

education (Bian et al., 2013). High probability of wildfire occurrence was achieved by 

incorporating type and proximity of land cover elements of previously burned sites (Beverley et 

al., 2021). These factors would be appropriate when examining a larger regional jurisdiction of, 

for example, the entire “South of the Divide” area of southwestern Saskatchewan, or across the 

western Canadian prairies (Thompson and Morrison, 2020). Validation of risk categories using 

prescribed fire as a proxy for wildfire, and as a mitigation tool to reduce contiguity of grassland 

fuel, provides a real-world, evidence-based approach for developing wildfire risk models and 

protocols useful for addressing this hazard (Cruz et al., 2015).  

Sensors mounted on UAVs were effective in resolving very fine scale fuel characteristics 

and effects of mitigation efforts at OMB (Figure 3.6). Grass fire evolution mapping and rate of 

spread measurements can even be collected by UAVs in real time (Gowravaram et al., 2022; 

2023). Although still a specialized procedure, superior detection of fine scale vegetation type, 

structure, and spatial continuity for grassland fuel at risk of fire is achieved through combination 

of airborne and ground-based hyperspectral and light detection and ranging (LiDAR) 

measurements, as has been employed elsewhere (Varga and Asner, 2008; Loudermilk et al., 

2009; Leite et al., 2022), and holds great promise for application in the Canadian prairies (Hiers 

et al., 2020; D. Thompson, personal comm.).  

Targeted livestock grazing to consume fine fuels in grasslands is often recommended as a 

method to reduce wildfire risk and at times favoured over prescribed fire, which requires 

specialized training and experience and the perceived risk of accidental fire escape and 

associated liability issues (Pyne, 2001; Taylor, 2006; Harr et al., 2014). Results are mixed as to 
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the value of grazing as a fire risk reduction strategy in southern British Columbia (Szeto, 2020; 

A. Miller personal comm.) and other jurisdictions (Williams et al., 2006; Stuebner, 2016; 

Huntsinger and Barry, 2021). Grazing intensity, while creating fine scale heterogeneity in 

grassland fuel (Werner et al., 2021) did not prevent prescribed fire ignition or spread at OMB but 

did likely influence the burned patch structure (Figure 3.6) that may be important for species’ 

habitat and biological conservation (Fuhlendorf and Engle, 2004). Dormant season grazing 

decreased fine fuels and increased fine fuel moisture, reducing flame height, rate of spread, and 

area burned in a shrub-grassland site in southeastern Oregon (Davies et al., 2016). Dormant 

season grazing has been controversial in northern mixed prairie due to potential negative effect 

on productivity (Pantel et al., 2010), but could be incorporated into fire mitigation planning 

based on observed lower maximum temperature and heat loading during fires compared to 

ungrazed areas (Davies et al., 2016).  

Extremely high intensity grazing has been recommended to create and maintain 

fireguards or firebreaks, where livestock consume vegetation to the point that fire will not ignite 

or spread (Taylor, 2006; Kimuyu et al., 2014). Useful as a temporary measure, long term 

exposure to this strategy will have negative consequences for rangeland health (Adams et al., 

2009; Wang et al., 2014), particularly under drought (Koener and Collins, 2014; Donovan et al., 

2020a). It is not the intent of mitigation efforts to eliminate the possibility of fire ignition and 

spread within areas treated with prescribed fire or targeted grazing (Fernandez and Botelho, 

2003). Rather, these actions reduce the probability of severe fire and create known areas of 

reduced fuel with lower fire intensity, where safer opportunities for active wildfire suppression 

operations may take place (Fernandez and Botelho, 2003).  

Integration of prescribed fire and grazing, or pyric herbivory, where vegetation 

recovering from recently burned areas attracts livestock to graze more palatable and nutritious 

forage (Allred et al., 2011a; 2011b), has been shown to effectively reduce risk of wildfire (Starns 

et al., 2019), while enhancing conservation by creating a mosaic of patches in various 

successional stages and a diversity of habitats (Fuhlendorf and Engle, 2001; 2004; Driscoll et al., 

2010). Removal of herbivores has been shown to have significant effects on grassland wildfire 

occurrence, by contributing to fine fuel buildup that would have otherwise been grazed, 

increasing fire frequency and area burned (Dubinin et al., 2010; 2011; Karp et al., 2021). The 
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purposeful application of pyric herbivory in strategic locations, communicated to fire 

management agencies and the public, may provide a long-term, sustainable, and cost-effective 

technique to reduce fuel loads and associated fire risk at a variety of spatial and temporal scales 

in northern grasslands and other fire-prone landscapes (Taylor, 2006; Blackhall et al., 2017; 

Starns et al., 2019; Werner et al., 2021). 

3.7 Conclusion 

Large-scale fire suppression is no longer accepted as prudent for the management of fire-

prone ecosystems, necessitating better understanding of the role of fire and our ability to 

manipulate its benefit effects. The purpose of this research was to provide a user-friendly method 

to identify locations of high wildfire risk in northern prairie grasslands. The in situ field 

measurements used in this study (i.e., precipitation, plant biomass, grazing intensity) are readily 

available or easily determined. Grassland fire risk models should incorporate VIs and 

topographical variables with multitemporal, high resolution data collected for accurate, fine scale 

detection. Sentinel-2 imagery is free and expertise in ArcGIS and UAV technology is expanding 

rapidly. Interagency collaborations to facilitate the practice of prescribed fire, well established in 

the U.S. and now coalescing in prairie Canada, will help communities reintroduce fire as a land 

and risk management tool. Development and distribution of regional and landscape scale 

grassland fire risk maps to rural municipalities will provide community decision makers and first 

responders, in coordination with fire management agencies and cooperative landowners and 

livestock producers, with tools to identify and reduce fuel abundance and connectivity at high 

risk and high value locations in advance of extreme fire weather. This allows delivery of cost-

effective risk mitigation activities, such as targeted grazing and prescribed fire applied separately 

or integrated together, with alternative seasonal timing to meet specific wildfire abatement 

objectives and will aid in the rapid deployment of safe and effective suppression efforts by 

firefighters in the event of active grassland wildfire.   
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4.0 UNGULATE GRAZING SELECTIVITY IN RESPONSE TO PRESCRIBED BURNING AND 

IMPACTS TO HETEROGENEITY OF GRASSLAND HABITAT AT MULTIPLE SCALES 
4.1 Abstract  

Historic patterns of fire and grazing by large ungulates, key ecosystem processes in most 

North American grasslands, have been altered significantly since European settlement. The 

persistence of biological diversity is contingent on implementing those natural processes driving 

habitat creation and maintenance in the modern context of declining habitat quality and 

availability. This project sought to determine if burning grazed, semi-arid prairie elicits a 

positive response from large herbivores, altering plant community structure. Also, do ungulate 

species differ in their response and does the interaction effect vary depending on scale? In a 

northern mixed grassland in southwest Saskatchewan, Canada, grazing patterns of plains bison 

(Bison bison) and domestic cattle (Bos taurus) were tracked via Global Positioning System 

collars. Vegetation composition was evaluated with imagery from the Sentinel-2 satellite and 

unmanned aerial vehicles integrated with in situ field data before and after prescribed fire, 

respectively, yielding fine-grained analyses of plant and animal responses. Following spring fire, 

bison and cattle preferentially selected burned areas for a period in mid-summer at multiple 

spatial scales indicating hierarchical selection not previously observed at this level of resolution. 

In contrast to bison, cattle displayed consistent preference for increased Normalized Difference 

Vegetation Index (NDVI) values and proximity to water, whereas burning elicited similar 

herbivore behaviour at a very fine scale. Prescribed fire created spatial heterogeneity in grazed 

grassland structure, had limited impact to plant community composition, and no effect on 

diversity. Year-to-year variation was a dominant factor suggesting prudently managed northern 

mixed prairie is resilient to these disturbances. While absent in most western Canadian 

grasslands, results of this research indicate the fire-grazing interaction is a suitable range 

management practice and an important process for the conservation of native prairie, wildlife, 

and species at risk. 
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4.2 Introduction 

Grazing by large ungulates, fire, and drought are key ecosystem disturbances that 

structure northern mixed prairie plant communities (Anderson, 1982; 1990; 2006; Axelrod, 

1985; Wakimoto et al., 2005; Duquette et al., 2022). Dramatic changes to northern grasslands 

have occurred in the last two centuries, including modification to important ecological drivers 

(Bradley and Wallace, 1996; Kerr and Deguise, 2004; Samson et al., 2004; Grant et al., 2010; 

Powell et al., 2018; WWF, 2021). Altered historic disturbance regimes are major threats to 

biodiversity and ecosystem resilience on Canadian prairies (Sieg et al., 1999; Brooks et al., 2002; 

Roch and Jaeger, 2014; Perkins et al., 2019). Recoupling ecological processes such as fire and 

grazing have been shown to increase biodiversity, improve grassland ecosystem function, favour 

livestock production, and enhance wildlife habitat (Fuhlendorf et al., 2009; Wilcox et al., 2022).  

European colonial expansion in North America caused the near extinction of plains bison 

(Bison bison), that had a population of at least 30 million precontact (Reynolds et al., 1982; Hart 

and Hart, 1997; Lott, 2002). Bison and cattle (Bos taurus) currently number roughly 400,000 

(Martin et al., 2021) and 100 million, respectively, concentrated on a fraction of the pre-

settlement land base (Kohl et al., 2013). Along with modified grazing patterns, large-scale fire 

suppression is a recent phenomenon first enforced by colonizers to protect permanent settlements 

and private property (Nelson and Englund, 1971; Higgins, 1986), and further disrupted by large-

scale changes in land-use (Donovan et al., 2020b). The absence of fire selects against fire-

adapted species (Landres et al., 1999; MacDougall et al., 2013) and results in a more 

homogenous distribution of grassland vegetation, including accumulation of litter (Redmann et 

al., 1993; Scasta et al., 2016) and encroachment of woody plants (Campbell et al., 1994; Currey 

et al., 2022). These changes have reduced species’ habitats and increased the risk of large, 

catastrophic wildfire (Kirkpatrick et al., 2011; Donovan et al., 2017; 2020; Parker et al., 2022).  

Heterogeneous grasslands, with structural and compositional complexity providing a 

variety of spatial and temporal niches, support greater diversity of plant and animal species 

(Fuhlendorf and Smeins, 1999), food web stability, and functional, resilient ecosystems 

(Bowman et al., 2016; James et al., 2020). Plant communities (Harrison et al., 2003), insects 

(Bestelmeyer and Wiens, 2001), birds (Madden et al., 1999; 2000; Richardson et al., 2014), and 

small mammals (Ceballos et al., 1999) respond positively to disturbance-generated heterogeneity 
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in grasslands. Multiscale, spatiotemporal configuration of resources strongly influences 

behavioral strategies of mobile organisms (Wallace et al., 1995; Ritchie, 1998; Johnson et al., 

2002; Fortin et al., 2002; 2003; 2005; Fraterrigo and Rusak, 2008; Yang et al., 2008). The scale-

dependent nature of disturbance-driven heterogeneity and the complex responses of grazing 

animals and plant communities requires monitoring be conducted at multiple scales (Fuhlendorf 

and Smeins, 1999; Wiens, 2000; Collins and Smith, 2006; Henderson, 2006) accomplished with 

satellite (Tong and He, 2017; Freitag et al., 2021), Unmanned Aerial Vehicle (UAV; Blackburn 

et al., 2021), Global Positioning System (GPS; Augustine and Derner, 2013; Rivero et al., 2021), 

and Geographic Information System (GIS; Doan and Guo, 2019) platforms for data collection 

and analysis. 

Historically, fire occurred frequently in the northern Great Plains (Nelson and England, 

1971; Higgins, 1986). Fires ignited by lightning primarily occurred in summer while fires 

conducted by Indigenous peoples often corresponded to migrations of plains bison to influence 

movement and improve hunting success (Lewis, 1980; 1985; Higgins, 1986; Lewis and 

Ferguson, 1988; Kristensen and Reid, 2016; Roos et al., 2018; McClain et al., 2021). Currently, 

prescribed burning is a common management tool in many regions across North America to 

influence livestock or wildlife distributions and improve species at risk habitats, among other 

objectives (Wright and Bailey, 1979; Wright and Bailey, 1982; Fuhlendorf and Engle, 2001; 

Brockway et al., 2002; Romo, 2003; Fuhlendorf et al., 2011 Limb et al., 2016; Powell et al., 

2018). Due to persistent cultural factors, the interactive effects of fire and grazing has been 

essentially eliminated from Canadian rangelands (Archibold and Wilson, 1980; Adams et al., 

1992; Campbell et al., 1994; Bailey et al., 2006; Henderson, 2006; Mori, 2009; Limb et al., 2011; 

Harr et al., 2014; Hilger, 2020).    

Bison and cattle, along with other large ungulates, are attracted to vegetation that grows 

back following fire (Hartnett et al., 1996; Biondini et al., 1999; Knapp et al., 1999; Joern, 2005; 

Powell, 2006; Allred et al., 2011a; 2011b; Powell et al., 2018; Vera-Velez et al., 2023). The 

combustion of aboveground plant biomass opens the canopy, removes decadent and less 

palatable plant materials, and releases nutrients into the soil creating patches of more lush, 

nutritious forage that grazing animals tend to select over unburned sites (Fuhlendorf and Engle, 

2004; Allred et al., 2011a; 2011b; Scasta et al., 2016; Powell et al., 2018). Concurrent defoliation 
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by burning and herbivory reduces plant cover and the prospect for further ignition, including 

increasing nutrient cycling rates (Hobbs et al., 1991). In undisturbed sites, the buildup of plant 

growth and litter increases the potential for burning in the future to perpetuate a shifting mosaic 

of patches in various stages of recovery (Fuhlendorf et al., 2009). The fire-grazing interaction, or 

pyric herbivory, is a key driver of spatiotemporal variability important for conservation of 

grassland biodiversity (Fuhlendorf and Engle, 2001; 2004; Anderson, 1982; 1990; 2006; 

Fuhlendorf et al., 2009). Richardson et al. (2014) recommend fire and grazing be integrated to 

conserve grassland songbirds. Prairie passerines were consistently associated with increased 

heterogeneity at the landscape scale, and local responses most often related to cover and 

distribution of litter and vegetation height (Hovick et al., 2015). Fire, grazing, and associated 

vegetation responses must be managed at multiple spatial and temporal scales to help maintain 

and improve species’ habitat (Adams et al., 2004; Richardson et al., 2014; Connell et al., 2019).   

Plains bison are keystone grazers (Knapp et al., 1999) and landscape engineers (Geremia 

et al., 2019) generating heterogeneity to support numerous native species (Truett et al., 2001). 

Bison play this role through preferential habitat selection and adapted behaviours, consuming 

graminoids over forbs and woody species often far from water sources (Milchunas et al., 1988; 

Steuter and Hidinger, 1999; Allred et al., 2011b; Kohl et al., 2013; Tastad, 2013). Domestic 

cattle have also demonstrated capacity to increase grassland habitat heterogeneity (Derner et al., 

2009; Tastad, 2013), but spend a higher proportion of time grazing, closer to water, consuming 

more forbs, and using wooded and riparian areas more intensively (Steuter and Hidinger, 1999; 

Allred et al., 2011b; Kohl et al., 2013). As cattle have replaced bison as the dominate grazer in 

North America and are often inferred as a proxy for bison (Fuhlendorf et al., 2010; Tastad, 

2013), it is important to evaluate responses of both herbivores to fire and other factors to provide 

information to range managers interested in applying these techniques (Allred et al., 2011b; Kohl 

et al., 2013).  

 Normalized difference vegetation index (NDVI), a ratio of electromagnetic bands, used 

as a proxy for green, growing forage, is an essential tool for evaluating large ungulate habitat in 

semi-arid grassland (Kohl et al., 2013; Augustine and Derner, 2014; Doan and Guo, 2019). 

Ungulate responses to phenological gradients are well documented, be they influenced by fire, 

topography, precipitation, or seasonal change in greenness (Pettorelli et al., 2007; Sawyer and 
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Kaufman, 2011; Bischof et al., 2012; Proffitt et al., 2016; Fuhlendorf et al., 2017). Few studies in 

Canada (Adams et al., 1992; Mori, 2009; Kohl et al., 2013; Richardson et al., 2014; Leverkus et 

al., 2017; Hilger, 2020) and northern mixed prairie (Coppock and Detling, 1986; Bachelet et al., 

2000; Branson and Sword, 2010; Powell et al., 2018; Spiess et al., 2020; Duquette et al., 2022) 

have explored the fire-grazing interaction, indicating the need to investigate and communicate 

findings for improved management of northern, topographically-diverse, semi-arid grasslands.  

The aim of this research was to investigate the interactive effects of fire and grazing in a 

topographically variable, mixed prairie in southwest Saskatchewan, Canada. Specifically, 

whether reintroducing fire into grazed, semi-arid prairie will evoke a positive response from 

cattle and bison and alter plant community characteristics, as observed in more mesic grasslands. 

Whether cattle and bison respond differently to burning and the effect varies depending on scale, 

particularly to sub-meter-scale variation in burn completeness, was also tested. These research 

objectives were evaluated by tracking bison and cattle via GPS collars the year before and 

concurrent to spring prescribed burning and monitoring the effects on plant community structure 

and composition using remotely sensed and in situ field data. 

4.3 Materials and methods 

4.3.1 Study area  

Research was conducted at Nature Conservancy of Canada's (NCC) 5,300-ha Old Man on 

His Back Prairie and Heritage Conservation Area (OMB), 35 km west of Frontier, 

Saskatchewan, Canada (49°12' 22.4568''N, -109°6' 27.5436''W). The upland vegetation of OMB 

is dominated by a mix of short- and mid-grasses including a blue grama grass (Bouteloua 

gracilis), June grass (Koeleria macrantha), wheatgrass (Elymus spp.), and needlegrass 

(Hesperostipa and Nassella spp.) community typical of the semi-arid, mixed grassland in the 

region (Coupland, 1950). Vegetation is diverse, with dry hilltops and slopes to seasonally wet 

depressions and seepage areas, that vary from fresh basins with heavy graminoid cover to 

sparsely vegetated saline areas (Bork and Irving, 2015; NCC, 2015). The area receives an 

average of 348 mm total annual precipitation, approximately 70% as rainfall, with periodic, and 

at times, severe drought (ECCC, 2020). Drought conditions in 2018, roughly 60% of long-term 

average precipitation, were followed in 2019 by amounts close to normal. June 2019 experienced 

over 3.5 times the rainfall received in the same month a year earlier (ECCC, 2020). 
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Fifty plains bison were introduced in 2003 and currently the herd is maintained at around 

75 adults. Since 1996, about 200 head of domestic cattle owned by neighbouring producers graze 

other pastures at OMB, with a maximum, individual herd size of 45 adults (NCC, 2015). Only 

perimeter fences are present, and animals are free to roam within their respective pastures. The 

summer bison pasture (N4 = 2, 390 ha) and largest cattle pasture (N2 = 909 ha) used in this 

research are stocked at a similar, light intensity (0.2-0.3 AUM ha-1). 

4.3.2 Herbivore movement 

Animal movements were tracked using direct-downloadable GPS collars (Lotek 7000MU 

and Litetrack420 UHF; www.lotek.com) on 9-10 cattle and bison in each pasture (University of 

Saskatchewan Animal Care Protocol 20170045; Hilger, 2020). Collars were affixed and removed 

from lead female cattle during summer turn-in and fall take-out events, respectively, and from 

lead female bison during winter roundup. Locations were recorded from cattle GPSs every 15 

minutes and bison every 30 minutes, longer for bison to preserve battery life over the 1-year 

grazing period. Different animals were collared each year. Points were downloaded via a radio 

transmitter and by Lotek’s Total Host program (www.gps-total-host.software.informer.com), 

reviewed in Microsoft Excel, and mapped ArcGIS Pro (Esri, 2022). One Lotek Litetrack420 

UHF and two Lotek 7000MU collars were tested for accuracy by placing them on the ground in 

an empty pasture for 13 consecutive days during the summer of 2018. Among the three collars, 

accuracy within 15 m was 96.8% (Hilger, 2020). The success rate of acquiring a location (fix) 

was ≥ 73% for all collars. Cattle and bison were released into N2 and N4 pastures in late April 

and early June, respectively, before removal in mid-October (cattle) and late December (bison). 

4.3.3 Prescribed fire 

Within each pasture, blocks of eight, 9 ha treatment plots were established away from 

fencelines, roads, and built water sources; selected for uniformity in vegetation and topography 

(Table 4.1; Figure 4.1). The density of pothole wetlands, however, was higher in the cattle 

pasture (Figure 4.1). Prescribed fires were conducted between April 9-11, 2019, within one 

treatment plot; the remaining seven plots served as unburned controls. Prescribed fires were 

contained within 8 m mowed fireguards on all sides, extended by back burning along the leeward 

sides, and subsequently burned in 8-16 m strips perpendicular to the wind (Wright and Bailey, 

1982; Weir et al., 2009). Average windspeed was 10-12 km h-1, reaching a maximum 15 km h-1, 
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with a mean temperature of 5.7°C and 51% relative humidity during the burning period. Burned 

plots consisted of complete and partial combustion and unburned portions of vegetation. 

Table 4.1. Herbivore, total area (ha), range of elevation (m) and slope (%), and average and 

range of forage productivity (kg ha-1) in the study pastures. 

OMB 
Pasture Grazer 

Total 
area 
(ha) 

Elevation 
min-max 

(m) 

Slope 
min-max 

(%) 

Mean 
forage 

productivity 
(kg ha-1) 

Forage 
productivity 

min-max 
(kg ha-1) 

 
 

N2 Cattle 909 972 984 0.0 4.6 470 100 1548  

N4 Bison 2390 922 948 0.0 5.5 516 89 1659  

 

 
 

Figure 4.1. OMB boundary, selected pastures, monitoring plots, and plots burned in spring 2019. 
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4.3.4 Vegetation sampling  

On-the-ground vegetation data were collected in N2 and N4 pastures mid-July to early 

August of 2018 and 2019. Within each monitoring plot, up to 20, 1.0 m2 permanent sampling 

quadrats were situated in a grid pattern 50 m apart to correspond to UAV and satellite imagery 

collection (Laliberte et al., 2010). Visual estimates for each quadrat were conducted by the same 

trained observers. The percentage canopy cover for each plant species and cover of exposed bare 

soil and litter was collected, with a minimum of 6 permanent quadrats randomly sampled within 

each plot. 

4.3.5 Remotely sensed data collection 

Remotely sensed variables included 10 m x 10 m resolution NDVI from the Sentinel-2 

satellite. Imagery was acquired from the Copernicus Open Access Hub using the MSIL 

(multispectral) sensor, selecting for cloud free days in each month of the growing seasons (April 

- October) before and after prescribed fire. Unmanned aerial vehicles fitted with red-green-blue 

(RGB) cameras acquired very high-resolution imagery (pixel=0.0290 m2) within plots a few days 

after prescribed burning with an eBee SenseFly UAV. Red-green-blue bands were uploaded to 

eMotion 3 software along with Sensefly flight log BBX files and merged to generate 

georeferenced image files. The images were further processed using Pix4D software to create 

orthomosaics of each prescribed fire plot in 3-band RGB.  

Topographical variables were slope and elevation, derived from the USGS 30 m x 30 m 

digital elevation model (DEM; https://apps.nationalmap.gov/downloader/#/). Other variables 

included Euclidean distance estimates from animal locations to fences and artificial water 

sources. Vegetation composition and indices, landscape variables, and grazing animal 

distributions were incorporated in ArcGIS Pro. 

4.4 Statistical analyses 

4.4.1 Effects of fire on plant community characteristics 

Linear mixed-effects models were employed to test how prescribed fire impacted plant 

community diversity, structure, and heterogeneity. Species richness, evenness, and the Shannon-

Weiner diversity index (H’; Shannon and Weaver, 1964) were calculated in Excel. Total plant 

cover and cover of functional groups including exposed bare soil, litter, clubmoss (Selaginella 

densa) and lichen (primarily Xanthoparmelia chlorochroa; Freebury, 2014), graminoids, forbs, 
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and shrubs were compiled. Clubmoss and lichen were grouped as a biological soil crust layer and 

species of graminoids and forbs were separated into short- (<0.03 m) and mid-height (≥0.03 m) 

based on plant database classifications (https://plants.usda.gov/), as a measure of fine scale plant 

community structure and composition (Adams et al., 2009; McGranahan et al., 2012). Fixed 

effects were burn treatment, year, and treatment by year interaction. Sampling quadrat was a 

random factor to account for repeated sampling. Mixed effects models were fit using the lmer 

function from the lme4 package in R v.4.1.2 statistical software (Bates et al., 2015; R Core 

Team, 2022). The percentage cover of some functional groups was log+1 transformed to account 

for heteroskedasticity. P-values were determined with the Satterthwaite approximation in the 

lmerTest package (Kuznetsova et al., 2014; Luke, 2016). 

4.4.2 Effects of fire on vegetation composition 

Redundancy analysis (RDA) was utilized to test the hypothesis that the fire-grazing 

interaction drives changes in plant community composition to resolve the contribution of 

treatment and environmental factors to the total variance (Legendre and Legendre, 1998; 

Oksanen et al., 2022). Two RDAs were performed on: 1) cover of all plant species and 2) cover 

of all plant functional groups for burned and unburned quadrats in 2018 and 2019. This method 

allowed a comparison before and after burning, and to the effects of grazing alone to the 

combined effects of fire and grazing. Hellinger transformation was applied to the response 

matrices (Legendre and Gallagher, 2001). Topographical variables, NDVI, and distances to 

water and fences were standardized as environmental variables using the rda function in the 

vegan package for R v.4.1.2 (Oksanen et al., 2022; R Core Team, 2022). Monte Carlo tests using 

999 permutations determined which variables were most influential to plant community 

composition changes (Legendre et al., 2005).  

4.4.3 Year-to-year and within-fire heterogeneity 

Year-to-year variation in grazing patterns at the pasture-scale were visualized by 

importing location data from each cattle and bison GPS collar into ArcGIS Pro. Kernel density  

(10 m2) maps were created for each pasture for the grazing season before and post prescribed 

burning; changes were detected by subtraction using the raster calculator function (Hemson et 

al., 2005). GPS fixes were clipped to within the prescribed fire plots to investigate fine-scale 

grazing patterns relative to burned and unburned vegetation following spring burning in 2019, 
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mapped with 1 m2 kernel density. Variation in burn completeness and residual unburned patches 

were evaluated using Euclidean distance to nearest neighbour, patch density, and mean patch 

size to describe the spatial heterogeneity of fine scale burn patterns (Burrows et al., 2021; Lloret 

et al., 2022). Burn patch size and density was an estimation of the fine scale fragmentation and 

heterogeneity of the burned vegetation, respectively (Forman, 1995). Distance to nearest 

neighbour was dependent on the abundance of burned patches and their location relative to one 

another (Forman, 1995). Nearest neighbour, patch density, and mean patch size were calculated 

from UAV classified imagery within prescribed fire plots using the Spatial Analyst toolbox in 

ArcGIS Pro.  

4.4.4 Herbivore movement analyses  

A resource selection function (RSF) framework was employed to test whether herbivores 

preferentially graze previously burned grassland while accounting for the important effects of 

topographical and landscape features on selection (Kohl et al., 2013; Clark et al., 2016). Habitat 

attributes included 1) topography (slope elevation); 2) artificial constraints (distance to artificial 

water sources and nearest fencelines); 3) potential forage (NDVI); and 4) burn treatment 

(whether or not a location was within a burn treatment area; Allred et al., 2011b; Clark et al., 

2016). Temporal changes in selectivity were examined by segmenting GPS collar data into 

months within the growing season (McLoughlin et al., 2010; Kohl et al., 2013).  

Resource selection functions were generated for each month and pasture for both 2018 

(pre-fire) and 2019 (post-fire) using conditional mixed-effects logistic regression to compare 

habitat attributes of used and random unused locations (Duchesne et al., 2010). Each observed 

animal presence was paired with a random non-occupied point that the animal could have chosen 

given its location at the previous time point. Appendix B describes in detail how random points 

were generated. Resource selection functions were fit using generalized linear mixed models 

with the glmer function from the lme4 package in R v.4.1.2 (Gillies et al., 2006; Allred et al., 

2011b; Kohl et al., 2013; Tomchuk, 2019; R Core Team, 2022). Models were compared and 

ranked with ΔAIC (Burnham and Anderson, 2002). A second set of models were fit to test 

whether there was evidence for selection of burned areas within burn treatments. These models 

included burning (whether a pixel was classed as burned), and standardized NDVI, slope, and 

elevation. Models were fit and compared as described for the pasture-scale models. 
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4.5 Results 

Mean NDVI followed rainfall in a unimodal fashion, with generally higher values in 

2019 compared to the previous year especially in early spring, late summer, and fall. Mean 

NDVI was similar between pastures N2 and N4 (Table 4.2; Appendix Table B.1). 

Table 4.2. Precipitation and temperature for the OMB region and NDVI for OMB pastures N2 

and N4 during the growing seasons (April - October) in 2018 and 2019. 

  2018 2019 

Month 
Precipitation Temperature NDVI Precipitation Temperature NDVI 

(mm) (OC) N2 N4 (mm) (OC) N2 N4 
April 12 0 0.12 0.13 29 5 0.24 0.26 
May 15 14 0.24 0.24 23 9 0.28 0.29 
June 27 16 0.39 0.41 95 15 0.35 0.33 
July 20 19 0.39 0.37 14 18 0.44 0.38 
August 22 18 0.21 0.20 55 17 0.42 0.39 
September 46 10 0.15 0.14 61 12 0.35 0.37 
October 12 4 0.16 0.18 11 1 0.27 0.28 

 

Burning reduced the cover of litter and mid-graminoids and increased exposed bare soil 

and cover of short-graminoids in lighted grazed pastures at OMB (Table 4.3; Appendix Figure 

B.1). There was a significant year-to-year effect for some metrics, with cover of litter and mid-

graminoids increasing, while forbs decreased from 2018 to 2019 (Table 4.3; Appendix Figure 

B.1). Total plant cover, cover of shrubs, clubmoss and lichen, and species evenness, richness, 

and H’ were unaffected by burn treatment and year (p>0.05). The standard error of all metrics 

averaged across all sampled quadrats, as a measure of heterogeneity, increased under the fire-

grazing interaction (Appendix Table B.1). There were insufficient data to estimate treatment by 

year interactions.  
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Table 4.3. Mixed effects models for plant community characteristics in OMB pastures N2 and 

N4 in 2018 and 2019, subject to grazed vs. fire-grazed treatments. Bolded terms are significant 

and * indicates log+1 transformed variables.  

Component Estimate with standard error T value    P value  
Short-graminoids* treatment -0.65±0.27 -2.42 0.02 

 year -0.08±0.11 -0.68 0.50 
Mid-graminoids treatment 12.46±5.44 2.29 0.02 

 year 5.02±2.21 2.27 0.03 
Short-forbs* treatment 0.27±0.16 1.72 0.09 

 year -0.27±0.06 -4.56 <0.01 
Mid-forbs* treatment -0.17±0.17 -1.04 0.30 

 year -0.21±0.07 -3.05 <0.01 
Shrub* treatment -0.04±0.17 -0.24 0.81 

 year -0.07±0.07 -1.06 0.29 
Total plant cover treatment 5.19±5.41 0.96 0.34 

 year 0.83±2.21 0.38 0.71 
Bare soil* treatment -0.25±0.12 -2.05 0.04 

 year -0.05±0.05 -1.00 0.32 
Clubmoss & lichen treatment -0.02±6.56 0.00 1.00 

 year 4.00±2.63 1.52 0.13 
Litter treatment 15.50±5.61 2.77 0.01 

 year 6.21±2.18 2.85 0.01 
H’ diversity treatment 0.03±0.11 0.25 0.81 

 year -0.01±0.05 -0.29 0.77 
Evenness treatment 0.06±0.06 1.12 0.26 

 year -0.01±0.03 -0.42 0.68 
Richness treatment -1.22±0.64 -1.92 0.06 
  year -0.05±0.27 -0.20 0.84 

 

Burning had weak effects on plant community composition (Figure 4.2; Appendix Table 

B.2). Only 15.7% and 16.2% of variation in cover of all plant species and functional groups were 

explained by the RDA, respectively. Normalized difference vegetation index and burning were 

significant variables in both RDAs, whereas year-to-year variation, grazing intensity, slope, and 

distance to water were important for cover of all plant species only (Figure 4.2; Appendix Table 

B.2). 
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Figure 4.2. Redundancy analysis (RDA) ordinations of plant species and plant functional group 

cover. Model parameters are prescribed fire (burn), NDVI the month of vegetation sampling 

(July.ndvi), grazing intensity at the plot scale (July.graz.plot), slope (%), distance to water 

(d.water; m) and fences (d.fence; m), and year of observation.  

Comparison of GPS fixes between 2018 and 2019 suggested herbivores were attracted to 

the prescribed fire treatment plot following spring burning in 2019, supporting a positive animal 

response to fire (Figure 4.3). Cattle showed an initial decrease in visitation to the burn in June 

2019, with GPS fixes nearly tripling in July (Appendix Table B.3). Visitation in August 

remained consistent with the previous year’s usage and then increased 5-fold in September 

(Appendix Table B.3). Bison increased visitation to the burned plot soon after entry into the 

pasture in April 2019, with the highest utilization of the burned area in June followed by a steep 

decline in September (Appendix Table B.3). Other landscape features varied in attraction for 

herbivores between years (Figure 4.3). 
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Figure 4.3. Difference in cattle (N2) and bison (N4) movements between 2018 and 2019 at 

OMB, presented as a kernel density map. Prescribed fire treatment plots are indicated as squares 

within each pasture. Warmer colours indicate more frequent visitation in the year post-fire. 

Cooler colours are less visited; white areas have no change in visitation. 

Within the burn plots, roughly 25% of the surface was burned or partially burned based 

on blackened and greyed colours in fine scale UAV images (pixels 0.03 m2) captured soon after 

burning (Figure 4.4). Fine scale burned patches were 0.04 m2 (S.E. ± 0.01) in N2 pasture and 

0.06 m2 (S.E. ± 0.03) in N4. Mean burn patch connectedness (Euclidean distance) were 0.16 m 

and 0.17 m with a nearest neighbour ratio of 0.85 and 0.86 in N2 and N4, respectively. 

Herbivores appear to have higher visitation to burned areas within the prescribed fire treatment 

plots (Figure 4.4). 
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Figure 4.4. Kernel density of herbivore visitation overlayed with classified vegetation within 

prescribed fire plots in pastures N2 (left) and N4 (right) following burning in spring 2019. Actual 

GPS fix densities are provided with darker colours representing more frequent visitation.  

Of the candidate RSF models estimated at the pasture and prescribed fire scale, models 

within two ΔAIC represent models that were relatively equally supported and ΔAIC values 

greater than two had considerably less support (Appendix Tables B.4, B.5, and B.6; Burnham 

and Anderson, 2002). The RSF with the consistently lowest AIC value was chosen and 

demonstrated that grazing animals increased usage of the prescribed burn areas (Table 4.4). 

Bison and cattle preferentially selected the prescribed fire treatment plot from June to August 

and July and September, respectively. Herbivores consistently responded positively to NDVI 

across their pastures prior to fire in 2018 (Appendix Table B.4). Following burning, cattle 

remained generally attracted to NDVI, whereas bison selected for greenness only early and late 

in the growing season, and otherwise avoided it (Table 4.4). In general, bison and cattle avoided 

steeper slopes, with bison failing to respond later in both years of observation (Table 4.4; 

Appendix Table B.5). Cattle selected areas closer to water early in both seasons, while bison 

rarely displayed a preference. Herbivores generally avoided areas close to fencelines. Whereas 

cattle periodically selected for areas at higher elevations later in the season, bison either avoided 

such areas or had no response to elevation most of the time (Table 4.4; Appendix Table B.7). 
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Table 4.4. Estimated RSF coefficients for cattle (N2) and bison (N4) at OMB from June-October 

in 2019. Model parameters are selection for prescribed fire plot (burn.footprint), NDVI, slope 

(%), distance to water (d.water; m) and fences (d.fence; m), and elevation (m). Standardized 

variables shown for coefficient comparison. Bolded terms are significant.  

Parameter 
Cattle Bison 

Estimate with 
standard error     Z value     P value Estimate with 

standard error      Z value      P value 

------------------------------------------------------------------Jun-19------------------------------------------------------------------ 
Intercept 0.01±0.04 0.32 0.75 -0.05±0.02 -2.99 <0.01 
Burn.footprint 0.26±0.34 0.75 0.45 0.37±0.10 3.84 <0.01 
NDVI 0.62±0.04 13.83 <0.01 0.19±0.02 11.92 <0.01 
D.water -0.04±0.05 -0.73 0.46 -0.04±0.02 -2.22 0.03 
Slope -0.07±0.04 -1.75 0.08 0.02±0.02 1.20 0.23 
D.fence -0.08±0.04 -1.85 0.06 0.01±0.02 0.59 0.56 
Elevation -0.01±0.06 -0.10 0.92 0.02±0.02 0.87 0.38 
------------------------------------------------------------------Jul-19------------------------------------------------------------------- 
Intercept -0.04±0.01 -3.39 <0.01 -0.13±0.02 -8.43 <0.01 
Burn.footprint 0.48±0.05 8.94 <0.01 0.50±0.17 2.90 <0.01 
NDVI 0.25±0.01 18.76 <0.01 -0.16±0.02 -10.11 <0.01 
D.water -0.08±0.02 -5.34 <0.01 0.09±0.02 4.57 <0.01 
Slope -0.11±0.01 -8.70 <0.01 -0.13±0.02 -8.70 <0.01 
D.fence -0.02±0.02 -1.46 0.14 0.14±0.02 7.35 <0.01 
Elevation -0.02±0.02 -1.59 0.11 -0.19±0.02 -11.46 <0.01 
-----------------------------------------------------------------Aug-19------------------------------------------------------------------ 
Intercept -0.01±0.01 -0.93 0.35 -0.05±0.01 -3.23 <0.01 
Burn.footprint 0.14±0.07 1.89 0.06 0.53±0.14 3.79 <0.01 
NDVI 0.14±0.01 10.53 <0.01 -0.02±0.02 -1.45 0.15 
D.water -0.02±0.02 -1.43 0.15 0.04±0.02 1.99 0.05 
Slope -0.09±0.01 -7.50 <0.01 -0.08±0.02 -5.41 <0.01 
D.fence 0.01±0.01 0.82 0.41 0.05±0.02 3.10 <0.01 
Elevation 0.01±0.02 0.48 0.64 -0.07±0.02 -3.55 <0.01 
------------------------------------------------------------------Sep-19------------------------------------------------------------------ 
Intercept -0.02±0.01 -1.34 0.18 -0.07±0.01 -4.57 <0.01 
Burn.footprint 0.19±0.07 2.83 <0.01 -0.51±0.65 -0.79 0.43 
NDVI 0.17±0.02 10.85 <0.01 -0.01±0.02 -0.51 0.61 
D.water <-0.01±0.02 -0.24 0.81 0.01±0.02 0.37 0.71 
Slope -0.07±0.01 -5.58 <0.01 -0.05±0.02 -3.39 <0.01 
D.fence 0.02±0.01 1.53 0.13 0.07±0.02 4.50 <0.01 
Elevation 0.06±0.02 3.21 <0.01 -0.10±0.02 -5.29 <0.01 
-----------------------------------------------------------------Oct-19------------------------------------------------------------------- 
Intercept -0.01±0.02 -0.63 0.53 -0.07±0.01 -4.52 <0.01 
Burn.footprint 0.48±0.57 0.84 0.40 0.31±0.20 1.54 0.12 
NDVI 0.15±0.02 7.20 <0.01 0.13±0.02 8.58 <0.01 
D.water 0.09±0.03 3.50 <0.01 <-0.01±0.02 <-0.01 0.99 
Slope -0.06±0.02 -3.00 <0.01 0.01±0.02 0.85 0.40 
D.fence 0.01±0.02 0.36 0.72 0.02±0.02 1.47 0.15 
Elevation 0.12±0.02 4.56 <0.01 <-0.01±0.02 -0.15 0.88 
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The top models used to predict resource selection of cattle and bison at the prescribed fire 

plot scale are presented in Table 4.5 (Appendix Table B.4). Within prescribed burn plots, cattle 

and bison similarly selected burned over unburned patches (Table 4.5). Contrary to the pasture-

scale results, NDVI, slope, and elevation were not important selection criteria within 9 ha 

treatment plots (Tables 4.4 and 4.5). For cattle at the pasture-scale, the probability of selection 

increased as NDVI increased, whereas bison preferentially selected burned areas across a 

gradient of green vegetation (Figure 4.5). Within burns, the probability of selection between 

herbivores was similar (Figure 4.5). 

Table 4.5. Estimated RSF coefficients for cattle (N2) and bison (N4) within prescribed fire plots. 

Parameters for various models are selection for burned vs. unburned patches (burn.pixel), NDVI, 

slope (%), and elevation (m). Standardized variables shown for coefficient comparison. Bolded 

terms are significant. 

Parameter 
Cattle Bison 

Estimate with 
standard error       Z value       P value Estimate with 

standard error      Z value      P value 

-----------------------------------------------------------Burn.pixel model----------------------------------------------------------- 
Intercept 0.10±0.05 2.03 0.04 0.12±0.09 1.31 0.19 
Burn.pixel 0.15±0.07 2.29 0.02 0.51±0.13 3.99 <0.01 
------------------------------------------------------Burn.pixel + NDVI model------------------------------------------------------ 
Intercept 0.10±0.05 2.05 0.04 0.13±0.09 1.39 1.63 
Burn.pixel 0.15±0.07 2.30 0.02 0.51±0.13 3.94 <0.01 
NDVI 0.02±0.03 0.57 0.57 0.06±0.06 0.87 0.38 
------------------------------------------------------Burn.pixel + Slope model------------------------------------------------------ 
Intercept 0.10±0.05 2.04 0.04 0.12±0.09 1.30 0.19 
Burn.pixel 0.16±0.07 2.32 0.02 0.52±0.13 4.01 <0.01 
Slope 0.01±0.03 0.19 0.85 0.06±0.06 1.55 0.12 
----------------------------------------------------Burn.pixel + Elevation model---------------------------------------------------- 
Intercept 0.10±0.05 2.00 0.05 0.12±0.09 1.31 0.19 
Burn.pixel 0.16±0.07 2.37 0.02 0.52±0.13 4.01 <0.01 
Elevation 0.05±0.03 1.48 0.14 <-0.01±0.06 -0.07 0.95 
-------------------------------------------------Burn.pixel + NDVI + Slope model------------------------------------------------- 
Intercept 0.10±0.05 2.06 0.04 0.12±0.09 1.35 0.18 
Burn.pixel 0.16±0.07 2.29 0.02 0.51±0.13 3.99 <0.01 
NDVI 0.03±0.04 0.70 0.48 0.04±0.07 0.55 0.58 
Slope 0.02±0.04 0.45 0.65 0.09±0.07 1.40 0.16 
----------------------------------------------Burn.pixel + NDVI + Elevation model----------------------------------------------- 
Intercept 0.10±0.05 2.03 0.04 0.13±0.09 1.39 0.16 
Burn.pixel 0.16±0.07 2.33 0.02 0.51±0.13 3.94 <0.01 
NDVI 0.05±0.04 1.26 0.21 0.06±0.06 0.87 0.39 
Elevation 0.07±0.04 1.86 0.06 <0.01±0.06 0.02 0.98 
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Figure 4.5. Probability of herbivore selection to burned (red) and unburned (blue) vegetation 

relative its greenness (NDVI) at OMB pastures (above) and within prescribed fire plots (below). 

4.6 Discussion 

Results of this study show dynamic animal responses to fire at previously unattained fine 

scale spatial resolution (Figure 4.4; Table 4.5). Bison and cattle preferentially selected burned 

areas at both the pasture scale and at an exceptionally fine spatial scale in response to patchy, 

within-fire fuel consumption patterns (Figures 4.3 and 4.4; Tables 4.4 and 4.5). A thorough 

review did not discern any earlier research displaying preferential habitat selection post-fire at 

both the landscape and very fine scales. This study therefore demonstrates how herbivores 

respond to habitat heterogeneity generated by fire at multiple scales (Fuhlendorf and Engle, 

2001; 2004; Hovick et al., 2015; Duchardt et al., 2016; Werner et al., 2021). Spring burning 

altered the grazing patterns of bison and cattle for a few months in mid-summer, demonstrating a 

short-term, positive response to a temporary resource available in the landscape. Such larger, 
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spatial scale responses, segregated across growing seasons, have been documented in other 

grasslands (Allred et al., 2011a; Augustine and Derner, 2014; Aikens et al., 2017; McMillan et 

al., 2021; Tables 4.4 and 4.5) though not before in northern mixed prairie. The effects of a single 

fire on plant community structure and composition were limited in lightly grazed pastures, 

primarily reducing cover of litter and mid-graminoids and increasing exposed bare soil and 

short-graminoids (Figure 4.2; Table 4.3; Appendix Tables B.1 and B.2; Biondini et al., 1989; 

Shay et al., 2001).  

At the pasture scale, small, prescribed fires imposed a new source of heterogeneity in 

topographically diverse, native prairie after being suppressed for at least 60 years (A. Dumontel, 

pers. comm.). Reintroducing fire into rangelands has variable effects on heterogeneity depending 

on fire frequency, grazing intensity, and grassland type (Noy-Meir, 1995; Scasta et al., 2016; 

Werner et al., 2021). Semi-arid, grazed grassland did not respond in the same fashion as more 

mesic prairie (Augustine and Derner, 2014). While there was increased within-burn 

heterogeneity, grazing animal selectively for burned areas tends to be sporadic in drier regions, 

and other than an increase in litter at OMB in 2019 (Table 4.3; Appendix Figure B.1), did not 

increase vegetation structure in unburned portions of grazed pastures relative to controls 

(Augustine and Derner, 2015b). Prescribed burning temporarily induced a heterogenous response 

from herbivores to spend at least some time away from traditionally used sites (Figures 4.3 and 

4.4; Table 4.4; Appendix Tables B.3 and B.5). Ungulates chose burned areas soon after entry 

into their respective pastures, with cattle and bison displaying disinterest in the sites by late 

summer to early autumn following spring fire. Raynor et al. (2015) found bison no longer 

selected recently burned areas later in the grazing season, rather focusing on ungrazed and 

unburned vegetation during this period. Time since fire is major influence on grazing selectively 

relative to other environmental factors, with forage quantity positively and quality inversely 

related to time since fire, respectively (Allred et al., 2011b; Powell et al., 2018). 

Within lightly grazed pastures, fires burned in a patchy spatial pattern, observed in fine-

grained detail with UAV-derived imagery not previously applied to analysis of the fire-grazing 

interaction (Figure 4.4; Twidwell et al., 2022). Animals chose burned over unburned patches at a 

very fine spatial scale, indicating a hierarchical selection process observed in bison and other 

large ungulates, but not previously at this level of resolution (Figure 4.4; Table 4.5; Fortin et al., 
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2003; 2005; Biggs et al., 2010; Donovan et al., 2021). Analysis of grazing responses at multiple 

scales identified differential selection factors, as herbivores did not respond to NDVI, slope, or 

elevation at the sub-meter scale, preferentially selecting previously burned areas regardless of 

other landscape attributes (McGarigal et al., 2016). Topoedaphic variation within burned plots 

was less than OMB pastures, perhaps influencing this result. This information demonstrates the 

utility of incorporating UAVs into the evaluation of disturbance-driven heterogeneity (de Vries 

et al., 2021; Lyu et al., 2022; Twidwell et al., 2022).  

While this study was conducted to provide a multiscale evaluation of the fire-grazing 

interaction, efforts to further refine the spatiotemporal resolution of data are possible (Roberts et 

al., 2022; Twidwell et al., 2022). Sentinel-2 derived NDVI was acquired for each month of the 

growing season in 2018 and 2019 (Kohl et al., 2013), with a higher frequency of collection 

improving the accuracy of grazing animal responses, captured at <1-hour intervals, to green-

growing forage at OMB. Cloud-free imagery was not available at each 5-day return interval for 

Sentinel-2 but could have been accessed from other satellite platforms (Sesnie et al., 2018). Very 

high spatial resolution was achieved by using UAVs but restricted to a single event following 

spring prescribed burning in 2019. More frequent vegetation sampling and additional UAV 

flights over the growing season would have increased the temporal resolution of plant and animal 

responses to fire (Li et al., 2021; Wood et al., 2022). While the GPS collars used in this research 

had low position dilution of precision, these units generally have horizontal accuracies of only 4 

to 5 m potentially obscuring some results (Agouridis et al., 2004). Further data extraction from 

GPS collars related to residence time and persistence velocity could offer additional insights into 

animal habitat selectivity (Kramer et al., 2022). Bison movements tracked at 12-minute intervals 

(McMillan et al., 2021) imagery captured at spatial resolutions of 10 m2 (Raynor et al., 2017) 

were considered “fine-scale” in their respective studies, but technological advances now permit 

ecological processes and patterns to be examined at previously unattainable precision (Baxter 

and Hamilton, 2018). 

Cattle consistently selected locations with higher NDVI throughout the growing season in 

2018 and 2019, whereas bison, following burning, preferentially choose greener vegetation in the 

shoulder seasons only (Tables 4.4 and 4.5; Appendix Table B.7). Interpreting NDVI as a proxy 

for forage quality and quantity, these differences in selection indicate cattle may be maximizing 
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intake rate by selecting areas of higher forage biomass or previously grazed areas when forage 

plants are less mature and highly digestible (Figure 4.5; Plumb and Dodd, 1993; Kohl et al., 

2013). Burn selection strength in cattle can be strongest during periods of rapid vegetation 

growth (Augustine and Derner, 2014) as grazers “surf the green wave,” seeking out transient, 

more desirable forage across the landscape (Sawyer and Kauffman, 2011; Bischof et al., 2012; 

Merkle et al., 2016; Craine, 2021). Bison may be less responsive than cattle to short-term 

variation in available forage, behaving as time minimizers rather than energy maximizers, 

permitting more time spent on other beneficial activities (Kie, 1999; Bergman et al., 2001). 

Distance to water was more important to the distribution of cattle than bison at OMB; similar to 

numerous studies (Table 4.4; Appendix Table B.7; Allred et al., 2011a; 2011b; Kohl et al., 2013; 

Augustine and Derner, 2014; Raynor et al., 2016). The higher density of pothole wetlands in the 

N2 pasture may have influenced this result (Figure 4.1). Kohl et al. (2013) found bison also 

selected for water but utilized areas more than 10 km from water sources, greater than the area 

available within the N4 pasture. Avoidance of slope is common in cattle and bison (Allred et al., 

2011b; Kohl et al., 2013). Previous work has shown cattle preference for lower elevations where 

water is found, while bison are less limited (Van Vuren, 2001; Allred et al., 2011b). Selection by 

cattle for higher elevations later in the season may be related to increased wind exposure to avoid 

insects (Rivero et al., 2021). While Augustine and Derner (2014) reported cattle continued to 

overutilize areas close fencelines in pastures managed with periodic fire, variable responses of 

cattle and bison to fencelines were also observed (Kohl et al., 2013).   

Grazing preferences vary seasonally due to changing dietary and nutritional 

requirements, with animals attempting to optimize the ratio of energy output to gain (Fortin et 

al., 2002; 2003). Persistent moisture deficit can reduce spatial heterogeneity in forage quality and 

production in mesic grasslands (Bielski et al., 2018). Both bison and cattle movements positively 

responded to NDVI throughout the growing season during this period of drought (Appendix 

Table B.7). Nutritionally heterogeneous grasslands with patches of higher forage quality 

mediated by periodic fire can provide grazing animals more consistent, high-quality nutrition 

during periods of drought (Limb et al., 2011; Allred et al., 2014; Spiess et al., 2020). Following a 

period of severe deficit, significant rainfall occurred soon after spring burning in 2019, 

contributing to increased greenness in both burned and unburned sites at OMB (Tables 4.2 and 

4.4; Appendix Table B.3). For large grazers, “feeding in burned grassland can be more beneficial 
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for nutrient uptake relative to unburned grassland as long as grass regrowth is possible” (Raynor 

et al., 2016). Frequency and amount of rainfall, being a limiting factor for forage quality and 

production, may also constrain the fire-grazing interaction in dry and semi-arid rangelands 

(Mbatha and Ward, 2010; Augustine and Derner, 2014). 

Fire had limited impacts on the community structure and composition of these grazed 

grasslands and diversity was not affected (Figure 4.2; Table 4.3; Appendix Figure B.1). There 

was similar forb composition on unburned and early spring burn treatments, indicating a single, 

dormant season fire did not generate sufficient intensity to initiate changes in the forb component 

in this northern prairie (Table 4.3; Biondini et al., 1989). The abundance of some plant functional 

groups was altered with fire reducing cover of taller, more productive grasses and litter, and 

increasing cover of exposed bare soil and short-graminoids (Table 4.3; Appendix Figure B.1). 

Forbs and dominant grasses were significantly correlated with annual precipitation in northern 

mixed prairie (Biondini et al., 1998), and two years of drought prior to summer 2019 may have 

affected these results. Spring fire can damage early growing C3 grasses promoting shorter, C4 

species that are still mostly dormant at the time of burning (White and Currie, 1983b; Steuter, 

1987; Kowalenko and Romo, 1998). Spring burning was most detrimental to needle and thread 

(H. comata), a dominant, productive mid-grass in mixed prairie (Vermeire and Russell, 2018). 

Reduction in cover of slender (E. trachycaulus) and awned (E. subsecundum) wheatgrass after 

spring burning has also been reported when growth of these cool-season species was more 

advanced. Wheatgrass species, however, “are considered more resistant to fire because they have 

less flammable litter at plant bases and regrow from rhizomes” (Wright and Bailey, 1982; 

Bischoff et al., 2022). Patches of silver sagebrush Artemisia cana appeared to increase in density 

following burning (Comfort and Lamb, 2023). 

The protective soil crust layer, dominated by S. densa, was not affected by burning 

(Table 4.3), though some mortality was observed following fire similar to Erichsen-Arychuk et 

al. (2002). Increased bare soil and reduced litter cover increase plant water stress by increasing 

soil temperatures and surface evaporation, while reducing water infiltration and potential snow 

trapping (Dix, 1960; De Jong and MacDonald, 1975; Redmann, 1978; Facelli and Pickett, 1991). 

Repeated fires, heavy grazing pressure and persistent drought can long-lasting effects on 

community composition (Anderson and Bailey, 1980; Tilman and El Haddi, 1992; Mangan et at., 
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2004; Smith and McDermid, 2014) and delayed recovery of litter following fire has compelled 

some to recommend 1-5 years of adjusted grazing management to facilitate returns to pre-

disturbance productivity (Erichsen-Arychuk et al., 2002). Individual plant species and plant 

communities native to semi-arid, northern mixed prairie evolved under periodic grazing by large 

ungulates, fire, and drought and have developed mechanisms adapted to these disturbances and 

have demonstrated stability through such events (Vermeire et al., 2014; Gates et al., 2017; 

Powell et al., 2018). While the fire-grazing interaction plays a significant role in shaping more 

mesic grasslands (Harnett et al., 1996; Fuhlendorf and Engle, 2004; Collins and Calabrese, 

2012), management practices and disturbances likely play a secondary role in drier ecosystems 

with annual fluctuations in weather, especially drought, controlling major trends in plant 

community characteristics in northern mixed prairie (Biondini et al., 1989; 1998; Erichsen-

Arychuck, 2002; Heitschmidt et al., 2005; Derner and Hart, 2007). 

4.7 Conclusion 

Fire can be utilized as means of attracting grazing animals, like water, salt, or minerals, 

and a distribution tool, such as fencing or herding, to meet multiple range management 

objectives (Lewis, 1982; Knapp et al., 1999; Vermeire et al., 2004; Roos et al., 2018). Often 

cited as a concern and rationale for restricting fire from grazed pastures or removing grazing 

animals for multiple years, northern mixed prairie is resilient to the combined effects of a single 

fire, light grazing intensity, and short-term drought, sustaining plant community composition and 

diversity following periodic, interactive disturbances (Vermeire et al., 2014; Gates et al., 2017; 

Powell et al., 2018). Use of multiple remote sensing platforms and GPS tracking of grazing 

animals, integrated within a GIS environment and in situ field data permitted high resolution, 

multiscale analysis of herbivore responses to disturbance-driven grassland heterogeneity. Bison 

and cattle behaved similarly in response to fire, providing a tool for conservation agencies 

seeking to manage lands for historic patterns of heterogeneity with domestic cattle. The 

interaction of fire and grazing created additional multiscale, spatiotemporal variation in grazing 

animal responses and plant community structure, compared to grazing alone, in semi-arid, 

northern mixed prairie. Further research is needed to observe direct impacts of the fire-grazing 

interaction to wildlife and species at risk. 
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5.0 COMPARATIVE ANALYSIS OF STRATEGIES TO REINTRODUCE PRESCRIBED FIRE 

AS A GRASSLAND MANAGEMENT TOOL IN SOUTHERN SASKATCHEWAN 
5.1 Abstract  

Prescribed fire is a land management practice utilized in fire-adapted ecosystems to 

reduce wildfire risks, control invasive, exotic, and woody plant species, enhance productivity and 

biodiversity, and share knowledge of land and culture. Fire suppression has been the dominant 

management regime in western Canada since colonization. Efforts to reintroduce prescribed fire, 

under specific environmental conditions to meet predetermined objectives, often face complex, 

interrelated obstacles. The purpose of this research is to evaluate and compare strategies for 

restoring fire as a land management process in grasslands and parklands of Saskatchewan. 

Perspectives were gathered from agency practitioners, having a range of experience in prescribed 

fire, during workshop presentations and burn plan reviews. Workshop themes were categorized 

and stressed the importance of access to education and training, information sharing, and public 

engagement. Agencies were limited by institutional and jurisdictional barriers, liability concerns, 

and weather and site complexities, focusing on the need for agreements and funding. Attributes 

from prescribed fire plans were compared relative to agency factors to determine the efficacy of 

strategic approaches from 2016 to 2020; indicating established programs with trained personnel, 

investing significant funds, accomplished the largest and most complex areas burned. In contrast, 

those with limited funding using a collaborative approach burned most frequently. Based on 

models employed in the U.S., the Canadian Prairies Prescribed Fire Exchange was formed in 

2021 to support interagency cooperation. The results emphasize the importance of collaboration 

to overcome barriers, build successful programs, and accomplish shared goals and objectives. 

The coalescence of urgent ecological and societal concerns, and diversity of approaches 

employed by agencies in southern Saskatchewan provide an ideal jurisdiction to learn from and 

offer recommendations to the broader, global community. 
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5.2 Introduction 

The remaining prairies of the northern Great Plains are imperiled, and while they 

continue to have extraordinary ecological and economic importance, will require significant 

societal effort to sustain for future generations (Samson et al., 2004; Henwood, 2010; 

Hendrickson et al., 2019; Perkins et al., 2019; WWF, 2021). Functioning grassland ecosystems, 

managed with periodic disturbances such as prescribed fire support more biodiversity, wildlife, 

and species at risk, and can contribute direct societal benefits, including wildfire abatement and 

livestock grazing opportunities (Chaplin et al., 1996). The presiding cultural paradigm favours 

suppression, paradoxically increasing wildfire frequency, with associated negative attitudes 

toward fire commonplace (Thompson and Morrison, 2020). The prudent and coordinated 

reintroduction of prescribed fire offers a potent societal adaptation to urgent climatic, ecological, 

and socioeconomic adversity (Twidwell et al., 2013a; Toledo et al., 2014; Fischer and Jasny, 

2017; Kolden, 2019; Daniels et al., 2020). 

Efforts to restore fire as an ecologically and economically beneficial land management 

tool have had variable levels of success in North America and elsewhere and face impediments 

to which practitioners have developed strategies to overcome (Cleaves and Haines, 1997; 

Cleaves et al., 2000; Quinn-Davidson and Varner, 2012; Russell-Smith et al., 2020a). Results 

range from successful, Indigenous-led prescribed burning programs, and cooperation with settler 

agencies and communities (Burr, 2013), to outright rejection of planned fires due to perceived 

risk aversion and sociocultural norms (Briere, 2017; Bendel et al., 2020). Advances in the 

collaborative application of prescribed fire offers a path towards addressing the challenges of 

habitat degradation and associated species loss, climate change mitigation, and Indigenous and 

settler reconciliation (Whyte, 2017; Tymstra et al., 2020; Dickson-Hoyle et al., 2022).   

Grasslands of the Great Plains of North America are adapted to recurrent fire disturbance 

(Axelrod, 1985; Stewart, 2002; Keeley et al., 2011; Christianson et al., 2013; Trauernicht et al., 

2015; Lake and Christianson, 2019). Historically, wildfires lit by lightning strikes burned large 

areas of contiguous prairie (Higgins, 1986; Frost, 1998). Many Indigenous communities set fires 

for cultural and land management purposes (Kimmerer and Lake, 2001; Hoffman et al., 2022). 

Fire was used to reduce fuel loads near settlements, improve travel corridors by burning back 

woody encroachment, to increase food availability by rejuvenating shrubs for berry harvesting, 
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improving habitat for small game, and influencing the distribution of bison (Lewis, 1985; Knapp 

et al., 1999; Kimmerer and Lake, 2001; Oetelaar, 2014; Cunfer and Waiser, 2016; Kristensen 

and Reid, 2016; Roos et al., 2018; Lake and Christianson, 2019; McMillan et al., 2019). 

In the absence of periodic fire trees, shrubs, and exotic, invasive plants have increased 

across the Great Plains (Campbell et al., 1994; Van Auken, 2009; Roberts et al., 2022). Changes 

include rapid spread of Juniperus species over vast areas of the central plains (Briggs et al., 

2005; Van Auken, 2009) and expansion of trembling aspen (Populus tremuloides) and various 

shrubs roughly 100 km southwards into formerly open Canadian prairie grasslands (Archibold 

and Wilson, 1980; Schütz, 2010; Barr, 2018). Exotic brome (Bromus) and bluegrass (Poa) 

species have infested native prairie remnants (Grant et al., 2020). Encroachment of woody and 

other invasive plants has caused cascading effects, including increased risk of severe wildfire, 

declines in habitat quality and livestock grazing capacity, and degradation of other grassland 

ecosystem services (Campbell et al., 1994; Grant et al., 2004; Monaco et al., 2017; Dahl et al., 

2020). These changes have driven a movement of local prescribed fire cooperatives and national-

scale collaborative entities in the U.S., burning hundreds of thousands of hectares each year 

(Taylor, 2005; Fuhlendorf et al., 2011; Burr, 2013; Tidwell, 2013; Twidwell et al., 2013c; Weir 

et al., 2016; Symstad and Leis, 2017). In contrast, relatively few fires are conducted in prairie 

Canada by land managers to confront loss of habitat and grazing capacity (Adams et al., 1992; 

Bailey et al., 2010; Schütz, 2010), or integrated with other wildfire risk reduction activities to 

protect rural and remote communities (Christianson et al., 2013; Labossière and McGee, 2017). 

A lack of formal coordination between local groups, the fire science and management 

community, and other land-based organizations limits the ability to address chronic vegetation 

management issues and safeguard fire-prone municipalities (Taylor et al., 2006; Tymstra et al., 

2020).  

Regarding fire management, the public has little tolerance for error, and successful 

preparation, consultation, and execution are critical to building and maintaining respect, 

credibility, and trust (McCaffrey, 2006; McCaffrey and Olson, 2012). Recent, damaging 

prescribed fire escapes in the western U.S. have threatened national level, established programs 

(USDA, 2022). Risk management is foundational to all prescribed fire operations (Hesseln, 200; 

Black et al., 2020), and uncertainty, as a measure of complexity, must be evaluated, managed, 
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and communicated (Andrews and Williams, 1998). Along with the risk of escape, and threats to 

values potentially damaged by fire, public concern about smoke exposure and the negative health 

impacts of high concentrations of particulates must be addressed (Yoder et al., 2003; 2004; 

Quinn-Davidson and Varner, 2012; Blades et al., 2014; Navarro et al., 2018). Despite these 

obstacles, a few agencies in southern Saskatchewan have built decades-long prescribed burn 

programs through adaptive procedures, specialized training, thorough planning, and significant 

investment (Bowden, 2009; Quinn-Davidson and Varner, 2012; Schultz et al., 2019a; 2019b; 

Russell-Smith et al., 2020a; 2020b) that may serve as models and catalysts for societal change 

across the broader landscape (Miller et al., 2012). 

Conducting safe and effective prescribed fires requires understanding the ecology and 

behaviour of fire, including interactions with weather and topography, fuel type, amount, and 

condition, and numerous other factors (Stubbendieck et al., 2007; Weir, 2009). Experts provide 

input; however, it is the community leaders, local champions, and trusted messengers including 

experienced practitioners, firefighters, and elders that serve a critical role in adoption and 

continued application (Christianson et al., 2013; 2020; Kruger and Beilin, 2014; Paveglio et al., 

2016; Mockrin et al., 2018). Social considerations such as community-based planning, 

communication and education, safety precautions, and smoke dispersal involves extensive 

consultation, education, institutional cooperation, and social cohesion (Kruger and Beilin, 2014; 

Lawson et al., 2017; Mockrin et al., 2018; Górriz-Mifsud et al., 2019; Black et al., 2020). A 

collaborative approach to fire management has been developed in the U.S. as a bridge across 

multiple administrative and geographic boundaries (Butler, 2009). Established by federal land 

agencies and The Nature Conservancy, the Fire Learning Network (FLN) supports prescribed 

fire science and training exchanges through research, knowledge sharing, experiential training, 

facilitating national-level workshops, and influencing fire management policy (Goldstein et al., 

2010). The Prescribed Burn Association (PBA) model, in contrast, is based locally, composed of 

community volunteers who provide expertise, equipment, and labour to manage risk and liability 

concerns (Toledo et al., 2014). 

Comparative analysis is central to social science research with variable-based and case-

oriented approaches integrated to elucidate generalized relationships and complex organizational 

systems (Charmaz, 2006; Della Porta, 2008). The comparative method has become common in 
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socioecological research evaluating complex, multiscale, interagency governance models related 

to wildfire risk (Hamilton et al., 2019) and management (Tymstra et al., 2020), Indigenous fire 

governance (Christianson, 2015; Nikolakis et al., 2020), and prescribed fire collaborations 

(Schultz et al., 2019a; Russell-Smith et al., 2020b; Marks-Block and Tripp, 2021). A narrative 

framework was constructed as a path towards goal alignment and shared purpose (De Fina and 

Georgakopoulou, 2015) using the example of a recently formed and novel exchange program in 

the Canadian prairie provinces. This structured narrative was grounded in social, political, and 

ecological theory (Perreault et al., 2015), as effectively described in Goldstein and Butler (2010), 

to apply lessons learned during a period of transformative change in U.S. fire management, to 

prescribed fire in southern Saskatchewan. 

5.3 Methods and materials 

5.3.1 Qualitative thematic analysis 

Observations, perspectives, and strategies were collected by interviews, recorded 

presentations, and data shared by individuals and agencies using or interested in conducting 

prescribed fires in Saskatchewan and Manitoba, Canada. This research was approved by the 

University of Saskatchewan Research Ethics Board (REB) on February 13, 2020 (approval 

#1784). Participating agencies were invited based on their expertise in, or desire to be, using 

prescribed fire as a land management tool, and included: Association of Manitoba Community 

Pastures (AMCP), City of Saskatoon (COS), Canadian Wildlife Service (CWS), Grasslands 

National Park (GNP), Meewasin Valley Authority (MVA), Saskatchewan Ministry of Parks, 

Culture and Sport (PCS), Nature Conservancy of Canada (NCC), Prince Albert Grand Council 

Wildfire Management Task Force (PAGC), Saskatchewan First Nations Emergency 

Management, and University of Saskatchewan/Department of Plant Sciences (USASK). 

Participants were asked to present their current or planned prescribed fire activities at a one-day 

workshop on February 24, 2020, at the PCS office in Regina, Saskatchewan. Presentation topics 

included management objectives, areas treated, levels of complexity, financial and personnel 

resources utilized, barriers to expansion, strategies to enhance and threats to existing programs, 

lessons learned, and opportunities to collaborate. Qualitative analysis was then used to 

thematically organize roughly 8-hours of recorded data (Charmaz, 2006; Altangerel and Kull, 

2013; Saldana, 2015).  
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5.3.2 Comparative analysis of strategies to apply prescribed fire  

Data on prescribed fires conducted by participating agencies in Saskatchewan from 2016 

to 2020 were collected from prescribed burn plans and summaries submitted by the agencies and 

verified by the author(s) for accuracy. Agencies providing full or partial information included 

CWS, GNP, MVA, NCC, COS, PAGC, and PCS. Attributes included: number, area (ha), fuel 

types, objectives, season, days, participants, and complexity rating for prescribed fires; financial 

contributions for personnel, equipment, and planning required for each fire; and the number and 

projected area (ha) of all planned prescribed fires, with a brief rationale if a planned fire was not 

completed. Attributes were then evaluated relative to four agency factors: (1) legacy of the 

agency’s use of fire as a land management tool (new vs. established), (2) distribution of the 

agency’s land base (centralized vs. decentralized), (3) organizational structure of the agency to 

conduct prescribed fire (unilateral vs. collaborative), and (4) delivery model related to planning, 

personnel, and equipment (high vs. low financial investment).  

5.3.3 Review of current interagency collaborative efforts: a case study of the Canadian 

Prairies Prescribed Fire Exchange 

The collaborative engagement between agencies and individuals leading to the newly 

formed Canadian Prairies Prescribed Fire Exchange (CPPFE) was evaluated using a case-

oriented approach. By employing a theoretical framework of structured coordination and 

cooperation from the west and central U.S., the prescribed fire community’s endevours in 

southern Saskatchewan were evaluated with recommendations to assist future progress. Informal 

interviews with CPPFE agency representatives and members of a growing extended network 

were collected up to the end of November 2022. 

5.4 Results and discussion 

5.4.1 Thematic analysis 

Themes identified from the workshop and subsequent interviews focused on (1) 

prescribed fire objectives, (2) training and education requirements, (3) communication, (4) 

barriers to expansion, and (5) opportunities for collaboration between agencies (Table 5.1). The 

greater frequency of a keyword or phrase implied a higher level of importance of the issue to the 

group (Anderson, 2001; Harr et al., 2014). Quotes from workshop participants and interviews 

were used to illustrate and enhance interpretation (Schultz et al., 2019a). The recognition of fire 
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as a valued practice, requiring significant investment in education, training, and equipment, was 

common amongst surveyed representatives (Table 5.1). While opportunities exist for 

coordination and expansion of the practice, significant factors continue to limit broader 

application. There was overwhelming interest in the participants to develop partnerships and 

formalized agreements to work together. There was repeated emphasis on the need for, and lack 

of, training opportunities and skilled personnel, along with institutional, jurisdictional, liability, 

and insurance concerns (Table 5.1), common to many other reviews (Yoder et al., 2004; 

McCaffrey, 2006; Weir, 2011; McCaffrey and Olson, 2012; Quinn-Davidson and Varner, 2012; 

Altangerel and Kull, 2013; Schultz et al., 2019a; Weir et al., 2019; Clark et al., 2022). 

Table 5.1. Classification of workshop themes and number of occurrences of each theme during 

workshop presentations and discussion on February 24, 2020, in Regina, Saskatchewan.  

Base Theme Subtheme Occurrence 
Objectives Ecosystem restoration 12 
 Grazing management 3 
 Vegetation management 8 
 Wildfire abatement 4 
 Wildlife habitat 21 
Requirements Education and training 86 
 Experience 52 
 Planning 30 
 Specialized equipment 31 
Communication Interagency information sharing 17 
 Public engagement 32 
 Research/effectiveness monitoring  24 
Barriers Capacity/training/experience 48 
 Institutional/jurisdictional 15 
 Legal and legislative 25 
 Liability and insurance 26 
 Smoke management 14 
 Species at risk 35 
 Weather and burn windows 32 
 Sustained funding 44 
Collaboration Entity/association/exchange  19 
 Partnerships/agreements 120 
 Shared equipment cache 13 
  Standardized training  86 
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Prescribed fires are intentional ignitions designed for specific resource management 

objectives (Hiers et al., 2020). Participating agency representatives provided many reasons for 

burning, with wildlife habitat improvement as the primary goal, followed by assisting ecosystem 

restoration (Table 5.1), like previous reviews in the northern Great Plains (Higgins et al., 1989a). 

Wildlife species or groups discussed during the workshop included muskrat, moose, prairie dog, 

bison, and migratory and grassland birds, with prescribed burns targeted to benefit species’ 

habitat and increase those populations including species important to Indigenous communities’ 

cultural and subsistence needs (Lake and Christianson, 2019). Canadian research into the effects 

of fire on wildlife has been extensive, driven by collaborations between universities and Parks 

Canada, an early adopter and dominant practitioner of prescribed fire (Weber and Taylor, 1992; 

Feller, 1993). The use of prescribed fire for reducing risks associated with wildfire and grazing 

management were a lower priority for the agencies (Table 5.1). Burning to meet specific 

vegetation management objectives such as control of invasive and woody plants was briefly 

discussed, particularly in relation to decreased capacity for wildlife and livestock grazing (Table 

5.1). The infrequent application of fire for these purposes was likely due to many agencies’ focus 

on readily achievable outcomes. Prescribed fire was demonstrably effective in reducing exotic 

grasses in native prairie, but with invasion widespread across the region (Grant et al., 2009; 

Gasch et al., 2020; Palit et al., 2021) fire can only be deployed for control in small, high-value 

conservation areas. Most shrubs in the Great Plains are resprouting and fire return intervals of 

two to five years may be required to maintain herbaceous dominance (Fuhlendorf et al., 2011; 

Guedo and Lamb, 2013; Hopkinson et al., 2020), including extreme fire temperatures usually not 

achieved under typical prescriptions (Twidwell et al., 2013c). Prescribed fire for wildfire 

abatement similarly requires consistent implementation at scales larger than most agencies’ 

individual land bases (Fernandes and Botelho, 2003; Kolden, 2019). 

“Fire, they [the elders] teach, if managed properly is a healer and helper not a foe, the secret lies 

in understanding when and where to burn to read the country.” 

[W]e're working with the [Manitoba] community pastures… we needed more 
information [on prescribed burning] we have a lot of pastures aren't like pastures 
here in southern Saskatchewan, we were at one time most of the grassland out 
there. So that's how we used it [prescribed fire] in the past and I'd like to do that 
again. That's why we came here to learn from others. 

 



 
 

86 
 

Availability of experienced personnel, access to relevant instruction and professional 

development, standardized training, mentoring, and certification for practitioners were major 

concerns amongst participants (Table 5.1). Training has been recognized as a fundamental 

limiting factor globally and innovative strategies have been developed in response (Toledo et al., 

2014; Spencer et al., 2015; Weir et al., 2015). The prescribed fire training exchange (TREX) and 

PBA models attempt to overcome limited availability of skilled staff by experiential training to 

build local capacity (Goldstein et al., 2010; Weir et al., 2015). Numerous training and 

experiential events conducted by the 18 TREX and 63 PBAs operating in the U.S. are crucial in 

“foster[ing] collaboration, learning, and network building; and provide flexible opportunities 

with an emphasis on local context to train a variety of professionals with disparate needs” 

(Spencer et al., 2015; Diaz et al., 2016). Novice to advanced education is available to only a few 

government organizations such as Parks Canada, CWS, and PCS, and as those agencies often 

will not accept fireline crew with alternate certification and experience, opportunities for 

interagency participation and training remain rare on the Canadian prairies. 

“Quite often we’ll burn to their skill sets that we have on site if we have a more experienced team 

we could be maybe a little bit more aggressive in our [prescribed] burns. If we have a real rookie 

team we keep it very simple… So we burn to who’s with us.” 

I've got 26 trained staff but it's difficult to get the numbers I need on a given day. 
So weekends are right out don't even think about it. The number of beautiful 
Easter weekends that I've been outside enjoying the weather and silently fuming 
because we should be [prescribed] burning today it’s remarkable. 

A similar degree of concern was the real and perceived liability associated with the 

purposeful ignition of fire, particularly damages associated with fire escapes (Haines et al., 2001; 

Yoder et al., 2004; Yoder, 2008; Wonkka et al., 2015; Weir et al., 2019; Hinojosa et al., 2020). 

There is legislative clarity provided to trained government practitioners operating within 

approved burn plans on public lands in some provinces (e.g., The Wildfire Act and Regulations 

[BC, SK]). A third of agency representation were government staff, hence the skew towards 

statements related to institutional and jurisdictional and legal and legislative issues in Table 5.1. 

Considerable variation and associated uncertainty hamper those conducting prescribed fires on 

NGO and private lands (Yoder et al., 2004; Wonkka et al., 2015; Parks Canada, 2017; Schultz et 

al., 2020). Legal and financial ramifications can be extremely serious, and while fire escapes are 
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rare (<1%; Dether and Black, 2006; Weir et al., 2019), prescribed burning is inherently risky, 

and the threat of severe punishment for accidental fire or other unintended consequences is a 

significant hindrance to expansion of the practice (Pyne, 2001; Yoder, 2008; Weir et al., 2019; 

Black et al., 2020). A catastrophe fund model, along with adoption of gross negligence standards 

and liability relief bound to best practices or burn manager certification, has been shown to 

reduce risk in the U.S. from potential negative prescribed fire impacts (Varmer et al., 2021). 

Furthermore, there are several private insurance providers in the U.S. available to practitioners, 

and numerous other tools to address liability concerns (Parajuli et al., 2019). A scarcity of such 

services in Canada makes acquisition of adequate coverage, even if possible, expensive and often 

cost prohibitive (R. Grilz, personal comm.). Substantial research, policy updates, and legislation 

amendments have been ongoing in the U.S. for decades to address these concerns; in western 

Canada there is no known documented legal review or ongoing reform process for comparison 

(Weir et al., 2015; Wonkka et al., 2015; Leverkus et al., 2018).   

“…under The Wildfire Act and Regulations…once that document is approved…our burn plan 

becomes our legal document. So if we start to deviate from that burn plan something goes 

sideways then we have a liability issue.” 

“…we're looking at a major increase our insurance policy this year …as part of our mandate 

we're responsible for managing city land, university land, and Crown land. So that opens up a 

whole can of worms in terms of insurance requirements.” 

Under a broad category of communication and community engagement, several elements 

were stressed by agency members as critical to sustained success of their programs, including 

public involvement in planning, goal setting, and establishing clear objectives related to common 

public concerns of containment, smoke management, post-burn monitoring, and extinguishment 

(Table 5.1; Blades et al., 2014; Bowman et al., 2018; Lyth et al., 2018; Navarro et al., 2018). 

Addressing public misconceptions or concerns with prescribed fire through building trust and 

understanding was accomplished by increased exposure to the practice, especially related to its 

ecological and economic benefits (Loomis, 2001; McCaffrey, 2006). Awareness of, and 

experience with, prescribed fire can be developed through educational materials, workshops, and 

attendance at training events facilitated by local community groups or PBAs (Tolman et al., 

2004; Weir et al., 2015). Representatives indicated the value of early involvement of local 



 
 

88 
 

groups, particularly fire departments, as project champions who provide critical local knowledge 

of potential hazards and mitigative actions and are trusted by community members (Kruger and 

Beilin, 2014; McDaniel, 2018). Local firefighters, often volunteers, gain valuable training and 

experience while prescribed fire programs acquire trained personnel and specialized suppression 

equipment (Burrows, 2019). 

…we've been trying to engage the [local] fire department on prescribed burning, 
training and they were always reluctant to work with us. We started improving 
our process with the city by developing permits every year sending in our burn 
plans, they'd sign off. But when we showed up with a crew of six people with 
[water] packs on and flappers to do mop up [following a wildfire] and then they 
saw us the next day I think that really helped increase the level of trust with the 
fire department. 

“But that wildfire really did start a conversation [with the local fire department] and so we're 

keeping that up so turning the negatives into an opportunity is really important.” 

Emphasizing prevention and contingency plans for possible fire escapes (LaMalfa and 

Coppock, 2005) and efforts to minimize smoke exposure are important to maintain public 

support for prescribed fire programs (NWCG, 2001; McCaffrey, 2006; Blades et al., 2014; 

Bowman et al., 2018). While smoke from distant wildfires and large-scale burning of agriculture 

residue is common, the source of smoke was important to the public, stressing the necessity for 

public communication throughout prescribed fire operations (McCaffrey, 2006; Blades et al., 

2014; Navarro et al., 2018). Outside of those with an urban mandate, workshop participants did 

not universally consider smoke management the greatest concern, as most operate primarily in 

rural areas (Table 5.1). Smoke from prescribed fires can have serious local impacts (Price et al., 

2016). Smoke management was an integral component of all participating agency burn plans and 

required by legislation for provincial agencies (Schultz et al., 2019a). Techniques to reduce or 

redistribute smoke involve reducing fuel load and area burned, adjusting timing, and burning 

when conditions promote dispersion (NWCG, 2001). 

One of our biggest challenges is smoke management and so when you're 
surrounded…[by] housing developments, major arterial road, major roads 
around you, trying to manage that smoke becomes a real challenge. So…we set 
really strong smoke parameters and smoke management and so we have very few 
windows actually that we can burn in because of that smoke issue. 
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“So outside of the conservation piece there's also the [park] visitor piece. They don't necessarily 

come on their two precious weeks of holidays and expect that they're going to be smoked out.” 

The ability to operate within narrow burn windows required to conduct fires was critical 

to agencies in the northern prairies. Prescribed burning here has typically been done in the spring 

and fall with burn windows limited primarily by weather and secondarily by legislative and 

institutional constraints (Table 1; Roberts et al., 1999; Cleaves et al., 2000; Haines et al., 2001; 

Weir, 2011; Quinn-Davidson and Varner, 2012). The number of acceptable days for spring fires 

in the region has decreased over the last two decades while burning windows in late summer to 

early fall have increased (Yurkonis et al., 2019). Periodically shifting operations to include 

growing season fires after the migratory bird nesting period mid-July may be particularly 

effective for controlling non-native, invasive grasses (Vermeire et al., 2011; Gasch et al., 2020; 

Palit et al., 2021). If there were adequate dry and dead plant material to carry a fire, growing 

season fires may be operationally easier due to the greater personnel availability during agencies’ 

peak field season (Schultz et al., 2018). Logistics can limit burning in freezing temperatures, 

however, dormant season fires are least detrimental to grassland community productivity 

(Brockway et al., 2002), and can enhance spatial heterogeneity (Romo, 2003; Gross and Romo, 

2010a; 2010b). Such fires can often be done safely with patches of snow acting as fireguards 

(Higgins et al., 1989b). Historical fire regimes likely included fire in all seasons (Romo, 2003; 

Gross, 2005; Engle et al., 2009; Gross and Romo, 2010a; 2010b). Such spatial and temporal 

variation in burning can be important for conservation of biodiversity (Trauernicht et al., 2015; 

Bowman et al., 2016; Gordijn and O’Connor, 2021; Jones and Tingley, 2021).    

“I actually find that getting the weather window is the hardest part. Conducting a [prescribed] 

fire, we get a fire done about three out of five years. We plan for more and more every year it 

just doesn’t always happen.” 

[We] tend to have trouble getting them done in the spring for a couple reasons. 
One is again getting that prescription window. The second is that parks staff tend 
to be seasonal and oftentimes they're not back on until April. And so to get them 
back to get everybody rolling get our equipment going and be ready to do a burn 
before we hit the migratory bird window. 
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Canadian conservation and government agencies must comply with the Migratory Birds 

Convention Act and supporting Regulations, as well as other relevant legislation (e.g., Species at 

Risk Act), that restrict activities that may cause damage or harm to birds or their nests and habitat 

(Heffernan et al., 2019). Adherence to these statutes creates additional complexity for fire 

planning as mentioned frequently by workshop participants (Table 5.1). In Saskatchewan, 

migratory birds may begin nesting in April (Dale, 1987), necessitating field surveys before any 

prescribed fire activities. Long-term habitat enhancement in these situations may require permits 

to allow for any incidental death, which can be difficult to acquire (K. Hecker, pers. comm.). 

Grassland passerines and other migratory birds are generally well adapted to patchy, periodic 

fires in mixed grass prairie, however, reductions in bird abundances have been observed in the 

first growing season after fire (Grant et al., 2004; 2010). While direct mortality from purposeful 

fire is avoidable with planning, wildfire remains a serious threat to some endangered avian 

species, especially greater sage grouse (Centrocercus urophasianus; Adams et al., 2004; Foster 

et al., 2018). Prescribed burning to reduce risk of wildfire and to enhance fire resprouting 

sagebrush, a critical component of sage grouse habitat, may be beneficial overall to habitat and 

species’ recovery strategies (Watkinson, 2020). Meaningful discussion and project-specific 

planning between proponent and regulatory agencies could limit regulatory barriers to fire use 

for such purposes (Dibo et al., 2018; Miller et al., 2020). 

The paucity of trained and experienced practitioners and narrow timeframes to conduct a 

limited number of prescribed burns each season creates a compelling argument for effective 

coordination of planning, personnel, and equipment between agencies and individuals using fire. 

This was identified by surveyed representatives as their primary issue (Table 5.1) and noted in 

numerous scientific and program reviews (Okrainetz and Neal, 2013; Toledo et al., 2014; 

Ramberg et al., 2018; Schultz et al., 2018; 2019; 2020; Metallinou, 2020). Individual agencies, 

already burdened with significant costs associated with prescribed burning programs, can be 

reticent to take on the additional workload generated by planning, communicating, and sharing 

resources with other organizations (Schultz et al., 2020; Marks-Block and Tripp, 2021). As with 

any relationship, the value of the commitment is proportional to the effort the partners contribute, 

and agency participation in collective action must be a priority, or it is doomed to fail (Kagan et 

al., 2011; Schulz et al., 2020).  
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“…that's one of the strengths that I've really found with our partnerships is being able to learn 

from each other and training and gaining experience.” 

“…that partnership agreement that's going to lead to future collaborations where we'll be where 

we laid out what the requirements are on each side to allow for those for those future shares to 

happen.” 

Wildfire suppression is expensive (Hope et al., 2016; Tymstra et al., 2020), yet proactive 

mitigation and community resiliency measures, such as interagency prescribed burning 

collaborative efforts, have proved difficult to adequately and sustainably fund (Butler, 2009; 

Quinn-Davidson and Varner, 2012; Ryan et al., 2013; Campbell, 2016; Kolden, 2019; Schultz et 

al., 2019a). Workshop participants echoed the need for funding to support cooperation (Table 

5.1). North et al. (2015) identified this critical issue, as U.S. wildfire suppression has been 

financed through dedicated appropriations, and augmented with emergency funding, whereas 

fuel reduction and prescribed burning costs come out of limited budget allotments. Smaller, 

community-based initiatives, like PBAs found across the U.S., gather funding through 

membership dues (Weir et al., 2015) and look to various levels of government to provide 

supplemental support (Schultz and Moseley, 2019). An initial investment of $1.8M allowed the 

FLN to engage partners through personnel, equipment, and resource-sharing agreements to 

identify ecological priorities and implement fire restoration strategies at landscape scales (Butler, 

2009; Goldstein and Butler, 2010). This network become a focal point for exchange of 

knowledge and technologies to help collaborating agencies build successful prescribed fire 

programs across multiple jurisdictional and organizational boundaries (Butler, 2009; Goldstein 

and Butler, 2009; Twidwell et al., 2013c; Weir et al., 2016; Huber-Stearns et al., 2021). 

5.4.2 Comparative analysis of strategies 

There was a diversity of strategies employed by seven agencies in southern Saskatchewan 

that submitted relevant data (Table 5.2a). Overall, from 2016 to 2020, participating agencies 

conducted less than 50 prescribed fires, overwhelming in spring, on roughly 1,550 ha of 

grassland and parkland (Table 5.2a). 
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Table 5.2a. Agency strategies for prescribed fires categorized by comparative factors with 

number of fires, area burned, and complexity rating scores for fires successfully completed. 

Agency Experience Land Organizational Delivery  
Number 

Area 
(ha) 

Complexity Rating 
Level Distribution Structure Model Min. Max. Mean 

CWS Established Decentralized Unilateral High 9 832 -- -- -- 
PCS Established Decentralized Unilateral High 8 232 88 136 115 
GNP Established Centralized  Unilateral High 5 410 87 125 105 
MVA Established Centralized  Collaborative Low 18 41 82 113 93 
PAGC Established Decentralized Unilateral Low 2 0 -- -- -- 
NCC SK New Decentralized Collaborative Low 4 32 95 95 95 
COS New Centralized  Collaborative Low 0 0 -- -- -- 
Total         46 1,547       

 
With an average of less than 10 each year, these prescribed burns likely represent a tiny 

fraction of the total fire occurrence over the study area, estimated at a total of 440 ignition events 

annually across the three prairie provinces (Thompson and Morrison, 2020). The reporting 

agencies are only a subset of those using prescribed fire in southern Saskatchewan, however with 

an estimated annual completion area of less than 310 ha, it is relatively insignificant. In 

comparison, the Oklahoma PBA completed 9,250 ha of prescribed burning in 2018 alone (J. 

Weir, personal comm.), and with contributions from the Natural Resources Conservation 

Service, the state saw 84,700 ha burned over a 5-year period (Fuhlendorf et al., 2011). Further 

engagement with established organizations, especially Parks Canada, academia, and provincial 

fire management teams, and outreach to those individuals, communities, and agencies using or 

managing fire across the prairies into a collective reporting system, data repository, and 

knowledge sharing network would be a advancement over the current fragmented approach, as 

was undertaken in British Columbia and the U.S. in the early 2000s (Butler, 2009; Goldstein and 

Butler, 2009; 2010; Okrainetz and Neal, 2013; Twidwell et al., 2013a; Weir et al., 2016; Kramer 

et al., 2018; Huber-Stearns et al., 2021).  

Government organizations like CWS, GNP, and PCS, with decades of experience using 

prescribed fire and significant, long-term investment in planning, personnel and equipment are 

responsible for ~95% of the burned area as well as the most complex burns (Table 5.2a). 

Canadian Wildlife Service and GNP, along with Parks Canada, have evolved a sophisticated 

training, delivery, and research program on federal lands across the country, with its origins in 
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western Canada (Lopoukhine, 1983; Parks Canada, 1989; Weber and Taylor, 1992; White et al., 

1998; Pyne, 2007a; White et al., 2011; McGee et al., 2015). Based on a long history of and 

strategic approach towards internal and external resource sharing and mutual aid contributions 

(Parks Canada, 1989; 2017), Parks Canada has assisted in formal training of numerous 

practitioners including collaborative agreements for prescribed and cultural burning initiatives 

with NCC in Saskatchewan and Manitoba and the Kainai Nation in Alberta (M. Braun, J. Pelc, 

C. Eisenberg, personal comms.). At the provincial level, PCS and Saskatchewan Public Safety 

Agency (SPSA) have a similar but more limited relationship to provide review and approval of 

burn plans and assistance on resource management burns on provincial Crown lands (see The 

Wildfire Act [2014] and Regulations [2016]). While reporting only two prescribed fires for 

wildlife habitat enhancement during the research period, PAGC, with support from SPSA, is a 

highly organized program of teams of skilled firefighters focused primarily on wildfire 

suppression in First Nations communities across the province (Zahara, 2020).  

Meewasin Valley Authority, a local NGO based in Saskatoon, Saskatchewan, completed 

nearly half of all prescribed fires within the study group, in the most seasons, fuel types, and had 

the highest total number of participants (Table 5.2b). Created in 1979, MVA is funded by the 

COS, Government of Saskatchewan, and USASK to conserve cultural and natural resources of 

the South Saskatchewan River Valley; an embodiment of the concept that partners working 

together can accomplish more than they could separately (Moriyama, 1978). Drawing on a large 

pool of participants in the city and coordinating closely with experts within USASK, the agency 

employs an adaptive strategy using minimal equipment and smaller, less complex, but more 

frequent burning (Table 5.2). While COS, developing a new program, did not complete any fires 

during the period of study, they conducted three burns in spring 2021 with assistance from MVA 

(Giles, 2021). By using a collaborative model for delivery, MVA trained the most practitioners 

with an experiential “hands on” approach (Table 2b; McGranahan et al., 2022). 
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Table 5.2b. Diversity of fuel types and number of seasons of agencies’ prescribed fires, including 

number of days and participants, with an estimate of financial contribution per unit (ha and day). 

Agency Fuel 
Types Seasons Days 

 
ha/day Participants 

Financial 
Contribution ($) $/ha $/day 

Mean Total  Total Equipment  Total   

CWS 2 2  -- --  --  -- --  --  --  -- 
PCS 2 1 3 21 11 132 43,948 150,640 650 7,173 
GNP 2 2 8 47 9 116 24,700 80,950 197 1,722 
MVA 3 3 1.5 24 2 174 15,400 62,944 1,535 2,623 
PAGC 1 1 -- -- -- -- -- -- -- -- 
NCC SK 1 1 2 8 4 55 6,600 75,720 2,366 9,465 
COS -- -- -- -- -- -- -- -- -- -- 
Total       21   477 90,648 370,254     

 

In general, centralized, collaborative agencies completed the most burns and had highest 

participation rates, while unilateral agencies burned the most area (Table 5.2b). Approaches 

utilizing high-cost equipment allowed the greatest area burned per day at a much lower cost per 

hectare. Higgens et al. (1989) found that costs and work hours per unit of effort were “extremely 

high” for small, prescribed fires less than 4 ha but were essentially the same for larger burns of 

16 to 113 ha. With a large investment in equipment, and high costs associated with paying 

experienced firefighters, PCS, with a decentralized land base, burned roughly 5.5 times the area 

of Meewasin in half the number of fires. Meals, accommodations, and overtime for extended 

personnel deployments to distant locations added significant program costs, particularly for PCS 

and NCC, reflected in very high costs per day of burning (Table 5.2b). As non-profit NGOs, 

NCC and MVA faced additional personnel costs, that of day rate, or billing cost for an 

employees’ services for a single day, common in industries in which workers are employed on a 

per-project basis. Costs per hectare and per day were the highest for NCC, even as costs were 

offset by a large contingent of assisting groups providing in kind support (Table 5.2b).  

It is insufficient to simply report on and seek to expand area-based targets, but rather 

move, as Russell-Smith et al. (2020b) state, “to location-specific, risk-based assessments and 

strategic zoning approaches informed by contemporary predictive fire behaviour and ecological 

modelling tools” to maximize benefits within the constraints of limited time and resources (Hiers 

et al., 2003; Hmielowski et al., 2016; Young et al., 2017). The most frequent objectives cited 

were enhancement of wildlife habitat followed by reintroducing a natural ecosystem process and 
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reducing fuel and cover of woody or invasive plant species (Table 5.1; Table 5.2). These 

objectives are positive, but without multiscale planning and a coordinated approach towards fire 

to maintain biodiversity and other ecosystems services, individual agency’s efforts will remain 

fragmented and inadequate (Gillson et al., 2019). Expansion of landscape-scale, collaborative 

prescribed fire programs could facilitate integration of burning with tree thinning, targeted 

grazing, invasive species control, grassland and wetland restoration, and wildlife habitat 

initiatives to build and maintain more diverse, resilient, and adapted landscapes and communities 

(Laverty and Williams, 2000; Hiers et al., 2003; Chuvieco et al., 2010; Sneeuwjagt et al., 2013; 

Twidwell et al., 2013a; Rachmawati et al., 2015; Markovic et al., 2016; Gillson et al., 2019; 

Schultz and McCaffrey, 2019). 

5.4.3 Canadian Prairies Prescribed Fire Exchange (CPPFE): a case study 

Great strides have been made in the U.S. and British Columbia to coordinate landscape-

scale, multijurisdictional prescribed fire programs (Smith, 1970; Martin et al., 1977; Ferguson, 

2005; Butler, 2009; Goldstein and Butler, 2009; 2010; Okrainetz and Neal, 2013; Twidwell et 

al., 2013a; 2013c; Weir et al., 2016; Kramer et al., 2018). The prairie regions of Alberta, 

Saskatchewan, and Manitoba are in an earlier developmental stage with the recent establishment 

of the Canadian Prairies Prescribed Fire Exchange (CPPFE). While previous attempts failed to 

coalesce into a cohesive, sustainable entity, in December 2019 several agencies using prescribed 

fire, or seeking to employ the practice, participated in a funding proposal to the recently 

announced Weston Family Foundation’s Prairie Grasslands Initiative (Briere, 2021). The 

Foundation’s goal was to support conservation actions that measurably improved grassland 

biodiversity focusing on stewardship, restoration, research, and extension (WFF, 2022).  

Four objectives were proposed by the interagency group to the Foundation: 1) facilitate 

education and standardized training for agency practitioners, 2) draft agreements to share 

equipment, personnel and to address liability, 3) increase research of fire effects on biodiversity 

and other metrics, and 4) integrate local knowledge and share important findings with the public 

(Gross, 2020). This multiagency approach was analogous to a prescribed fire council (PFC), 

“that consist of land managers, natural resource professionals …and other community members” 

to advance “the appropriate use of prescribed fire” through technical assistance, advocacy, and 

outreach (Clark et al., 2022b). A total of 36 PFCs exist in 31 U.S. states, with networking at the 
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state and national level achieved through the Coalition of Prescribed Fire Councils (Wilbur and 

Scasta; 2021). There was one Canadian PFC operating in British Columbia (Okrainetz and Neal, 

2013), formalized in 2008 by the provincial government, and composed of multiple agencies for 

a more coordinated approach to applying prescribed fire (Neal and Grilz, 2016). This 

organization has since transitioned to B.C. FireSmart (https://firesmartbc.ca/) and Cultural 

Burning and Prescribed Fire (https://prescribedfire.ca/) working groups. Wilbur and Scasta 

(2021) described the creation of the recently formed Wyoming PFC, motivated by commonly 

held “frustrations” limiting the practice in their locality, as was the case in the Canadian prairies.  

The successful proposal in late-2020 was a unique instance of private funding matched 

by agency in-kind contributions, having raised $915,000 from the Weston Family Foundation to 

be administered by MVA and spent over 5 years. The founding members of CPPFE, the AMCP, 

COS, CWS, GNP, MVA, NCC, PAGC, PCS, and USASK, recognized a unique opportunity with 

the Foundation to formalize, enhance, and expand an existing network for ecological fire 

restoration in the absence of provincial and federal government support. The critical importance 

a multiscale, collaborative network was well documented in the U.S. (Goldstein and Butler, 

2010b) and Canadian fire management (Tymstra et al., 2020; Nikolakis and Roberts, 2022), but 

has not been meaningfully sustained in the three prairie provinces since initial efforts between 

the late-1970s and early 1990s (Bailey, 1978; 1988; McAvoy and Gordon, 1978; Higgins et al., 

1989a; Adams et al., 1992; Weber and Taylor, 1992).  

The CPPFE capitalized on a sociopolitical vacuum in the prairies, with priority activities 

to develop collaborative agreements, standardized training and curriculum, processes to address 

liabilities, and develop a field research program, data repository, equipment cache, and 

mechanisms for public outreach (Spencer, 2014; Neal and Grilz, 2016; Schultz et al., 2018). 

Within the first 22 months a number of project deliverables were achieved. A subset of agencies 

formed a Steering Committee to guide delivery and implementation of the CPPFE with an 

approved Letter of Intent including Operating Guidelines and Governance Protocols documents. 

A website was created as a hub for information sharing and public outreach 

(https://www.grasslandfire.ca/). Based on existing partnerships between NCC and Parks Canada, 

mutual aid agreements between MVA, NCC Saskatchewan, and PCS allow for shared personnel 
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and equipment across agency jurisdictions, with additional interagency support agreements in 

development (Schultz et al., 2020). 

Coordinated interaction between groups leverage individual agency strengths in a 

cooperative fashion (Goldstein and Butler, 2010b; Schutz et al., 2019). For instance, faculty in 

USASK’s Department of Plant Sciences, while also conducting some prescribed fires, are 

leading research on the effects of fire and educating graduate and undergraduate students in plant 

community ecology. Representing hundreds of livestock producers, AMCP recognized the 

benefit of prescribed fire to reduce woody plant encroachment into grasslands to improve cattle 

grazing on roughly 145,000 ha of land (AMCP, 2022). Agencies such as GNP, PCS, CWS, and 

NCC Manitoba have decades of experience conducting safe and effective fires and benefit by 

sharing information of those activities to the public. The PAGC Wildfire Management Task 

Force and Saskatchewan First Nations Emergency Management provide training and manage 

dozens of firefighting crews that respond to wildfires and other emergency situations in First 

Nations communities across the province (Zahara, 2020). Huber-Stearns et al. (2021) discussed a 

similar approach in the U.S., as “a range of actors with diverse capacities and resources (e.g., 

workforce, equipment, expertise) support cooperative networks that are working to implement 

prescribed fire. These actors operate at different spatial extents and governance levels to fill 

capacity gaps and work across administrative and jurisdictional boundaries.” 

The broad knowledge and experience base of core members was boosted by the hiring of 

a full-time CPPFE coordinator, as the existing workloads of agency representatives were major 

impediments to program development and implementation (Kreuter et al., 2019; Clark et al., 

2022b). A basic organizational structure and extended network was outlined in the original 

funding proposal, based largely on existing relationships in formats mirrored by established 

entities in the U.S., was quickly expanded (Goldstein and Bulter, 2010b; Huber-Stearns et al., 

2021). Principle members of the British Columbia, Alberta, and U.S. prescribed fire and fire 

science community, especially Wildfire Canada, a multiagency partnership for wildland fire 

science, and the Great Plains Prescribed Fire Exchange, were invaluable resources for the new 

CPPFE (Kocher et al., 2012; Smith et al., 2016; Hiers et al., 2020).  

An “Introduction to Prescribed Fire in the Grassland Environment" course was drafted by 

subject matter experts within CPPFE member agencies, tested via-in person delivery, and has 
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been available through USASK’s online portal since June 2022. This course was designed to be 

the minimum training standard for participation on fires facilitated by CPPFE members. In-

person workshops and university lectures were delivered on multiple occasions, with sessions 

presented to NGOs, landowners, First Nations groups, local fire departments, government 

personnel, and environmental consultants. Truncated versions of the course were presented to 

AMCP in Minnedosa, Manitoba, Elbow Community Pasture in Loreburn, Saskatchewan, and at 

the Tongue Creek Ranch, south of Turner Valley, Alberta, attended by over 120 livestock 

producers and community members. In addition, NCC and the CPPFE hosted Manitoba’s first 

multi-agency fire refresher workshop, including five regional partner agencies. In Alberta, 

members of CPPFE assisted in prescribed burning on two separate occasions in conjunction with 

pre- and post-burn workshops to observe the effects of fire on woody shrub encroachment and 

forage quality to surrounding landowners. The online course and partner and public events 

promoted awareness of prescribed fire, while fostering a community of practice (Saveland, 1998; 

Wenger, 1998; Li et al., 2009). Beyond the practical skills developed through such a social 

learning system, familiarity with prescribed burning is important for soliciting support from 

stakeholders and the public (Loomis et al., 2001). 

The core mandate of the CPPFE is to return fire to the prairie in a safe and effective 

manner. The CPPFE helped facilitate 12 burns across three provinces, totaling 283 ha of burned 

area from April 1 to September 30, 2022. The shared equipment cache, valued at roughly 

$30,000, was used on multiple burns. Seven prescribed burns were conducted with new partners, 

the Tongue Creek Ranch in Alberta, and Skinner Native Seeds in Manitoba. This total represents 

an increase over 2021, when less than 175 ha were completed primarily by NCC Manitoba. From 

October 15-21, 2022, the CPPFE held Canada’s first TREX in and around Saskatoon, 

Saskatchewan. A total of 40 participants from 11 organizations including university students, 

conservation staff, wildland fire personnel, and local fire departments developed practical skills 

combined with theoretical understanding to conduct safe and effective prescribed burns on seven 

burn units totaling roughly 100 ha on NGO, federal, university, and Indigenous lands. 

Even in the U.S., considerably more advanced in the application of the practice than 

Canada, few universities offer programs in prescribed fire and only a subset of those provides 

hands-on, fireline experience (McGranahan et al., 2022). Outside of these universities, 
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opportunities for experience with prescribed fire are extremely limited, offered mainly as single-

day workshops or demonstrations aimed at landowners (Kobziar et al., 2009). While experiential 

events often focus on building capacity among less experienced participants, the Canadian 

Prairies TREX saw six individual burn bosses gain experience and direct mentoring in their 

leadership roles. Only those at the highest levels of leadership or position specialization at 

government agencies have access to extensive and comprehensive training in the wildland fire 

environment (Schultz et al., 2019a; 2019b). As McGranahan et al. (2022) summarize, 

“[e]mployees of agencies…with substantial training and experience, such as seasonal firefighters 

and other crew members, have often received a limited education in fire science and encounter 

limited opportunities to receive more instruction. Meanwhile, [academics] and staff in 

professional positions might have a substantial amount of education and even some training but 

lack experience working on actual fires.” The TREX model fosters collaboration, learning, and 

network building, and offers flexible opportunities to train a variety of professionals with 

disparate needs (Spencer et al., 2015). Furthermore, CPPFE has been instrumental in the initial 

formative stages of three PBAs: Foothills, Alberta; Saskatoon, Saskatchewan; and Westman, 

Manitoba. These strategies are critical for increasing the variety of actors and resources involved 

in prescribed fire, building adaptive capacity and community resilience, and enhancing 

biodiversity by restoration of an important ecological process (Spencer et al., 2015; McLauchlan 

et al., 2020). 

Building on existing and new relationships in the fire science community has been 

valuable for building a multidisciplinary research program. In partnership with Canada Wildfire 

and USASK, a regional grassland fuels hub is in development and a grassland fire research 

database has been created and publicly available since November 2022. Additional projects 

exploring the impacts of fire on endangered butterfly populations in Manitoba, advancement of 

an early warning weather alert system for grassland fires in high fuel buildup areas with Canada 

Wildfire and studying the fire-grazing interaction and woody plant encroachment with the 

Tongue Creek Ranch in Alberta, are ongoing at the time of writing. These projects represent 

important opportunities to address knowledge gaps, train new practitioners, expand an existing 

network, and learn from and share knowledge with experts and local communities, all while 

generating significant match funding for research and outreach (Hiers et al., 2020; Clark et al., 

2022b). Members of CPPFE have also presented on the aspects of the interagency efforts at 
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recent scientific conferences including the Ecological Society of America/ Canadian Society for 

Ecology and Evolution joint meeting, Great Plains Fire Summit, and the Wildland Fire Canada 

Conference.  

The CPPFE has demonstrated some initial success in a collaborative initiative promoting 

prescribed fire, research, cooperation, and communication in the Canadian prairies, however, 

there are persistent issues to confront. Limited engagement with provincial and federal wildfire 

management, especially prescribed fire managers at Parks Canada, will prevent the formation of 

a Canadian FLN, an organization type that has been transformational in the U.S. (Butler, 2009; 

Goldstein and Butler, 2010a; 2010b; Goldstein et al., 2010). The tendency of gatekeepers to 

obstruct flows of information is characteristic of monocentric governance regimes (Termeer et 

al., 2010). Persistent power structures and dynamics that restrict or suppress polycentric, 

collaborative models will continue to hinder urgent, socioecological change (Morrison et al., 

2019). As clearly stated on the FLN website, “[b]y sharing decision-making and responsibility 

among stakeholders, the ecological, economic and social values provided by healthy landscapes 

are maintained, and the negative consequences of wildfire reduced” through “three intertwined 

goals: resilient landscapes, fire adapted human communities, and safe and effective wildfire 

response” (TNC, 2022). The FLN, in partnership with local, regional, and national organizations, 

fosters innovation by building trusting relationships and shared purpose, creating a self-

maintaining network (Goldstein et al., 2010). In its absence, prescribed fire, fire science, and 

wildland fire management in Canada will not reach the multiagency, coordinated integration 

found in the U.S., despite numerous calls for such actions (Taylor et al., 2006; White et al., 2011; 

Almstedt and Reed, 2013; Campbell, 2016; Nikolakis and Roberts, 2020; Tymstra et al., 2020; 

Coogan et al., 2021; Hoffman et al., 2022). 

To fully realize CPPFE’s organizational vision, “to increase the safe use of prescribed 

fire while respecting the potential risks it poses” and “foster partnerships, encourage community 

participation for the benefit of people, nature, and our livelihoods,” the interagency collaborative 

must continue to exploit their existing strengths, identify and foster relationships with local 

groups, connect and grow with the assistance of similar networks and larger social movements, 

and acquire long-term sustainable funding. An additional $700,000 was recently granted to the 

CPPFE by the Weston Family Foundation to meet expanded objectives related to prescribed fire 
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science and implementation across Canada but the CPPFE has yet to secure funding beyond 

2025. Continued and expanded support for Indigenous-led fire management, conservation, and 

governance is critical (Richardson, 2008; Marks-Block and Tripp, 2021; Hoffman et al., 2022), 

with related, potential alignment through Indigenous Guardians projects (Artelle et al., 2019) and 

bison rematriation initiatives (Clark et al., 2016; Keyser, 2018; Hisey et al., 2021). Clear linkages 

exist for the application of prescribed fire as a nature-based solution, defined as “actions to 

protect, sustainably manage and restore natural or modified ecosystems, which address societal 

challenges effectively and adaptively, while simultaneously providing human well-being and 

biodiversity benefits” (Cohen-Shacham et al., 2016), for which the Government of Canada is 

investing significant funding over the next five years (ECCC, 2021).  

Further challenges await the CPPFE, and time will tell if the growing organization can 

adjust to expansion and shifting priorities, a common challenge with other collaborative efforts 

(Benson et al., 2013; Morrison et al., 2019). The limits of existing prescribed fire prescriptions 

and policy will be tested, especially considering the extreme fire intensity needed for effective 

control of some woody plants (Guedo and Lamb, 2013; Twidwell et al., 2013b; 2016; Barr, 

2018). Fully addressing liabilities and insurance for NGOs and those operating on private lands 

remains a key priority for the CPPFE. With projected acceleration of climate change, protection 

of communities from wildfire will also be critical in the Canadian prairies as it is now globally 

(Schultz et al., 2019b; Twidwell et al., 2019; McWethy et al., 2019; Bowman et al., 2020). As 

practitioners and scientists, there are further opportunities to deliver and study the effects, seek 

advanced training, share our experience and knowledge, learn from elders, encourage community 

leaders and policy- and decision-makers to take critical action (Twidwell et al., 2021).  

Prescribed fire science and management has across North America and globally 

invariably arrived at a similar quandary: how do we work together and learn to live with fire 

(Taylor et al., 2006; Pyne, 2007b; Bowman et al., 2011; Rodriguez et al., 2011; North et al., 

2015; Smith et al., 2016; Thompson et al., 2018; Gillson et al., 2019; Hamilton et al., 2019; Hiers 

et al., 2020; Tymstra et al., 2020; Castro Rego et al., 2021; Coogan et al., 2021). Fire is a critical 

component of grassland ecosystems and continuing to suppress a natural ecosystem process 

needed to maintain diverse, functioning, and resilient landscapes inevitably leads to catastrophic 

wildfire (Pyne, 2001; White et al., 2011). Fire is not a “silver bullet” solution for all land 
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management issues, and critical thought, consideration, and discussion must be completed 

employed before committing to its deployment (Weber and Taylor, 1992; Pyne, 2001; DeFries 

and Nagendra, 2017; Russell-Smith et al., 2020b). Complex environmental issues such as 

restoring fire to Canada’s remaining grasslands cannot be addressed by any single agency or 

small-scale collaborative effort. The CPPFE provides a pathway to a multi-scale, multi-

jurisdictional network for use of prescribed fire to conserve biodiversity, reduce wildfire risk, 

and promote public health, safety, and community. 
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6.0 SYNTHESIS AND IMPLICATIONS 
 

This project contributes to the expansive study of fire in the Great Plains of North 

America. While the central and southern steppe has historically received more scrutiny, there is 

increasing need for interdisciplinary research informing land and heritage conservation of 

remnant northern prairies (Samson and Knopf, 1994; 1996; Conant et al., 2018; Perkins et al., 

2019; Epstein et al., 2021; WWF, 2021; Niemuth et al., 2022). Despite frequent fire along the 

transition from grassland to forest in western Canada, purposeful fire applied to large, intact 

prairie remains rare. This is a missing opportunity to acquire the beneficial effects of fire to the 

land, species, and its people (Weir et al., 2016; Thompson and Morrison, 2020; Dickson-Hoyle 

et al., 2022). The intersection of fire, grazing, biodiversity conservation, climate change 

mitigation, and adaptive governance in this region encompasses a multifaceted, socioecological 

approach to confront current and impending challenges (Dunn et al., 2020; Bardgett et al., 2021; 

Epstein et al., 2021).   

Following a comprehensive literature review in Chapter 2, in Chapter 3 I tested a simple, 

integrated model with a few key variables to approximate fire hazard as a tool readily available 

for the identification and management of fire risk in working grassland landscapes (Lozano et al., 

2007). Grazing intensity altered vegetation distribution and fuelbed heterogeneity (Foster et al., 

2020; Zopfi, 2020), and NDVI and slope were useful predictors of burn patterns, offering those 

tasked with fire suppression and control useful information for safe and effective planning, 

implementation, and analysis (Lozano et al., 2007; Sensie et al., 2018). Application of satellites 

and UAVs, combined with in situ field measurements, captured coarse- and fine-grained spatial 

patterns, respectively, of the fire and grazing regimes and is suited for operational use in 

topographically variable, northern mixed prairie (Lorah et al., 2018; Sensie et al., 2018; Lyu et 

al., 2022). 

Chapter 4 examined the reintroduction of fire into a semi-arid, grazed grassland that 

temporarily altered spatiotemporal patterns of herbivory and vegetation important for 
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conservation and management of species’ habitat on native rangelands (Fuhlendorf et al., 2011). 

Suppression of historic disturbances in fire-prone rangelands negates complex interactions with 

cascading effects on species’ habitat, biodiversity, and ecosystem resilience (Stevens et al., 

2022). Multiscale observation with remote sensing platforms evaluated changes over the growing 

season and provided additional insights to bison and cattle selectivity in response to burning at a 

very fine spatial scale valuable for habitat enhancement (Ling, 2018; Twidwell et al., 2022). 

Prudent stewardship of remaining northern mixed prairie requires understanding the interactive 

effects of fire and herbivory and recoupling those key disturbances, beyond a tool for 

management and conservation, but as an inherent and critical ecological process (Fuhlendorf et 

al., 2009; Allred et al., 2011). 

In chapter 5 I investigated the social dimensions of intentional burning to address societal 

constraints to adaptation (Copes-Gerbitz et al., 2021). Strategies for restoring fire in southern 

Saskatchewan, Canada, recognize the importance of developing of a community of practice 

within a multiscalar, collaborative effort but were limited by a range of social, informational, 

practical, and regulatory concerns (Goldstein and Bulter, 2009; Clark et al., 2022). Established 

programs in the region with significant investment in trained personnel and equipment, 

accomplished the largest and most complex areas burned, in contrast, those with limited funding 

using a collaborative approach burned most frequently. A newly formed, coordinating agency 

provided structure and additional funding to support various organizations, beginning to close a 

gap between research and implementation to advance the practice in Canadian prairies, with 

massive growth still required to match similar U.S. models (Knight et al., 2008; Weir et al., 

2016; Marks-Block and Tripp, 2021; Clark et al., 2022). 

This research addressed the role of fire in the prairie landscape from geographical, 

ecological, and social perspectives. In each of these domains of study, there are many avenues 

for further research. Further integration of state-of-the-art remote sensing tools, especially 

LiDAR, into new models at higher frequency of data collection and reiterative analysis will 

improve the predictability of grassland fire hazard (Jain et al., 2020). Greater replication and 

more fires conducted in a diversity of seasons and return intervals will more closely approximate 

the historic fire regime (Jones and Tingley, 2022). Weather and logistic constraints limited the 

application of prescribed fires in this study, indicating the need for a larger community of 
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practitioners in the region with the ability to coordinate and burn together at greater frequency 

(Weir et al., 2016). More rigorous criteria are required to answer specific social research 

questions to develop an explanatory model for the implementation of adaptive measures, such as 

prescribed burning, to increase socioecological resilience (Gray et al., 2015; Moon et al., 2016; 

Nyumba et al., 2018). 

Related mathematical models underpinning the Fire Weather Index System and Fire 

Behaviour Prediction of the Canadian Forest Fire Danger Rating System (CFFDRS) form the 

basis of wildland fire management locally and nationally (Wotton et al., 2009). While not 

considered an explicit model of fire risk (Johnston et al., 2020) or utilized in this research in 

favour of a more simplified, straight-forward measure of hazard identification and validation, 

CFFDRS variables incorporated with open-source statistical software offers a rich area of 

research for better quantifying and predicting grassland fire behaviour (Wang et al., 2017). 

Sullivan (2010) summarized fire behavior in grass fuels and factors that influence the behavior of 

grassfires, recommending the CSIRO Grassland Fire Spread Meter as an operational system for 

the prediction of grassfire behavior. Thompson and Morrison (2020) utilized surface weather 

variables, time of year, fuel moisture indices associated with the CFFDRS, and NVDI as a proxy 

for cured grass, as part of a model of fire occurrence across the Canadian prairies. Other 

predictive models, particularly BehavePlus, have demonstrated capacity for wildfire behaviour 

prediction, prescribed fire planning, fire investigation, fuel hazard assessment, and fire model 

research (Andrews, 2014), and was being investigated in British Columbia to assess grazing-

induced grassland fuel and fire risk reduction (A. Miller, personal comm.). 

Of note, the assumption that pyric herbivory should create habitat for numerous species 

in grassland was not directly addressed in this research. Rather, the purpose was to demonstrate 

positive responses to fire by both cattle and bison occur in northern rangelands at different 

scales. The importance of the fire-grazing interaction is corroborated in many studies 

(Fuhlendorf et al., 2006; Yarnell et al., 2007; Coppedge et al., 2008; Larson, 2014; Richardson et 

al., 2014; Duchardt et al., 2016). The dogma of the shifting mosaic hypothesis driving habitat 

creation and biodiversity conservation has been questioned (Parr and Andersen, 2006; Jones and 

Tingley, 2021). Generally, however, the importance of disturbance-driven heterogeneity and 

related vegetation responses by the purposeful application of fire and appropriate grazing is 
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recognized (Fuhlendorf and Engle, 2001; 2004). For example, the need for increased disturbance 

is directly cited in recovery strategies and management plans for several species at risk (ECCC, 

2017), and pyric herbivory is recommended to conserve grassland songbirds in the region 

(Richardson et al., 2014). Completeness of prescribed fires, mediated by pre-burn grazing 

intensity, may also influence avian responses (Ryan, 1986; Shaffer and DeLong, 2019). Patch-

burn grazing and underlying topoedaphic variation were both required to maintain biodiversity in 

northern mixed prairie, with species sensitive to different drivers of heterogeneity (Duquette, 

2021). Prescribed burning has been shown to create a variety of beneficial responses in 

resprouting silver sagebrush (White and Currie, 1983a; Comfort and Lamb, 2023), a necessary 

component of greater sage-grouse habitat in Canada (Aldridge and Brigham, 2002). While there 

is no presence of greater sage grouse at OMB, the observed increase in density of silver 

sagebrush following fire (Comfort and Lamb, 2023) is promising and should be explored to 

expand the limited habitat in the Milk River Basin of Saskatchewan, Alberta, and Montana 

(Adams et al., 2004; ECCC, 2017). There is a need to identify potential mechanisms underlying 

relationships and include broad-scale mapping and macroecological study of disturbance-driven 

biodiversity, demonstrating definitive causal effects to detail specific operational guidelines for 

optimal implementation (Parr and Andersen, 2006; Jones and Tingley, 2021). 

There are chronic and urgent social and environmental concerns that compel us to better 

understand and implement fire as a safe and effective land management process. Increased risk 

from wildfire, biodiversity losses, and societal fragmentation, locally and internationally, must 

drive a coordinated effort to address these issues at a variety of administrative and geographic 

scales simultaneously. Public acknowledgement of these issues and demand for mitigative, 

adaptive action must become collaborative and unified (Doran and Zimmerman, 2009). 

Confronting misinformation with high-quality, peer reviewed, and when possible, participatory 

and experiential information can overcome otherwise intransigent cultural barriers (Anderson, 

1994; Clark et al., 2022). Thus, a mechanism for personal engagement and group participation, a 

network of shared understanding, and desired behavioral change at a larger, societal scale is 

accomplished (van der Linden et al., 2015). Prescribed fire is a beneficial management practice 

in Saskatchewan and elsewhere; harnessing a primal, cohesive force, for our remaining native 

prairie grasslands, and each other. 
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APPENDIX A. SUPPLEMENTAL TABLES AND FIGURES FOR REMOTE SENSING OF GRASSLAND 
VEGETATION TO ASSESS POTENTIAL FIRE HAZARD AT DIFFERENT SCALES  

 

Table A.1. Mean, minimum, maximum, and standard deviation (STD.) for selected vegetation 

indices in 2016 and 2017 within the boundary of OMB.  

Index 
    Mean    Min.    Max.   STD.   Mean   Min.    Max.    STD. 

2016 2017 
NDVI 0.48 -0.20 0.88 0.07 0.32 -0.24 0.81 0.06 
MSAVI 0.64 -0.51 0.94 0.07 0.48 -0.64 0.90 0.06 
NDWI_11 -0.13 -0.63 0.41 0.08 -0.18 -0.52 0.70 0.06 
NDWI_12 0.10 -0.49 0.66 0.09 0.02 -0.41 0.74 0.07 

 
 

Table A.2. Simple statistics for cover of bare soil, total aboveground net primary productivity, 

and fuel load/biomass of functional groups in selected pastures at OMB in 2017.  

OMB 
Pasture 

Bare Soil Cover (%) Grass Biomass (kg ha-1) Forb Biomass (kg ha-1) 

Mean  Range STD.* Mean  Range STD. Mean  Range STD. Min. Max. Min. Max. Min. Max. 
N2 <1 0 6 1 360 34 1029 230 44 0 171 44 
N4 1 0 4 1 327 6 1282 241 44 0 163 42 
N5 3 0 35 6 234 15 947 189 49 0 265 56 
N8 1 0 18 3 374 19 1134 254 63 0 244 64 
S4 14 0 65 17 275 0 804 195 42 0 318 58 
S5 17 0 55 15 244 98 429 100 106 16 252 57 

             
OMB 
Pasture 

Shrub Biomass (kg ha-1) Litter Biomass (kg ha-1) Total Biomass (kg ha-1) 

Mean  Range STD. Mean  Range STD. Mean  Range STD. Min. Max. Min. Max. Min. Max. 
N2 1 0 39 5 65 0 753 116 470 100 1548 277 
N4 28 0 543 86 117 0 930 206 516 89 1659 382 
N5 18 0 509 80 58 0 316 66 359 73 1112 246 
N8 3 0 171 23 69 0 406 92 509 66 1384 299 
S4 0 0 0 0 56 0 636 109 373 80 1147 242 
S5 0 0 0 0 89 0 339 92 439 214 798 161 

 

Table A.3. Results of ANOVA for Sentinel-2 derived VIs in relation to grazing intensity and 

forage type in 2017 at OMB. Statistical significance was established at p≤0.05.  

  Grazing Intensity Forage Type 
Vegetation Index df F p df F p 
NDVI 2 64.81 <0.01 1 130.00 <0.01 
MSAVI 2 73.97 <0.01 1 148.40 <0.01 
NDWI.11 2 9.18 <0.01 1 15.34 <0.01 
NDWI.12 2 20.32 <0.01 1 39.11 <0.01 
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Figure A.1. Classification of variables associated with potential grassland fire hazard at OMB in 

summer 2017. Wetlands at OMB are highlighted in blue. 
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Table A.4. Simple statistics for elevation and slope in selected pastures at OMB.  

OMB 
Pasture 

Elevation (m) Slope (%) 

Mean  Range STD* Mean  Range STD 
Min. Max. Min. Max. 

N2 978 972 984 3 1 0 5 1 
N4 930 922 948 7 2 0 6 1 
N5 953 943 968 5 1 0 4 1 
N8 971 960 984 7 2 <1 6 1 
S4 972 966 976 2 1 0 3 1 
S5 989 980 993 4 2 <1 5 1 

 

 

Table A.5. Proportion (%) of potential fire hazard class at OMB in 2017 by pasture and 

prescribed burn plot.  

 

 

Table A.6. Summary of logistic regression and type II ANOVA to determine odds ratio of 

burning relative to selected fire risk factors at OMB.  

Variable Coefficient Exp. 
Coeff. 

Std. 
Error z Pr(>|z|) LR 

Chisq df Pr 
(>Chisq) 

(intercept) 0.23 1.26 0.17 1.36 0.17 -- -- -- 
Ndvi 0.30 1.34 0.10 3.06 <0.01 9.26 1 <0.01 
Ndwi -0.77 0.46 0.14 -5.36 <0.01 29.05 1 <0.01 
Slope 0.40 1.49 0.08 4.98 <0.01 24.58 1 <0.01 
elevation  -0.39 0.68 0.09 -4.56 <0.01 20.65 1 <0.01 
Aspect 0.13 1.14 0.08 1.70 0.09 2.88 1 0.09 

 

 

Potential Fire 
Hazard Class Low  Medium High Very high 

 
---------------------------------Pasture---------------------------------  
N2 0.2 41.6 58.2 <0.1  
N4 0.1 39.1 60.8 <0.1  
N5 0.0 39.9 60.1 0.0  
N8 0.0 50.5 49.5 0.0  
S5 0.0 60.8 39.2 0.0  
S4 0.0 75.2 24.8 0.0  
--------------------------------Burn plot-------------------------------  
N2 0.0 31.6 68.4 0.0  
N4 0.0 18.5 81.4 0.1  
N8 0.0 62.5 37.5 0.0  
S5 0.0 60.8 39.2 0.0  
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APPENDIX B. SUPPLEMENTAL INFORMATION, TABLES, AND FIGURE FOR UNGULATE GRAZING 
SELECTIVITY IN RESPONSE TO PRESCRIBED BURNING AND IMPACTS TO HETEROGENEITY OF 

GRASSLAND HABITAT AT MULTIPLE SCALES 
 

Random points constrained within an OMB pasture boundary were generated using a random 

walk function in R statistical software to generate unused points that the grazing animal could 

realistically have selected. Random points were generated separately for each pasture because 

each pasture presents unique constraints (e.g., size, number, and location of water points) that 

impact movement patterns. Random points were generated as follows: 

1. Travel distances between collar points were extracted. Movement distances followed a 

gamma distribution; gamma distribution parameters were estimated for each pasture. 

2. For each GPS observation (T1) a paired unused location was generated based on the 

previous observation (T0) by selecting a random direction and distance. Direction was 

drawn from a random uniform distribution constrained between 0 and 360 degrees. 

Distance was drawn gamma distribution with parameters as derived following point 1. 

3. Random points were constrained to be within the fence lines bounding each pasture; if a 

random point fell outside the pasture, a new random point was drawn.  
4.  
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Treatment 

 

Year 

Figure B.1. Significant changes to cover (%) of plant community characteristics based on 

treatment and year at OMB. 
 

Table B.1. Mean and standard error for canopy cover (%) of vegetation classes, bare soil, 

cryptograms, litter, and the Shannon Weiner diversity index (H’), species evenness, and richness 

in all 1.0 m2 quadrats at OMB pastures. Samples were collected in 2018 (N2=66; N4=64) and 

2019 (N2=65; N4=62).  
Category Fire-Grazed Grazed 
Canopy cover:   

Short-graminoids 11.53±3.81 7.29±0.88 
Mid-graminoids 38.81±7.12 46.30±1.65 
Short-forbs 3.84±1.10 6.53±0.69 
Mid-forbs 8.84±2.12 6.34±0.41 
Shrubs 1.97±1.07 1.90±0.43 
Total 65.00±8.28 68.32±1.59 

Bare soil 0.94±0.35 0.89±0.20 
Clubmoss & lichen 66.72±8.70 65.19±2.13 
Litter 34.69±8.98 51.62±2.09 
H' 1.46±0.11 1.49±0.03 
Evenness 0.62±0.05 0.69±0.01 
Richness 11.19±0.69 9.40±0.17 
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Table B.2. Summary of the Monte Carlo permutations to test the effects of selected 

environmental variables on data sets for cover of all plant species, functional groups, and plant 

species diversity at OMB pastures in 2018 and 2019. Bolded terms are significant. 

  Year Burn NDVI Grazing D.water Slope D.fence Residual 
---------------------------------------Cover of all plant species--------------------------------------- 

Variance 0.02 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 0.36 
F value 12.02 2.60 22.93 3.13 1.81 2.63 1.39  
P value <0.01 0.01 <0.01 <0.01 0.03 <0.01 0.17  
-----------------------------------Cover of plant functional groups----------------------------------- 
Variance <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.10 
F value 1.37 3.11 37.83 2.83 1.07 0.81 1.03  
P value 0.22 0.03 <0.01 0.44 0.35 0.47 0.36   

 

Table B.3. Herbivore visitation, NDVI within each pasture’s prescribed burn plot at OMB by 

month of the growing season in 2018 and 2019. Cattle are recorded as “na” in April and May as 

the cattle grazing season begins in June. 

Month 
2018 2019 

NDVI Visitation NDVI Visitation 
N2 N4 N2 N4 N2 N4 N2 N4 

April 0.10 0.13 na 1 0.30 0.27 na 5 
May 0.27 0.24 na 1 0.34 0.31 na 67 
June 0.45 0.43 650 0 0.39 0.35 29 445 
July 0.42 0.40 388 12 0.44 0.39 1094 111 
August 0.23 0.21 474 0 0.40 0.40 453 159 
September 0.16 0.15 113 6 0.35 0.39 569 1 
October 0.17 0.17 68 3 0.29 0.30 6 69 
Total -- -- 1693 23 -- -- 2151 857 
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Table B.4. Comparison of models used to predict resource selection of cattle and bison at the 

pasture and prescribed fire plot scale at OMB. K was the number of parameters included in the 

model. Models were ranked based on Akaike’s information criteria (ΔAIC) values.  

Model K Cattle Bison 
AIC ΔAIC AIC ΔAIC 

----------------------------------------------------------Pasture scale----------------------------------------------------------  
Null 1 347421 6552 247263 2123 
Burn footprint 2 347374 6504 247226 2086 
NDVI 2 344909 4039 247220 2080 
D.water 2 347423 6554 247212 2072 
Slope 2 343340 2470 245459 320 
D.fence 2 346960 6091 247032 1892 
Elevation 2 345993 5123 246523 1383 
Burn footprint + NDVI 3 344898 4028 247184 2044 
Burn footprint + D.water 3 347375 6505 247181 2042 
Burn footprint + Slope 3 343251 2381 245403 263 
Burn footprint + D.fence 3 346910 6041 247012 1872 
Burn footprint + Elevation 3 345931 5061 246489 1349 
Burn footprint + NDVI + D.water 4 344899 4029 247137 1997 
Burn footprint + NDVI + Slope 4 341054 185 245382 242 
Burn footprint + NDVI + D.fence 4 344424 3555 246967 1828 
Burn footprint + NDVI + Elevation 4 343442 2572 246452 1312 
Burn footprint + NDVI + D.water + Slope 5 341055 186 245373 233 
Burn footprint + NDVI + D.water + D.fence 5 344425 3555 246944 1804 
Burn footprint + NDVI + D.water + Elevation 5 343418 2548 246454 1314 
Burn footprint + NDVI + D.water + Slope + D.fence  6 340952 83 245265 125 
Burn footprint + NDVI + D.water + Slope + Elevation 6 340974 105 245281 141 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 340870 0 245140 0 
---------------------------------------------------Prescribed fire plot scale--------------------------------------------------- 
Null 1 5004 4 1638 18 
Burn pixel 2 5000 0 1619 0 
NDVI 2 5005 5 1638 19 
Slope 2 5006 6 1639 20 
Elevation 2 5004 4 1640 20 
Burn pixel + NDVI 3 5002 2 1621 1 
Burn pixel + Slope 3 5002 2 1621 2 
Burn pixel + Elevation 3 5000 0 1621 2 
Burn pixel + NDVI + Slope  4 5004 4 1623 3 
Burn pixel + NDVI + Elevation 4 5002 2 1623 3 
Burn pixel + NDVI + Slope + Elevation 5 5002 2 1625 5 
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Table B.5. Comparison of top models used to predict resource selection of cattle and bison at the 

pasture scale during the 2018 growing season at OMB. K was the number of parameters included 

in the model. Models were ranked based on Akaike’s information criteria (ΔAIC) values.  

Model K Cattle Bison 
AIC ΔAIC AIC ΔAIC 

-----------------------------------------------------------------Jun-18----------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 28584 36 22725 9 
Burn footprint + NDVI + D.water + Slope 5 28560 12 22726 10 
Burn footprint + NDVI + D.water + Slope + D.fence  6 28558 10 22717 0 
Burn footprint + NDVI + D.water + Slope + Elevation 6 28551 3 22728 12 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 28548 0 22716 0 
-----------------------------------------------------------------Jul-18------------------------------------------------------------------ 
Burn footprint + NDVI + Slope 4 52966 52 24243 26 
Burn footprint + NDVI + D.water + Slope 5 52930 15 24245 27 
Burn footprint + NDVI + D.water + Slope + D.fence  6 52917 2 24236 19 
Burn footprint + NDVI + D.water + Slope + Elevation 6 52927 12 24237 19 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 52915 0 24218 0 
----------------------------------------------------------------Aug-18----------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 51288 78 24865 15 
Burn footprint + NDVI + D.water + Slope 5 51290 79 24865 15 
Burn footprint + NDVI + D.water + Slope + D.fence  6 51240 29 24850 1 
Burn footprint + NDVI + D.water + Slope + Elevation 6 51251 41 24865 15 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 51210 0 24850 0 
-----------------------------------------------------------------Sep-18----------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 49004 55 22710 2 
Burn footprint + NDVI + D.water + Slope 5 48995 45 22712 4 
Burn footprint + NDVI + D.water + Slope + D.fence  6 48952 3 22708 0 
Burn footprint + NDVI + D.water + Slope + Elevation 6 48984 34 22714 6 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 48949 0 22709 2 
----------------------------------------------------------------Oct-18----------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 23268 113 20744 6 
Burn footprint + NDVI + D.water + Slope 5 23269 114 20745 6 
Burn footprint + NDVI + D.water + Slope + D.fence  6 23238 82 20739 1 
Burn footprint + NDVI + D.water + Slope + Elevation 6 23181 25 20743 5 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 23156 0 20739 0 
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Table B.6. Comparison of top models used to predict resource selection of cattle and bison at the 

pasture scale during the 2019 growing season at OMB. K was the number of parameters included 

in the model. Models were ranked based on Akaike’s information criteria (ΔAIC) values.  

Model K Cattle Bison 
AIC ΔAIC AIC ΔAIC 

--------------------------------------------------------------Jun-18--------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 4110 3 25342 3 
Burn footprint + NDVI + D.water + Slope 5 4112 5 25339 0 
Burn footprint + NDVI + D.water + Slope + D.fence  6 4107 0 25340 2 
Burn footprint + NDVI + D.water + Slope + Elevation 6 4113 6 25340 1 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 4109 2 25341 3 
--------------------------------------------------------------Jul-19---------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 36829 48 24908 187 
Burn footprint + NDVI + D.water + Slope 5 36806 25 24894 173 
Burn footprint + NDVI + D.water + Slope + D.fence  6 36782 1 24852 131 
Burn footprint + NDVI + D.water + Slope + Elevation 6 36805 23 24773 52 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 36781 0 24721 0 
-------------------------------------------------------------Aug-19--------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 37619 16 26704 15 
Burn footprint + NDVI + D.water + Slope 5 37616 12 26705 15 
Burn footprint + NDVI + D.water + Slope + D.fence  6 37604 0 26700 11 
Burn footprint + NDVI + D.water + Slope + Elevation 6 37618 14 26698 9 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 37606 2 26689 0 
-------------------------------------------------------------Sep-19---------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 35519 36 25677 66 
Burn footprint + NDVI + D.water + Slope 5 35511 28 25660 49 
Burn footprint + NDVI + D.water + Slope + D.fence  6 35491 8 25637 26 
Burn footprint + NDVI + D.water + Slope + Elevation 6 35502 19 25631 20 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 35483 0 25611 0 
-------------------------------------------------------------Oct-19---------------------------------------------------------------- 
Burn footprint + NDVI + Slope 4 17818 18 26722 0 
Burn footprint + NDVI + D.water + Slope 5 17820 20 26724 2 
Burn footprint + NDVI + D.water + Slope + D.fence  6 17821 21 26724 2 
Burn footprint + NDVI + D.water + Slope + Elevation 6 17800 0 26726 4 
Burn footprint + NDVI + D.water + Slope + D.fence + Elevation 7 17802 2 26726 4 

 

 

 



 
 

199 
 

Table B.7. Estimated RSF coefficients for cattle (N2) and bison (N4) at OMB from June-October 

in 2018. Model parameters are selection for prescribed fire (burn.footprint), NDVI, slope (%), 

distance to water (d.water; m) and fences (d.fence; m), and elevation (m). Standardized variables 

shown for coefficient comparison. Bolded terms are significant.  

Parameter 
Cattle Bison 

Estimate with 
standard error Z value P value Estimate with 

standard error Z value P value 

--------------------------------------------------------------------Jun-18-------------------------------------------------------------------- 
Intercept 0.01±0.01 0.65 0.51 -0.06±0.02 -3.63 <0.01 
Burn.footprint -0.26±0.07 -3.78 <0.01 0.13±0.61 0.22 0.82 
NDVI 0.65±0.02 38.84 <0.01 0.20±0.02 11.91 <0.01 
D.water -0.10±0.02 -5.22 <0.01 0.02±0.02 0.84 0.40 
Slope -0.04±0.01 -2.70 0.02 -0.06±0.02 -3.69 <0.01 
D.fence 0.03±0.02 1.79 0.07 0.06±0.02 3.68 <0.01 
Elevation -0.06±0.02 -3.41 <0.01 -0.03±0.02 -1.48 0.14 
--------------------------------------------------------------------Jul-18--------------------------------------------------------------------- 
Intercept 0.01±0.01 0.84 0.40 -0.03±0.02 -2.09 0.04 
Burn.footprint -0.21±0.08 -2.51 0.01 -0.65±0.51 -1.27 0.20 
NDVI 0.46±0.01 40.30 <0.01 0.04±0.02 2.36 0.02 
D.water -0.08±0.01 -5.85 <0.01 0.07±0.02 3.73 <0.01 
Slope -0.07±0.01 -6.30 <0.01 -0.12±0.02 -7.74 <0.01 
D.fence 0.01±0.01 0.63 0.53 0.08±0.02 4.57 <0.01 
Elevation -0.03±0.01 -20.2 0.04 -0.09±0.02 -4.55 <0.01 
-------------------------------------------------------------------Aug-18-------------------------------------------------------------------- 
Intercept <-0.01±0.01 -0.30 0.77 -0.03±0.01 -2.08 0.04 
Burn.footprint -0.07±0.07 -0.94 0.35 -23.28±75870.00 <-0.01 1.00 
NDVI 0.39±0.01 33.00 <0.01 0.11±0.02 6.89 <0.01 
D.water 0.05±0.01 3.58 <0.01 <-0.01±0.02 -0.01 0.95 
Slope -0.10±0.01 -9.08 <0.01 -0.09±0.02 -6.03 <0.01 
D.fence 0.06±0.01 5.05 <0.01 0.06±0.02 4.11 <0.01 
Elevation 0.08±0.01 5.60 <0.01 -0.03±0.02 -1.63 0.10 
-------------------------------------------------------------------Sep-18--------------------------------------------------------------------- 
Intercept 0.02±0.10 -2.01 0.04 -0.03±0.02 -1.74 0.08 
Burn.footprint 0.18±0.14 1.27 0.20 -1.71±0.63 -2.71 0.01 
NDVI 0.24±0.01 20.51 <0.01 0.03±0.02 2.07 0.04 
D.water 0.07±0.01 4.72 <0.01 0.02±0.02 0.98 0.33 
Slope -0.09±0.01 -8.16 <0.01 -0.03±0.02 -1.75 0.08 
D.fence 0.05±0.01 4.24 <0.01 0.04±0.02 2.22 0.03 
Elevation 0.03±0.02 2.32 0.02 -0.01±0.02 -0.71 0.48 
-------------------------------------------------------------------Oct-18--------------------------------------------------------------------- 
Intercept <-0.01±0.02 0.31 0.75 -0.03±0.02 -1.61 0.11 
Burn.footprint -0.15±0.19 0.78 0.44 -1.61±0.63 -2.55 0.01 
NDVI 0.43±0.02 20.12 <0.01 0.23±0.02 12.46 <0.01 
D.water 0.18±0.02 8.12 <0.01 -0.03±0.02 -1.31 0.19 
Slope 0.04±0.02 2.26 0.02 -0.01±0.02 -0.50 0.62 
D.fence 0.10±0.02 5.18 <0.01 0.04±0.02 2.03 0.04 
Elevation 0.22±0.02 9.13 <0.01 0.03±0.02 1.57 0.12 
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