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Abstract 

Fire is one of the most important natural disturbances shaping forest communities. Fire 

impacts bat communities by changing forest structure, foraging opportunities, and roost 

availability. I examined the effects of the Kenow wildfire on the bat community in Waterton 

Lakes National Park (WLNP), Alberta. The Kenow wildfire was a severe fire that burned 38% of 

the park in September 2017. I radio-tracked female and male Myotis lucifugus to examine 

roosting behaviour and roost-tree availability two- and three-years post-fire. Reproductive 

female maternity colonies were found exclusively in buildings in the Waterton townsite. Males 

and non-reproductive females were tracked to tree and rock roosts in both burned and 

unburned areas. Roost-tree availability does not appear to have changed immediately after the 

wildfire. WLNP bat activity was examined using acoustic detectors to record bat echolocation 

calls at thirteen sites for three years before and three years after the wildfire. I analyzed 

echolocation recordings to examine bat activity changes pre- and post-fire as well as between 

burned and unburned areas. The Kenow wildfire negatively affected Eptesicus 

fuscus/Lasionycteris noctivagans, Lasiurus cinereus, and Myotis evotis. 40 kHz Myotis activity, 

likely predominately M. lucifugus, did not change pre- to post-fire. However, activity increased 

in burned areas and decreased in unburned areas. Myotis lucifugus are opportunistic and were 

likely able to adapt quickly to the changes in foraging habitat, insect communities, and roosting 

opportunities after the wildfire. Eptesicus fuscus/L. noctivagans, L. cinereus, and M. evotis were 

likely less adaptable to the significant ecological changes caused by the wildfire. However, the 

results are for the first three years post-fire and it may take time for the positive effects of the 

Kenow wildfire to be observed. 

 Keywords: post-fire, insectivorous bat, acoustic analysis, roost selection, nightly activity 
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Chapter 1: General Introduction 

1.1 Fire and Bats 

1.1.1 Fire 

Although there is natural climate variability, anthropogenetic influences (e.g. 

greenhouse gas emissions) are causing unprecedented climatic change (IPCC 2014). The 

increasing global average surface temperature is influencing climate-related extreme events 

including heatwaves, droughts, floods, and wildfires (IPCC 2014). Globally, the number, 

duration, and severity of wildfires are predicted to continue to rise due to increasing 

temperatures and changes in the precipitation cycle (Gillett et al. 2004, Westerling et al. 2006, 

Rocca et al. 2014, Stephens et al. 2014). In addition, current activities (i.e. land use and 

management changes) as well as historical practises (i.e. fire suppression) have intensified 

wildfire size and severity (Stephens et al. 2014, Singleton et al. 2019). The composition, 

structure, and function of a forest is heavily influenced by the fire regime (i.e. fire frequency, 

size, seasonality, and severity) (Heinselman 1973, Wright and Bailey 1982, Flannigan et al. 

2000), with the fire regime being intricately linked to the climate of that area (Swetnam 1993, 

Flannigan and Harrington 1988). Fire regimes respond rapidly to changes in climate (Flannigan 

et al. 2000). Therefore, if current climate projections hold true, there could be immediate and 

significant impacts to forest communities (Flannigan et al. 2000).     

Fire is an important natural disturbance shaping forest communities (Waldrop et al. 

1992, Brose et al. 2001, Krawchuk et al. 2020), creating a mosaic of habitat patches and altering 

species composition and forest structure (Dale et al. 2001, Johnstone et al. 2016). Wildfires 

create ecosystem diversity, encouraging seed germination and new growth, recycling nutrients, 

while also killing trees and soil seed banks (Wright and Bailey 1982, Whelan 1995). The resulting 

impact on faunal species from fire-altered habitats include new food resources and roosting 

and nesting opportunities, reduced habitat complexity (increased visibility and movement), and 

changes to parasite, prey and predator communities (Gibbons and Lindenmayer 2002, Jaffe and 

Isbell 2009, Hancock et al. 2011, Romme et al. 2011, Pausas and Parr 2018). Although fire 

promotes landscape heterogeneity (Armitage and Ober 2012) and maintains suitable habitat 
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for wildlife (Pausas and Parr 2018), it is unknown what the effects of rapidly changing fire 

regimes will be on forest biodiversity (Fontaine and Kennedy 2012, Blakey et al. 2019). 

1.1.2 Bats  

Bats are a diverse order of mammals (Voigt and Kingston 2016), playing essential roles 

in ecosystem services (Kunz et al. 2011, Russo et al. 2018b). Insectivorous bats are the main 

predators of nocturnal crop and forest pests (Cleveland et al. 2006, Dodd et al. 2012), with an 

annual agricultural value in North America estimated to be in the billions of dollars (Boyles et al. 

2011). Globally, bat populations appear to be declining (Jones et al. 2009) and population 

recovery is slow when there are high mortality rates (Voigt and Kingston 2016). Due to their 

unique life history, bats are particularly susceptible to anthropogenic pressures (Loeb et al. 

2015, Voigt and Kingston 2016). North American bats have a low reproductive rate (typically 

one litter per year of one to three pups) (Barclay and Harder 2003, Barclay et al. 2004), are 

long-lived (Brunet-Rossinni and Austad 2004, Munshi-South and Wilkinson 2010), have high 

metabolic rates and thus high food requirements (Voigt and Kingston 2016), and use 

energetically expensive sustained flight (Voigt and Lewanzik 2011). 

In Alberta, Canada, bats are active from approximately April to September (Lausen 2007, 

Olson and Flach 2016). Bat species in Alberta migrate to either more southern locations (e.g. 

California and Mexico) (Cryan 2003) or undergo regional movements to their hibernation sites 

(Schowalter 1980). Migratory bats begin to leave the province and return to their overwintering 

areas starting by the middle of July (Baerwald and Barclay 2011), with the hibernating species 

returning to their hibernacula starting in mid-August (Schowalter 1980). Bats in Alberta mate in 

the fall and winter (Wimsatt 1945, Cryan et al. 2012, Olson and Flach 2016), with females 

becoming pregnant in the spring, and typically giving birth from mid June to late July (Koehler 

and Barclay 2000, Solick and Barclay 2007). Pups are flying approximately three to five weeks 

after birth and are foraging independently after approximately five to seven weeks (Kunz 1971, 

Buchler 1980, Koehler and Barclay 2000).  

During the summer, bats in Alberta use a variety of roosting structures including trees 

(e.g. in cavities, under bark, in foliage), rock crevices, and anthropogenic structures (e.g. 

buildings, bridges, bat houses) (Nagorsen and Brigham 1993). The roosting patterns of bats are 
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influenced by factors such as roost abundance and availability, as well as the distribution and 

abundance of food sources (Kunz 1982). Although both roosts and foraging habitat are critical 

resources to bats, it is difficult to determine if either (or both) are limiting factors affecting the 

populations of bats (Humphrey 1975, Fenton 1997). As flight enables bats to use a variety of 

habitat types across a large area, bats can commute between different environments for 

roosting versus foraging quickly and with relatively low energetic costs (Norberg 1990, Fenton 

1997). To understand if roosts or food are limited for bats in a particular area, knowledge of the 

quality and distribution of these resources, as well as the species-specific requirements is 

needed (Fenton 1997, Salinas-Ramos et al. 2020). To assess roost availability, it is also 

important to consider that many species of bats show strong preferences for specific roost 

types (e.g. cavities, bark, buildings) (Kunz and Lumsden 2003).  

Bats are currently facing unprecedented threats, including land use changes (e.g. 

urbanization and industrial development) (Russo and Ancillotto 2015, Voigt and Kingston 2016), 

habitat loss and fragmentation (Lacki et al. 2010, Fuentes-Montemayor et al. 2013), active 

persecution (Mickleburgh et al. 2002), pesticides and other pollutants (Oliveira et al. 2021), as 

well as climatic change (Jones et al. 2009, Sherwin et al. 2013). Recently, some North American 

bat species have been further threatened by white-nose syndrome (WNS) and wind energy 

development (Loeb et al. 2015). WNS syndrome is a disease caused by the fungus 

Pseudogymnoascus destructans, and has killed millions of hibernating bats since it was first 

introduced in North America in 2006 (Frick et al. 2016). The fungus causes bats to arouse from 

torpor frequently throughout hibernation, depleting their fat reserves before insects emerge in 

the spring (Czenze et al. 2017, Mayberry et al. 2018). As of fall 2021, WNS has been found in 

Canada as far west as Manitoba, however, it has also been detected in Montana and 

Washington state (U.S. Fish and Wildlife Service 2021). Wind energy development primarily 

affects migratory species of bats (Arnett and Baerwald 2013) and causes mortalities due to 

barotrauma (i.e. lung damage due to the air-pressure change that occurs near to the turbine 

blades) and being struck by the blades (Baerwald et al. 2008, Loeb et al. 2015). Population 

projection modeling has suggested that wind turbines may significantly reduce population sizes 

in the coming years (Frick et al. 2017, Friedenberg and Frick 2021). 
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More frequent and higher-severity wildfires are another possible threat to bats (Bosso 

et al. 2018). The distribution of bats across different habitats is influenced by microclimatic 

conditions, vegetation structure, and resource availability, including distances to water, and 

foraging and roosting sites (Rainho et al. 2010, Rainho and Palmeirim 2011, Dias-Silva et al. 

2018). Many of these factors are heavily influenced by the fire regime of the area (Bosso et al. 

2018). Thus, the resulting response by bats to wildfire is complex due to a variety of 

interactions between the fire regime (e.g. severity, frequency, season), regional climate, habitat 

type, and the individual species’ biology (Perry 2012, Griffiths et al. 2015, Kelly et al. 2017, Law 

et al. 2018, Steel et al. 2019). Overall, however, the effect of wildfire on bats is understudied 

and poorly understood (Perry 2012, Buchalski et al. 2013, Law and Blakey 2021).  

1.1.3 The effect of fire on bats 

There have been several studies on the effects of prescribed fire on bat communities 

(Boyles and Aubrey 2006, Loeb and Waldrop 2008, Silvis et al. 2016), as well as fire-surrogate 

treatments such as overstory thinning (Humes et al. 1999, Menzel et al. 2002, Patriquin and 

Barclay 2003, Titchenell et al. 2011, Thomas et al. 2019). However, wildfires can differ from 

silvicultural treatments in terms of fire extent, intensity, and time of year (Buchalski et al. 2013, 

Lawes et al. 2015, Perry and McDaniel 2015). Studies on the effects of wildfires on bats have 

varied in terms of their location and the species of bats involved, time of year the fire occurred, 

size, frequency, and severity of the fire, length of time since the fire occurred, as well as the 

data available for comparisons (e.g., Perry 2012, Doty et al. 2016, Steel et al. 2019, Jung 2020, 

Starbuck et al. 2020, Ancillotto et al. 2021). As such, the apparent effects of wildfire on bat 

communities have also varied. Studies have found that fire (both prescribed and wildfire) 

generally have an overall neutral or positive effect on most bat species (Malison and Baxter 

2010a, Armitage and Ober 2012, Buchalski et al. 2013, Inkster-Draper et al. 2013, Cox et al. 

2016, Austin et al. 2018a, 2020, Braun de Torrez et al. 2018a, Steel et al. 2019, Ancillotto et. al 

2021, Blakey et al. 2021, Taillie et al. 2021). However, species-specific negative responses have 

also been reported (Blakey et al. 2019, Steel et al. 2019, Jung 2020, Starbuck et al. 2020, 

Ancillotto et al. 2021). Overall, fire impacts insectivorous bat communities by changing the 
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foraging habitat, insect communities (i.e. prey), and roosting opportunities (Lacki et al. 2009, 

2017, Armitage and Ober 2012, Buchalski et al. 2013).  

Forest structure affects bat species’ spatial distribution (Patriquin and Barclay 2003, 

Blakey et al. 2017) as different species have morphological and echolocation characteristics that 

make them suited for specific habitats (Schnitzler et al. 2003) and foraging styles (i.e. clutter, 

edge, or open specialists) (Blakey et al. 2019). Fires result in altered habitats with distinct edges, 

reduced vegetative complexity in the midstory and understory, lower tree densities and more-

open canopies (Boyles and Aubrey 2006, Perry 2012, Jung 2020). Large bodied, lower 

echolocation-frequency, less-maneuverable bat species typically avoid cluttered fly-ways as 

dense understory and canopy vegetation can interfere with flight, echolocation, and foraging 

success (Buchalski et al. 2013, Denzinger and Schnitzler 2013, Cox 2016). Although densely 

vegetated environments reduce flight efficiency (Norberg 1981), via physical (Brigham et al. 

1997a) and acoustical clutter (Miller and Degn 1981), open habitats are avoided by some bat 

species due to increased predation risks and winds that affect flight and prey capture (Verboom 

and Spoelstra 1999). Smaller bodied, higher echolocation frequency, more maneuverable bats, 

can exploit a larger range of habitats and are less affected by clutter and tree density (Patriquin 

and Barclay 2003, Sleep and Brigham 2003). Overall, however, bats are highly mobile (Henry et 

al. 2007), and are thus likely not confined to one area, exploiting a variety of habitat patches at 

a relatively large spatial scale (Patriquin and Barclay 2003).  

In addition to habitat use based on the bat species’ ecomorphology, the availability of 

foraging opportunities also influences their distribution (Erickson and West 2003, Lacki et al. 

2009). Past research has suggested that the increase in abundance of pyrophilous insects lasts 

for the first one to three years after a fire (Buchalski et al. 2013) with changes to the diversity 

and abundance of insect communities up to several decades post-fire (Buddle et al. 2005, 

Moretti et al. 2006). Severe fires also create pulses of insect productivity, resulting in a large 

number of benthic, emerging aquatic, as well as terrestrial insects (Lacki et al. 2009, Malison 

and Baxter 2010a, Buchalski et al. 2013, Kral et al. 2017). Wildfires can promote algal growth 

due to higher water temperatures in burned areas (from reduced canopy cover) and increased 

amounts of nutrients such as nitrogen and phosphorus (Spencer and Hauer 1991, Minshall et al. 
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1997, Malison and Baxter 2010a). The increase in algae may then promote greater numbers of 

primary consumers, especially disturbance-adapted species which have short generation times, 

produce many offspring, and have high dispersal rates (e.g. Chironomidae) (Minshall 2003, 

Malison and Baxter 2010b). The increase in primary consumers is often associated with a 

corresponding increase in the insect Orders that prey on them (Malison and Baxter 2010b, 

Vieira et al. 2004). Fires also promote plant growth, providing habitat to insects that rely on the 

foliage, pollen and nectar of plants (Swengel 2001, Perry 2012). Bats capitalize on post-fire 

insect pulses (Lacki et al. 2009, Malison and Baxter 2010a) and adapt their foraging behaviours 

and habitat use to the timing of insect outbreaks (Brigham et al. 1992, McCracken et al. 2012, 

Kalda et al. 2015).  

Many species of bats are generalist predators, consuming a wide variety of species of 

insects (Barclay and Brigham 1994, Carter et al. 2003, Kunz et al. 2011). Lepidoptera, 

Coleoptera and Diptera are some of the most important Orders of insects consumed by bat 

species in Alberta (Brigham and Saunders 1990, Reimer et al. 2010, Maucieri and Barclay 2021). 

Studies examining the effect of fire on insects have yielded differing results depending on the 

natural history of the insect species and the characteristics of the fire (e.g. size, severity, 

season) (Perry 2012). Although fire can increase insect productivity (Malison and Baxter 2010a, 

Buchalski et al. 2013), fires also consume insect habitat (i.e. ground vegetation, duff layer and 

coarse woody debris; Langor 2019), and cause insect mortality (Kral et al. 2017). Lepidopterans 

typically decline and coleopterans and dipterans generally increase after fires (Lacki et al. 2009, 

Armitage and Ober 2012, Kral et al. 2017, Tormanen and Garrie 2021). Even though certain 

Orders appear to be positively affected by fire, it is unclear to what extent bats prey upon and 

select specific insect species that become available after a fire (Perry 2012). Bats’ foraging 

behaviours also change if the availability of roosts becomes limiting on a landscape (Verboom 

and Huitema 1997). 

Fire has both positive and negative effects on roosting opportunities for bats. Cavity 

roosting bats roost in damaged or diseased trees that contain natural hollows, small cavities, 

and longitudinal splits, as well as under loose bark (Lacki and Schwierjohann 2001, Ford et al. 

2006, Perry and Thill 2008). Foliage roosting bats roost within the foliage of tree branches 
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(Nagorsen and Brigham 1993). Fire can enhance roosting habitat by: creating snags, increasing 

the occurrence of loose bark, cavities, and hollows, reducing structural clutter, and increasing 

the amount of solar radiation reaching roosts by creating gaps in the forest canopy (Johnson et 

al. 2009, Perry 2012, Buchalski et al. 2013, O’Keefe and Loeb 2017). However, fire can also 

consume or weaken trees otherwise suitable for roosting (Randall-Parker and Miller 2002, Jung 

2020) and result in expanses of defoliated habitat that are not conducive for foliage-roosting 

bats (Johnson et al. 2009, Perry 2012, Blakey et al. 2019). 

1.2 Study Area 

1.2.1 Kenow wildfire  

The Kenow wildfire occurred in Waterton Lakes National Park (WLNP) (12U 287451 

5437358) in southwestern Alberta in September 2017 (Fig. 1.1), burning 38% (19,303 ha) of the 

park before being brought under control (Parks Canada 2021a). The wildfire, started by 

lightning, was driven by extremely dry, hot, and windy conditions (Parks Canada 2021a), 

resulting in a predominantly extreme burn-severity throughout the park. WLNP defines burn 

severity as the “amount of vegetation change between pre- and post-fire condition” and uses it 

“as a way of describing the amount of ecological change” (Parks Canada 2021b). Although the 

fire consumed much of the canopy cover of the forested areas, the Waterton townsite was 

largely protected (Parks Canada 2021a).     
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Fig. 1.1. The location of the study in Waterton Lakes National Park, Alberta. The area affected by the 2017 Kenow wildfire is 

displayed, as well as the corresponding burn severities (i.e. the amount of vegetation change between the pre- and post-fire 

condition). The locations of the thirteen acoustic detector sites monitored to assess bat activity changes pre- and post-wildfire are 

illustrated. The weather stations used to compile environmental data are also displayed. The map contains information licensed 

from Parks Canada under the Open Government Licence – Canada (GOC 2019).     
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1.2.2 Waterton Lakes National Park 

WLNP is located in the southwest corner of Alberta and is characterized as the park 

“where the mountains meet the prairie” (Parks Canada 2010). WLNP is 505 km2 in size and is 

located within four different subregions (Alpine, Subalpine, Montane, and Foothills Parkland) of 

the Rocky Mountain and Parkland Natural Regions (Parks Canada 2010, Alberta Parks 2015; Fig. 

1.2). The elevation ranges from 1,280 m at the Waterton townsite to 2,910 m at the summit of 

Mount Blakiston (Parks Canada 2021c). The vegetation communities include grasslands (e.g. 

fescue species [Festuca spp.], bluebunch wheatgrass [Pseudoroegneria spicata]), shrublands 

(e.g. bearberry [Arctostaphylos uva-ursi], wolf willow [Elaeagnus commutate], common juniper 

[Juniperus communis]), wetlands (e.g. grey alder [Alnus incana], dwarf birch [Betula nana], 

Drummond’s willow [Salix drummondiana]) as well as coniferous (e.g. subalpine fir [Abies 

lasiocarpa], Engelmann spruce [Picea engelmannii], lodgepole pine [Pinus contorta], Douglas fir 

[Pseudotsuga menziesii]) and deciduous (e.g. paper birch [Betula papyrifera], poplar spp. 

[Populus spp.]) forests (Parks Canada 2010). A large diversity of vertebrates and invertebrates 

are found within these vegetation communities (Parks Canada 2010).  

WLNP receives large amounts of both precipitation (mainly in the winter in the form of 

snow), and wind (Parks Canada 2018, ACIS 2020). The distribution of precipitation is variable 

across the park with areas on the west side (mountains) receiving a mean of 152 cm/year, the 

townsite (centrally located) receiving 107 cm/year and the east side of the park (parkland) 

receiving 76 cm/year (Parks Canada 2018). The mean wind speed in WLNP is 30 km/hr (Parks 

Canada 2018), however, it is variable with stronger winds in the winter months and in the 

parkland areas (ACIS 2020). Summers are short with occasional hot spells (> 30°C) (Parks 

Canada 2018, ACIS 2020). Winters are long with mild temperatures (due to chinooks) and 

occasional cold snaps (< -30°C) (Parks Canada 2018, ACIS 2020). 
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Fig. 1.2. The different natural subregions found throughout Waterton Lakes National Park, Alberta. The map contains information 

licensed from Parks Canada under the Open Government Licence – Canada (GOC 2019).      
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WLNP has a diverse fire regime due to its unique climate, terrain, and vegetation 

(Barrett 1996). The fire history of WLNP have been documented since the 1700s, primarily 

through sampling fire scars and fire-initiated age classes (Barrett 1996). Fire frequency 

increased significantly between the mid 1800s and early 1900s. However, active fire 

suppression efforts led to a decline after 1940 (Barrett 1996). Stand replacement regimes were 

most common prior to 1940, although mixed-severity fires in the grassland and valley-edge 

areas were also frequent (Barrett 1996).  

In the 1900s lightning-caused fires were infrequent, with human-caused fires (from 

European settlers and Indigenous communities) being common (Barrett 1996). A similar pattern 

is thought to be true prior the 1900s (Barrett 1996). Since 1990 there have been three 

significant wildfires (i.e. defined as greater than 100 ha). These include the Sofa Mountain 

Wildfire in 1998 (881 ha), Kenow Wildfire in 2017 (19,303 ha), and the Boundary Wildfire in 

2018 (272 ha); they were all caused by lightning (GOC 2019). Although there has been a history 

of fire suppression in the park, Parks Canada has been setting prescribed fires since the 1990s 

(GOC 2019). Since 1990 there have been over 30 prescribed fires, ranging in size from less than 

one ha to close to 1000 ha (GOC 2019). Most of these fires occurred in the Foothills Parkland 

subregion, although some fires were set in the Montane and Subalpine subregions (GOC 2019). 

The historic fire distribution and frequency are illustrated in Appendix A.  

In addition to the Kenow wildfire, other fires (both wild and prescribed) occurred in 

WLNP between 2015 and 2020. A prescribed fire occurred within 50 meters (i.e. the predicted 

maximum distance bats may be detected by an ultrasonic microphone) of the acoustic detector 

“Wishbone” site in the spring of 2015. Although the fire may have influenced the activity levels 

of bats in the area, all years of my study would have been affected. Prescribed fires occurred 

within 50 meters of the acoustic detector “Blakiston Roadside” and “Red Rock” acoustic sites in 

the spring of 2016, sites that also burned in the 2017 Kenow wildfire. Although the prescribed 

fires may have influenced the activity levels of bats in the area, any potential variation in 

activity levels would likely have been appropriately captured by including three years of 

monitoring prior to the Kenow wildfire. For the remaining prescribed and wildfires that 

occurred during the study period, all acoustic detector sites were located more than 50 meters 
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from the burn. The complete list of fires that occurred in WLNP from 2015 to 2020 is provided 

in Appendix A.          

Although WLNP actively suppressed fires from the 1940s to the 1990s (Barrett 1996), a 

mountain pine beetle (MPB; Dendroctonus ponderosae) outbreak occurred in WLNP from 1977 

to 1987 (Axelson et al. 2018). The MPB is a species of bark beetle (Coleoptera, Curculionidae) 

native to Alberta (Dempster and Meredith 2021). MPBs bore into the bark of trees, primarily 

lodgepole pine (Axelson et al. 2018), to reproduce and lay eggs, thereby introducing fungal 

pathogens and ultimately killing the tree (Koch et al. 2021). Similar to fire events, MPB 

outbreaks are a natural disturbance that creates both spatial and temporal forest heterogeneity 

and complexity (Axelson et al. 2018). The MPB outbreak in WLNP caused a shift in the forest 

community structure from a lodgepole-pine dominated overstory prior to the outbreak, to a 

mixed-conifer type with increases in non-pine conifer and broadleaf species (Axelson et al. 

2018). Although the MPB is still found in WLNP, the species currently exists in low population 

levels (Parks Canada 2017b). The distribution of the MPB in WLNP from 1977 to 2016 is 

illustrated in Appendix B.  

1.3 Studying Bats 

Bats are difficult to study due to their nocturnality, elusiveness and other behavioural 

characteristics (Russo and Voigt 2016). However, monitoring bat populations has become 

increasingly important to understand how they are changing due to anthropogenic pressures 

(Jones et al. 2009). Researchers have studied bats using a variety of techniques including 

capture methods (e.g. mist nets, harp traps and hand nets) and acoustic surveys (Zamora-

Gutierrez et al. 2021). Bat capture surveys provide information that can only be determined 

through physically handling bats (Vonhof 2006). This includes positive species identifications, 

sex, age, reproductive condition, mass and other morphometric data (Anthony 1988, Racey 

1988). However, capture surveys are biased towards bat groups that are easier to catch, involve 

a significant disturbance to the animal, and are only feasible in certain habitat types (e.g. over 

small water bodies, forest trails) (Vonhof 2006, Zamora-Gutierrez et al. 2021).  

Acoustic surveys use detectors with high frequency microphones capable of recording 

bat echolocation passes (Zamora-Gutierrez et al. 2021). A bat echolocation pass is a series of 
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calls (individual echolocation ‘clicks’), recorded as the bat flies near the detector’s microphone 

(Fenton 1970). Acoustic surveys are not as invasive and typically have less biases compared to 

capture surveys (Zamora-Gutierrez et al. 2021). Ultrasonic detectors have been becoming 

increasingly affordable, with reasonable battery life and data storage capacities, making it 

possible to deploy multiple detectors over a large area for extended periods of time (Hill et al. 

2019). However, definitive species identification is often impossible for many recorded passes 

as there is much overlap in echolocation frequency and pattern amongst different bat species 

(Barclay 1999, Walters et al. 2013). Bat echolocation passes vary based on whether the bat is 

searching, approaching, or attacking prey (Griffin et al. 1960), whether the bat is flying in an 

open or cluttered habitat (Findlay and Barclay 2020), and whether other bats are nearby (Obrist 

1995). There is also regional variation among different populations, suggesting that call libraries 

and the resulting auto-identification software should be specific to a certain geographic area 

and habitat (Barclay 1999). Overall, despite some of the limitations, acoustic surveys have 

provided a cost-effective and consistent method to collect long-term data on bat populations 

(Zamora-Gutierrez et al. 2021).   

1.4 Thesis Overview 

In this thesis, I examine the effects of the 2017 Kenow wildfire on the bat community in 

WLNP, Alberta. As the wildfire occurred at the end of summer (August 30 to October 3, 2017), 

there was likely no direct bat mortality. Previous research has shown that bats can detect and 

respond to smoke even when in deep torpor (Doty et al. 2018, Geiser et al. 2018). This suggests 

that any roosting bats in the path of the fire would have been able to leave in time, including 

the bats born that summer. Pups are typically volant and independent by September in Alberta 

(Schowalter 1980). Bats in Alberta disperse from the summering grounds beginning in mid July, 

migrating to the areas they will spend the winter (i.e. hibernation sites or southern locations) 

(Cryan 2003, Baerwald and Barclay 2011, Olson and Flach 2016). As the fire occurred at the end 

of the active season, it is likely that many of the summer residents had left and any migrants in 

the area would be passing through quickly. Therefore, any changes to bat diversity and 

abundance can likely be attributed to the wildfire’s impact on the environment (i.e. changes in 
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the forest structure, foraging opportunities, and roosting availability) and not direct bat 

mortality. 

In 2019 and 2020, I radio-tracked female and male little brown Myotis (Myotis lucifugus) 

to their daytime roost sites. My field season in 2020 was negatively impacted by COVID-19. Due 

to the COVID-19 restrictions I had a very short field season (i.e. approximately three weeks 

rather than the three months I had planned) which limited the sample sizes of radio-tracked 

bats and the associated data collected. In addition, there was concern from the North American 

bat community about reverse zoonosis (i.e. SARS-CoV-2 could be transmitted from an infected 

person to a bat) (Runge et al. 2020), therefore minimal handling was recommended (CWHC 

2021). In Chapter 2, I discuss my results regarding roosting behaviour and roost availability for 

little brown Myotis in a post-fire landscape. From 2015 to 2020 acoustic detectors were 

deployed at thirteen different sites throughout WLNP. Bat activity was recorded in areas that 

burned or did not burn, as well as in pre- and post-fire years. In Chapter 3, I examine the effects 

of the wildfire on the different bat species/species groups found in WLNP by comparing the 

activity levels (i.e. echolocation passes/night) between the burned and unburned areas, as well 

as from pre- and post-fire years.    
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Chapter 2: Little Brown Myotis Roosting Behaviour after the Kenow Wildfire 

2.1 Introduction 

2.1.1 Fire and bats  

Fire is an important natural disturbance shaping forest communities (Waldrop et al. 

1992, Brose et al. 2001, Krawchuk et al. 2020), creating a mosaic of habitat patches and altering 

species composition and forest structure (Dale et al. 2001, Johnstone et al. 2016). Although fire 

promotes landscape heterogeneity (Armitage and Ober 2012) and maintains suitable habitat 

for wildlife (Pausas and Parr 2018), it is unknown what the effects of rapidly changing fire 

regimes will be on forest biodiversity (Fontaine and Kennedy 2012, Blakey et al. 2019), including 

the bat community. The response by bats to wildfire is complex due to a variety of interactions 

between the fire regime (e.g. severity, frequency, season), regional climate, habitat type, and 

the individual species’ biology (Perry 2012, Law et al. 2018, Steel et al. 2019). Overall, however, 

the effect of wildfire on bats is understudied and poorly understood (Perry 2012, Buchalski et 

al. 2013, Law and Blakey 2021).  

Fire (both prescribed and wildfire) generally has an overall neutral or positive effect on 

most bat species (e.g. Austin et al. 2020, Ancillotto et. al 2021, Blakey et al. 2021, Taillie et al. 

2021). However, species-specific negative responses have also been reported (e.g. Jung 2020, 

Starbuck et al. 2020, Ancillotto et al. 2021). Fire impacts insectivorous bat communities by 

changing the foraging habitat, insect communities (i.e. prey), and roosting opportunities (e.g. 

Buchalski et al. 2013, Lacki et al. 2017). Fires promote reduced vegetative complexity in the 

midstory and understory, and lower tree densities and more-open canopies, conditions that are 

conducive for less maneuverable bat species (Boyles and Aubrey 2006, Perry 2012, Jung 2020). 

Past studies have suggested that severe fires create pulses of insect productivity (e.g. Malison 

and Baxter 2010a, Buchalski et al. 2013), with bats adapting their foraging behaviours and 

habitats to the timing of insect outbreaks (Brigham et al. 1992, McCracken et al. 2012, Kalda et 

al. 2015). Fire has both positive and negative impacts on roost availability. Fire enhances 

roosting habitat (e.g. creates snags, increases occurrence of loose bark, reduces structural 

clutter), while also reducing roosting availability (e.g. consumes potential roost trees) (Perry 

2012, Buchalski et al. 2013, O’Keefe and Loeb 2017, Jung 2020).  
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2.1.2 Hypothesis and predictions 

Prior to my field seasons, limited bat research had been conducted in WLNP. The 

roosting behaviour of little brown Myotis and roost availability had never been examined in 

WLNP prior to the wildfire. As such, there were large knowledge gaps about the general 

roosting ecology of little brown Myotis in WLNP, even before a high severity wildfire occurred. 

Based on information from Chapter 1, I hypothesized that the Kenow wildfire affected the 

species’ distribution and abundance of bats in Waterton Lakes National Park (WLNP) due to 

changes in the forest structure, foraging opportunities, and roost availability. Although fire can 

consume or weaken roost trees (Randall-Parker and Miller 2002, Jung 2020), fire also enhances 

roosting habitat by creating snags, increasing the number of potential roost structures (e.g. 

loose bark, hollows), and improving roost site characteristics (e.g. reduced stuctural clutter, 

increased solar radiation) (Johnson et al. 2009, Perry 2012, Buchalski et al. 2013, O’Keefe and 

Loeb 2017). Specifically examining roosting availability for little brown Myotis (Myotis 

lucifugus), I hypothesized that although roost trees were destroyed by the fire, there would 

have been an overall increase in the number of potential roost trees post-fire. I predicted 

burned areas would have more confirmed and potential roost trees compared to unburned 

areas.   

2.2 Methods 

2.2.1 Study species 

The little brown Myotis is a medium-sized Myotis (mass 6.2 – 10.2 g, forearm length 

33.0 – 40.3 mm; Nagorsen and Brigham 1993) and is arguably the most common species in 

Alberta. Currently, the little brown Myotis is provincially listed as “May Be at Risk” (AEP 2020). 

However, it has been recommended by Alberta's Endangered Species Conservation Committee 

to be listed as “Endangered” under the Alberta Wildlife Act (L. Wilkinson, pers. comm.). It is 

federally listed under the Species at Risk Act as “Endangered” (GOC 2021) due to mortality 

associated with white-nose syndrome. Little brown Myotis hibernate during the winter, with 

reproductive females forming maternity colonies in spring to raise their offspring in (Fenton 

and Barclay 1980). Males and non-reproductive females roost alone or in small groups in spring 

and summer (Fenton and Barclay 1980). Little brown Myotis roost in buildings, bat houses, 
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trees (e.g. under bark, in crevices and cavities) and rock crevices (Fenton and Barclay 1980, 

Crampton and Barclay 1998, Psyllakis and Brigham 2006, Randall et al. 2014). Maternity 

colonies are regularly found in anthropogenic features such as in the attics of buildings, under 

roofs, and in bat houses (Fenton and Barclay 1980, Johnson et al. 2019). Pregnant and lactating 

females experience a high energy demand (Kunz et al. 1995), and therefore choose warm 

roosting locations that they share with other reproductive females to minimize 

thermoregulation costs (Barclay 1991). Males typically use natural roosts (Randall et al. 2014, 

Johnson et al. 2019).  

Both males and females switch roost sites throughout the summer (e.g. Lacki et al. 

2009, Johnson et al. 2010, Randall et al. 2014). Roost switching is thought to be used by bats as 

a way to meet their thermoregulatory needs, find optimal roosting microenvironments, as well 

as reduce predation risks, parasite loads, and distances to foraging areas (Kunz and Lumsden 

2003, Johnson et al. 2009). Roost fidelity varies depending on roost type and energetic 

demands, with roost switching ranging from nightly to every few weeks (Vonhof and Barclay 

1996, Brigham et al. 1997b). Roost tree availability is often assessed by examining roost 

switching frequency and distance between successive roost trees (Sedgeley and O’Donnell 

1999, Kunz and Lumsden 2003, Chaverri et al. 2007, Johnson et al. 2009). High roost switching 

frequency and short distances traveled between successive roost trees is typically attributed to 

greater roost availability (Sedgeley and O’Donnell 1999, Chaverri et al. 2007, Johnson et al. 

2009). 

Little brown Myotis fly variable distances between roosting and foraging sites. They 

typically forage within one to three kms of their roost sites (Anthony and Kunz 1977, Crampton 

and Barclay 1998, Henry et al. 2002), although distances greater than five kms have also been 

reported (Randall et al. 2014). The distance will vary depending on the bat’s sex, age, and 

reproductive condition (Lacki et al. 2007). Little brown Myotis forage over water, along forest 

edges, and in openings, feeding on a variety of insect orders including Diptera, Ephemeroptera, 

Trichoptera and Lepidoptera (Nagorsen and Brigham 1993, Clare et al. 2011, 2014a, Nelson and 

Gillam 2017). They are opportunistic predators, consuming large amounts of aquatic insects 

(Belwood and Fenton 1976, Saunders and Barclay 1992), with their diet reflective of both 
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seasonal and geographical insect availability (Clare et al. 2011, 2014a). They primarily consume 

their prey mid-flight (i.e. aerial hawking) (Burles et al. 2008).  

2.2.2 Bat capture and radio-tracking 

I captured bats in WLNP from June to August 2019, and July and August 2020. I set up 

mist nets in natural fly-ways, such as along trails, openings in the forest, and over slow-moving 

water bodies. The areas I chose for netting locations were based on selecting sites in a variety 

of habitats with different characteristics (e.g. burn/unburn locations, different subregions and 

forest types, varying elevations and distances to the Waterton townsite). The primary purpose 

of conducting the capture surveys was to catch bats to radio-track to roosting sites. The netting 

effort (e.g. number/size/height of nets set up, length of time nets were open) among the 

different captures sites was not identical, and as such, comparing capture rates between the 

different habitats is not appropriate. As I was targeting little brown Myotis, a species regularly 

found foraging around water (Mackey and Barclay 1988), most capture sites were located at 

water features (e.g. lakes, wetlands, creeks). I primarily netted at sites with roads nearby (i.e. 

within 150 m) so as to the limit how far the capture equipment needed to be carried. I also 

focused on netting at the previous bat capture sites used in 2011/2012 (i.e. Lausen 2012), as 

well as at the acoustic detector deployment sites. The sites were selected randomly in relation 

to date.   

For each bat that I caught, I determined species, age, sex, and reproductive condition, 

and measured forearm and mass (Vonhof 2006). Juvenile bats can be distinguished from adult 

bats by examining the cartilaginous epiphyseal growth-plates of the phalanges (Brunet-Rossinni 

and Wilkinson 2009). Reproductive condition in females was categorized as: non-reproductive 

(small furred nipples and no fetus detected by palpation of the abdomen), pregnant (fetus 

detected by palpation of the abdomen), lactating (nipples enlarged and milk can be expressed), 

and post-lactating (nipples enlarged and unfurred but no milk can be expressed) (Racey 2009). 

Reproductive females included females that were pregnant, lactating, or post-lactating. All 

females were considered not obviously pregnant if they did not show signs of reproduction (i.e. 

pregnant or lactating) until July 31st, after which time they were considered non-reproductive. 

Male reproductive condition was categorized as: non-scrotal (testes not descended and/or not 
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swollen), early scrotal (testes partially descended and/or swollen), or scrotal (testes have 

descended and/or are swollen) (Haarsma 2008, Racey 2009). I held bats for one hour to collect 

a guano sample and ensure an accurate mass (Vonhof 2006).  

I attached radio-transmitters (LB-2X, LB-2N, and BD-2N, 0.31 g, 0.35 g and 0.44 g; 

Holohil Systems, Carp, Ontario) to adult female (both reproductive and non-reproductive) and 

male little brown Myotis and tracked them to their roosts during the day (Fig. 2.1). I trimmed 

fur from between the scapulae and applied a small amount of surgical adhesive (Osto-Bond, 

Montreal Ostomy, Quebec, Canada) to attach the transmitter. Once the transmitter was 

attached, I held the bat for ten minutes to allow the glue to dry, and then released it. All 

transmitters were between four and six % of the bats’ body mass to ensure that the transmitter 

did not interfere with their foraging behaviours (Aldridge and Brigham 1988).  

I radio-tracked bats to their day roosts to examine the characteristics of the selected 

roosts and assess roost switching behaviour (Fig. 2.1). I used hand-held receivers (R-1000 

Telemetry Receiver, Communication Specialists, Inc., Orange, California, USA and R410 

Scanning Receiver, Advanced Telemetry Systems, Isanti, Minnesota, USA) with a roof-mount 

omni-directional antenna, as well as three- and five-element Yagi antennae to track the radio-

tagged bats. My research was conducted under the following approvals and permits: #AC17-

0094 from the Life and Environmental Sciences Animal Care Committee of the University of 

Calgary, and #WL-2019-32138 from the Parks Canada Agency (Research and Collection Permit, 

and SARA-Compliant Authorization). 
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2.2.3 Roost identification  

In 2019, I radio-tracked primarily reproductive females to their maternity colonies, and 

in 2020 I tracked predominantly males to their roosts. Non-reproductive (i.e. not pregnant, 

lactating or post-lactating) and/or not obviously pregnant (i.e. caught early in the season and 

could not determine if pregnant) females were also tracked each year. For bats tracked to 

building roosts, few measurements were collected due to the buildings being privately owned. 

For building roosts, I confirmed the building and recorded the coordinates with a GPS (Garmin 

GPSMAP 64ST, Olathe, Kansas) determined the exit point(s), and counted the total number of 

bats that exited at night (i.e. conducted emergence surveys). I also checked the building roosts 

daily to examine any roost switching behaviour.  

For bats tracked to either trees or rock roosts, I confirmed the roost by looking for 

defects in the suspected roost structure to determine if the tree/rock was a potential roosting 

structure (e.g. trees that had sloughing bark, cracks, cavities, or broken tops, and rocks with 

cracks of an appropriate size). I then visually inspected the potential roost to determine if the 

bat and/or antenna was visible, and conducted emergence surveys (i.e. watched the bat leave 

Fig. 2.1. A little brown Myotis with a radio-transmitter attached (left; M. Blair), and radio-

tracking the bat in a burned area in Waterton Lakes National Park, Alberta (right; J. Theoret).   
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at night) to confirm the exact tree and exit location when possible. Bats were tracked for 

multiple days to examine roost switching behaviour. I conducted vegetation surveys at tree 

roost sites, recording roost characteristics including the tree species, tree height and diameter 

at breast height (dbh), decomposition stage (Cline et al. 1980, Kaupas 2016), percent bark 

remaining on the tree, and the roost entrance direction. For rock roosts, I recorded the roost 

entrance direction. I measured the dbh of trees using a diameter tape (Forestry Suppliers, 

Jackson, Mississippi), and tree height with a clinometer (Suunto PM-5, Vantaa, Finland).  

2.2.4 Roost tree availability surveys  

To determine if there was a difference in roost-tree availability between burned and 

unburned areas, I conducted vegetation surveys. I defined a potential roost tree using criteria 

from other studies examining potential bat roost trees (e.g. Vonhof and Barclay 1996, Brigham 

et al. 1997b, Crampton and Barclay 1998, Kaupas 2016). Potential roost trees include trees that 

are dying or dead, have a defect that a bat could access (e.g. sloughing bark, crack, cavity, 

broken top), and have a dbh > 10.0 cm. However, due to field measurements being taken 

incorrectly, a dbh > 6.3 cm threshold was used in 2019. Although this is smaller than previous 

studies have used, the same diameter threshold was used between burned and unburned 

areas. As such, comparing the availability of potential roost trees was still appropriate. In 

addition, in 2020, only sloughing bark was considered to be a defect that a bat could access (i.e. 

cracks, cavities, and broken tops were not included). This was due to my findings from radio-

tracking bats showing that sloughing bark was the only feature type used by the bats roosting in 

trees in WLNP.   

Different methods were used to conduct the availability surveys in 2019 and 2020. In 

2019 I surveyed trees using a variation of the point-quarter method (Krebs 1989) where for 

each sampling point, I divided the area into four 90° quadrants and measured the nearest tree 

(dbh > 6.3 cm) in each quadrant. I surveyed a linear transect of five points that were random 

distances between 20 and 50 m apart, sampling a total of 20 trees per transect. I recorded the 

number of trees surveyed that could be potential roost trees. The starting point of the survey 

was selected to be representative of the targeted habitat (i.e. burned/unburned deciduous, 

coniferous or mixed forests). As WLNP is divided into distinct forest types, I went to the general 
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area of the targeted habitat (e.g. burned deciduous, unburned mixed) and from the road looked 

for a section of forest that appeared to be large enough to conduct the linear transect. The 

survey bearing direction was generated randomly. In 2020 potential roost-tree availability was 

assessed at the locations I tracked the tree-roosting bats to. I examined the 0.1 hectare area 

(17.8 m radius) surrounding the confirmed roost tree and counted the number of trees (dbh > 

10.0 cm) and the number of potential roost trees (i.e. dying/dead tree with sloughing bark and 

a dbh > 10.0 cm).   

2.2.5 Statistical analysis 

To determine if little brown Myotis were associated with different site characteristics 

depending on their sex or reproductive state, I conducted Kruskal-Wallis rank sum tests 

(functions shapiro.test() and kruskal.test() in package stats, R Core Team 2020) in RStudio 

(version 1.3.1093, R Core Team 2020). I used the capture site’s elevation and distance to the 

Waterton townsite to examine differences in site selection among reproductive females, non-

reproductive females and males. Juveniles and females that were not obviously pregnant or 

were post-lactating, were excluded from the analyses. Not obviously pregnant females were 

excluded due to the ambiguity of their reproductive state. Post-lactating females were excluded 

due to uncertainties of whether the bats were residents of WLNP, or individuals migrating 

through the park after rearing young elsewhere. It was also unknown if they had successfully 

raised a pup, or had lost/aborted their young earlier in the summer. As such, the behaviours of 

the post-lactating females were likely affected depending on the above listed circumstances. 

The Euclidean distance from the capture site to the Waterton townsite was calculated in QGIS 

(version 3.16.8-Hannover) using the vector analysis Distance Matrix tool. The elevation of 

capture sites was determined using Google Earth Pro, version 7.3.3.7786.  

Due to the small sample sizes, I primarily used descriptive statistics (e.g. mean, standard 

error, range) to assess roost selection for the radio-tracked bats. The Euclidean distances from 

capture sites to roost sites were calculated in QGIS (version 3.16.8-Hannover) using the vector 

analysis Distance Matrix tool. To determine if there was a difference in the number of potential 

roost trees (i.e. number of potential bark-roosts/number of trees surveyed) between burned 

and unburned areas, I conducted Wilcoxon rank sum tests with continuity corrections (function 
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hist() in package graphics, and function wilcox.test() in package stats, R Core Team 2020) as 

there were small sample sizes and non-normal data distributions. I also conducted a Wilcoxon 

rank sum test with continuity corrections to determine if there was a difference in the percent 

bark remaining on roost trees between burned and unburned areas.  

2.3 Results 

2.3.1 2019/2020 captures 

During my field seasons in 2019 and 2020, I caught a total of 364 bats over 41 nights of 

netting, at 16 different capture sites. Most sites were located within 150 m of a road/the 

vehicle (13/16 sites). However, three sites were further distances away (two sites within 1.5 km 

of a road), with the furthest site being nine kms from the nearest road. There was a much larger 

netting effort in 2019 (325 bats over 37 nights at 15 different sites) compared to 2020 (39 bats 

over four nights at four different sites). Little brown Myotis made up the majority of captures 

(90.7%, n=330), followed by silver-haired bats (Lasionycteris noctivagans, 2.7%, n=10) and 

hoary bats (Lasiurus cinereus, 2.7%, n=10) as the next most commonly captured species. Long-

eared Myotis (Myotis evotis, 1.4%, n=5), long-legged Myotis (Myotis volans, 0.5%, n =2), and big 

brown bats (Eptesicus fuscus, 0.3%, n=1) were captured infrequently. There was also a small 

number of Myotis (1.7%, n=6) that escaped before a species identification could be determined.  

My capture results yielded similar results to past capture surveys conducted in WLNP 

(i.e. Lausen 2012). In July and August 2011 and 2012, 81.2% of total captures were little brown 

Myotis (Lausen 2012), compared to 90.7% in my 2019/2020 data. Hoary bats were the next 

most common capture in 2011/2012 (8.1%; versus 2.7% in 2019/2020), followed by eastern red 

bats (Lasiurus borealis, 3.7%; versus 0% in 2019/2020), with the remaining species (long-legged 

Myotis, long-eared Myotis, silver-haired bat, big brown bat) making up 7.0% (versus 4.9% in 

2019/2020) of the remaining captures (Lausen 2012). Interestingly, I did not catch any eastern 

red bats, despite netting at a number of the same sites and at similar times of year as Lausen 

(2012). Although Lausen’s (2012) species’ capture rates were different than mine, it does not 

necessarily reflect changes in the bat community from 2011/2012 to 2019/2020. I was 

specifically targeting little brown Myotis for my study, while Lausen (2012) was conducting a 

bat species inventory throughout the park. 
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Little brown Myotis displayed geographical sexual segregation between reproductive 

(i.e. pregnant or lactating) females (n=29), non-reproductive females (n=32) and males (n=185). 

The remaining little brown Myotis excluded from the analyses were juveniles (n=17), not 

obviously pregnant females (n=36), post-lactating females (n=28), or individuals that escaped 

before their age/sex/reproductive condition could be assessed (n=3). There was a significant 

difference in the elevation of the capture site (Kruskal-Wallis chi-squared= 62.686, df= 2, P 

<0.001), with males foraging at higher elevations (1503 ± 13.8 SE m) compared to reproductive 

females (1323 ± 17.9 SE m) and non-reproductive females (1330 ± 19.7 SE m). There was no 

significant difference in the Euclidean distance of the capture site to the Waterton townsite 

(Kruskal-Wallis chi-squared= 1.164, df= 2, P = 0.559) for the different groups. The mean 

Euclidean distance for reproductive females was 7.6 km (SE ± 0.2), non-reproductive females 

was 7.4 km (SE ± 0.3), and males was 8.4 km (SE ± 0.3).  

2.3.2 Female little brown Myotis 

Between 2019 and 2020, 12 female little brown Myotis were radio-tagged. Four were 

not obviously pregnant, one was pregnant, six were lactating and one was non-reproductive. Of 

the 12, 11 were successfully tracked to either a confirmed roost or general roosting and/or 

foraging area. One female (not obviously pregnant but likely non-reproductive) was only ever 

detected late at night, foraging over Cameron Lake. The locations of the capture sites and 

roosting locations of the females tracked in WLNP in 2019 and 2020 are illustrated in Fig. 2.2.  

 Seven females were tracked to maternity colonies in seven different buildings in the 

Waterton townsite. These colonies ranged in size from 52 to 200 individuals (mean size of 99 ± 

20.1 SE), with colony sizes likely indicative of either pre-volancy numbers or the start of volancy 

(i.e. pups were just beginning to fledge). Building roosts typically had one main exit, with bats 

emerging from gaps under the roof. Although no roost switching behaviour was observed for 

any females tracked to buildings, I strongly suspect most of the females roosting in the 

buildings were able to get their tags off very quickly. I checked the building roosts regularly at 

various times of the night to confirm if the tag was still attached (i.e. if the radio-tag was 

consistently in the building roost at night, the bat had likely managed to get it off). I suspect 

most tags were dropped within three days of tagging for bats roosting in buildings. 
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Fig. 2.2. The locations of the capture sites (star icons) and roosting locations of the female little brown Myotis tracked in Waterton Lakes National Park, Alberta 

in 2019 and 2020. The tree icons denote natural roosts (i.e. tree or rock roosts), the house icons denote building roosts and the megaphone icon denotes 

general areas were radio signals were detected. “NOP” refers to not obviously pregnant (i.e. caught early in the season and could not determine if pregnant), 

“P” refers to pregnant, “L” refers to lactating, and “NR” refers to females that were non-reproductive (i.e. not pregnant, lactating or post-lactating). The 

Cameron Valley and Blakiston Valley are shown, corresponding to the roads (i.e. black lines). Netting sites and the Waterton townsite are also labeled. The 

map layer was provided by Waterton Lakes National Park. The site and roost coordinates are listed in Appendix C.    

2
5 
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One female (Bat 3), who was tagged early in the season (June 24, 2019) used tree roosts 

(likely balsam poplar [Populus balsamifera] or trembling aspen [Populus tremuloides], although 

no specific roost trees were confirmed), before switching to a building roost. Although she was 

caught too early in the season to determine her reproductive condition, I suspect she was 

reproductive and was originally using natural roosts before relocating to a maternity colony to 

raise her pup. Another female (Bat 2) who was caught too early in the season to determine her 

reproductive condition (July 16, 2020) was first tracked to a tree roost (a dying balsam poplar, 

dbh 42.7 cm and 18.2 m tall), before relocating the next night to a building. However, using a 

natural roost near to the netting site (i.e. within 200 m) the night she was caught may have 

been a result of stress associated with being handled.  

Two lactating females (Bats 6 and 9) tagged at Crandell Lake likely dropped their tags 

while out foraging or night roosting in the Blakiston Valley. I believe that the tags were dropped 

due to radio signals appearing to come from the same location for more than one week. One of 

those females (Bat 6) was located roosting in a building in the Waterton townsite prior to 

dropping her tag. I was unable to locate the maternity roost of the other female (Bat 9) before 

she dropped her tag. One lactating female (Bat 10) caught later in the season (August 9, 2019) 

roosted in a tree (dying balsam poplar, dbh 11.8 cm and 35.0 m tall) near to the netting site the 

night she was captured (i.e. within 100 m), was then heard roosting in the Blakiston Valley two 

days later, and from the following day onwards, was never detected again. Four either pregnant 

or lactating females (Bats 4, 5, 7 and 8) were only ever detected in building roosts.  

Two females (Bat 1 and 11), both likely non-reproductive, were tracked at Cameron 

Lake. The general roosting area was determined for Bat 1 (likely conifer tree roosts on the edge 

between burned and unburned forest), and confirmed roosts (bark roosts of burned conifer 

trees) were determined for Bat 11. Bat 11 roosted under the bark of a burned Engelmann 

spruce (Picea engelmannii; dbh 61.8 cm and 29.2 m tall) the night I tagged her, was not tracked 

the following day, and switched to a different bark roost of a burned subalpine fir (Abies 

lasiocarpa; dbh 23.2 cm and 22.4 m tall) which she used as a day roost for the following two 

days. Both tree roosts selected by Bat 11 were in early decomposition stages (i.e. very little 

decay, and most bark and branches were still present) as the trees had likely been killed in the 
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wildfire. The bark roosts were located on the southeast side of the trees. Although I was not 

able to confirm her roost location for any other days, based on the bearings I took of the radio-

signal, she was roosting at a higher elevation at the far end of Cameron Lake. 

Although I did not track the females throughout the night (i.e. track females from their 

foraging/capture sites to their diurnal roosts to determine the exact routes taken and thus 

maximum flight distance), locating an individual’s foraging site and their diurnal roost informs 

roosting trends and minimum nightly flight distances. The Euclidean distance between Knight’s 

Lake and the Waterton townsite is approximately seven kms. This suggests that the bats 

roosting in the townsite who were caught at Knight’s Lake would have flown at least 14 kms in 

one night. The distance from Crandell Lake to the Waterton townsite is approximately six kms 

via the Cameron Valley (i.e. Euclidean distance) and approximately 10 to 12 kms (i.e. dependent 

if flying along the side of the mountain or following Blakiston Creek) via the Blakiston Valley. 

The female caught at Hay Barn was tracked to a building roost approximately 4.5 kms away, 

suggesting a nightly flight Euclidean distance of at least nine kms. For the confirmed/likely non-

reproductive females caught at Cameron Lake, they were tracked to roosting locations much 

closer to their capture site. The female whose roost trees were confirmed, was found roosting 

0.4 km away from where she was tagged. However, she would have been roosting further from 

her capture site during the days when she was not tracked and only the signal bearing was 

determined (likely roosting within two to three kms of her capture site). Although a confirmed 

roost tree was never located for the other female, the general roosting areas located were 0.7 

km away from where she was tagged. The metadata for the above capture sites, bats tagged, 

and roost specifics are provided in Appendix C.   

2.3.3 Male little brown Myotis 

In 2020, 15 male little brown Myotis were radio-tagged; no males were tracked in 2019. 

In total, I located 37 roosts or roosting areas for twelve of the fifteen males I radio-tagged. 

Three males disappeared before I could confirm roost sites. The locations of the unburned and 

burned capture sites and roosting locations of the males tracked in WLNP in 2020 are illustrated 

in Fig. 2.3 and Fig. 2.4, respectively.    
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Fig. 2.3. The locations of the unburned capture sites (star icon) and roosting locations of the male little brown Myotis 

tracked in Waterton Lakes National Park, Alberta in 2020. The Lost Lake area is illustrated in (a) and the Hay Barn area is 

displayed in (b). In this and subsequent figures, the tree icons denote tree roosts, the rock pile icons denote rock 

crevices or boulder roosts, and the megaphone icon denotes general areas where radio signals were detected. The map 

layer was provided by Waterton Lakes National Park. The site and roost coordinates are listed in Appendix C.   

(a) 

(b) 
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(a) 

(b) 

Fig. 2.4. The locations of the burned capture sites (star icon) and roosting locations of the male little brown Myotis 

tracked in Waterton Lakes National Park, Alberta in 2020. The Cameron Lake area is illustrated in (a) and the Crandell 

Lake area is displayed in (b). The map layer was provided by Waterton Lakes National Park. The site and roost 

coordinates are listed in Appendix C.   
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The males tracked in 2020 roosted in trees (n=22), in rock crevices along the side of 

mountains (n=12), or in cracks in boulders (n=3). Examples of the natural roosts selected by 

male little brown Myotis in WLNP in 2020 are illustrated in Fig. 2.5. Male bats were only ever 

observed roosting alone (n=13). Bats tracked to trees were either confirmed or suspected to be 

using bark roosts only. Confirmed bark roosts (i.e. where a bat was either observed during the 

day or was seen emerging at night) were primarily on the southwest to southeast side of the 

tree (n=10). The located rock roosts (i.e. rock crevices and boulders) were predominantly south 

to east facing (13 out of 15). 

Male bats were tracked for between one and five days (mean 3.1 ± 0.5 SE). I located 19 

roosts in burned areas (from seven individual bats); 52.6% in trees, 31.6% in rock crevices and 

15.8% in boulders. I located 18 roosts in unburned areas (from six individual bats); 66.7% in 

trees and 33.3% in rock crevices. The radio-tracked bats showed preferences for specific roost 

types, with only two out of the twelve tracked individuals ever switching between trees and 

rocks. The Euclidean distance from where bats were captured to where they roosted ranged 

from 0.3 to 5.6 km (n=33), with a mean of 1.6 ± 0.2 SE km. The bat roosting in the boulder 

traveled greater distances compared to the mean distances for tree and rock crevice roosting 

bats (Fig. 2.6). All males caught at the burned sites (i.e. Cameron Lake or Crandell Lake) were 

found roosting in burned areas (n=20 roosts). Males predominately roosted in unburned areas 

when caught at unburned sites (i.e. Hay Barn and Lost Lake; n=28 roosts). However, 28.6% 

(n=8) of located roosts were found in burned areas as well. Males switched roost sites on 

average every 1.8 ± 0.2 SE days (includes eight different individuals who were tracked to 

confirmed roosts for ≥ two days). Males roosting in the burned areas switched roosts on 

average every 1.7 ± 0.5 SE days (n=4), with males in the unburned areas switching on average 

every 1.9 ± 0.4 SE days (n=3). There was also one male who switched from an unburned tree 

(day one) to rock crevices in a burned area (days two to four) and then back to an unburned 

tree (day five). 
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(b) 

(c) (d) 

(a) 

Fig. 2.5. Natural roosts selected by male little brown Myotis in Waterton Lakes National Park, Alberta in 

2020. Included are examples of burned (a) and unburned (b) bark roosts, as well as a rock crevice (c) and 

boulder roost (d; K. Low). The red circles denote where on the roost structure the bats were located. The 

antenna of the bat in (a) can be seen sticking out from under the bark. 
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Males that roosted in trees selected a number of different tree species including: 

subalpine fir, Engelmann spruce, lodgepole pine (Pinus contorta), and trembling aspen. The 

species of tree selected for roosting was always one of the predominant species in the area. 

The dbh of roost trees ranged from 12.6 to 49.4 cm (n=16), with a mean of 34.8 ± 2.5 SE cm. 

Roost trees ranged in height from 6.9 to 28.8 m (n=16), with a mean of 21.0 m ± 1.7 SE m. The 

trees selected as roosts were always dead, with the trees in the unburned areas typically being 

more decayed compared to the burned trees. Unburned roost trees (n=7) typically had few 

branches, the bark was either loose or lost, and the top was often broken. Burned roost trees 

(n=9) were likely alive prior to the wildfire and were in earlier stages of decomposition (i.e. very 

little decay and many branches and twigs were still present). The percent bark remaining on 

roost trees ranged from 5 to 95% (n=16), with a mean of 66.6% ± 6.4 SE. There was no 

significant difference in the percent bark remaining on roost trees between burned (n=9, mean 

60.0 ± 10.9 SE %) and unburned areas (n=7, mean 75.0 ± 2.7 SE %; W= 22.5, P= 0.359).  

n=12 n=9 n=4 n=5 

Fig. 2.6. The mean (± SE) Euclidean distance male little brown Myotis traveled between 

capture sites and roosts (km) for trees, rock crevices and boulders in the unburned and 

burned areas in Waterton Lakes National Park, Alberta in 2020.     
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2.3.4 Tree roost availability surveys  

Although I recorded all potential roost types in 2019 (e.g. sloughing bark, crack, cavity, 

broken top), I only included sloughing bark for the potential roost availability analysis, as tree-

roosting bats were only ever located under bark throughout this study. As different methods 

were used in assessing bark roost availability in 2019 and 2020, I examined the potential bark-

roost availability (i.e. number of potential bark-roosts/number of trees surveyed) in the burned 

versus unburned areas in 2019 separately from 2020, as well as in 2019/2020 combined. In 

2019, the proportion of potential bark-roosts ranged from 0 to 0.4 (mean 0.2 ± 0.07 SE, n=5 

sites) in the burned sites, and from 0 to 0.2 (mean 0.1 ± 0.04 SE, n=5 sites) in the unburned 

sites. In 2020 the proportion of potential bark-roosts ranged from 0 to 0.3 (mean 0.2 ± 0.02 SE, 

n=10 sites) in the burned sites, and from 0 to 0.3 (mean 0.2 ± 0.04 SE, n=7 sites) in the 

unburned sites. There was no significant difference in the number of potential bark roosts 

between the burned and unburned areas in 2019 (W= 16.0, P = 0.511), 2020 (W= 26.0, P = 

0.405), or 2019/2020 (W= 93.0, P = 0.903). The locations of the vegetation surveys conducted in 

2019 and 2020 are illustrated in Fig. 2.7.      
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2.4 Discussion 

2.4.1 2019/2020 captures 

From my capture data, I determined that female (reproductive and non-reproductive) 

little brown Myotis foraged in habitats at lower elevations compared to males. This was not 

surprising due to the prevalence of maternity colonies in the buildings in the Waterton 

townsite. The Waterton townsite is situated at approximately the same elevation as my low 

elevation capture sites and is surrounded by a network of lakes and watercourses. Thus, the 

reproductive females have appropriate roosting habitat (i.e. buildings) and suitable foraging 

opportunities (i.e. riparian areas) to meet the high energetic requirements of raising a pup. 

Although non-reproductive females do not have the same energy requirements as pregnant 

and lactating females, it is possible that some of the captured non-reproductive females were 

Fig. 2.7. The locations of the 2019 and 2020 vegetation surveys completed in Waterton Lakes 

National Park, Alberta. The vegetation surveys assessed the number of potential tree roosts (i.e. 

trees with sloughing bark) in each survey area. The map layer was provided by Waterton Lakes 

National Park. 
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still associated with the maternity colonies. Past research on other bat species has suggested 

that non-reproductive females may roost with reproductive females for the purpose of social 

thermoregulation (Ransome 1973, Kerth and Konig 1999). It is also possible that non-

reproductive females chose to roost near to the maternity colonies to maintain social 

relationships with members of the colony (Fukui et al. 2010), with sociality perhaps being 

related to kin selection (Eberhard 1975, Kerth et al. 2002). 

Sex-specific variation in geographic distribution patterns has been observed in previous 

studies (e.g. Barclay 1991, Grindal et al. 1999, Cryan et al. 2000, Saunders 2015). Past research 

has suggested that reproductive females are likely limited to areas with lower 

thermoregulatory costs and energy requirements (Barclay 1991, Grindal et al. 1999, Cryan et al. 

2000). Males are likely able to inhabit areas with increased energy demands as they are able to 

use torpor under adverse conditions such as in cold weather and when prey resources are 

limited (Barclay 1991). Conversely, any torpor use by reproductive females will slow the 

development of the pups and reduce the pups’ overwintering survival rates (Racey 1973, Racey 

and Swift 1981, Grindal et al. 1992). Reproductive females’ energy demand nearly doubles from 

early lactation to peak lactation (Kurta et al. 1989), emphasizing the importance of inhabiting 

areas with reduced energetic costs.  

As all maternity colonies located were in the Waterton townsite and males roosted near 

to where they were captured, I examined whether there was a difference in the mean distance 

from the capture site to the townsite between males and females. I found there was no 

significant difference in distance for females versus males, which suggests that females are 

likely traveling further distances in a night compared to males. My results from radio-tracking 

males and females also support this. Most of the reproductive females tracked were caught at 

least six kms away from their maternity colonies in the Waterton townsite, whereas most males 

roosted within 1.5 km of where they were caught. In Yukon, female little brown Myotis also 

travelled further between their roost sites and foraging areas compared to males (Randall et al. 

2014).   

 As reproductive females in WLNP displayed a strong fidelity to building roosts in the 

townsite, it is possible that they are traveling long distances nightly due to the network of lakes 
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and watercourses surrounding the townsite. This water network may provide flyways with 

reduced energetic demands, coupled with abundant foraging opportunities. It is also likely that 

due to the concentration of female little brown Myotis in the Waterton townsite, each 

individual needs to have a larger home range due to intraspecific competition for food. 

Although some males were also caught near the Waterton townsite, more were associated with 

higher elevation sites, presumably areas with reduced competition for food sources. My results 

from radio-tracking males in 2020 suggest that natural roosts are not limited at these higher 

elevation sites.     

2.4.2 Female little brown Myotis 

Despite the limited sample size of the radio-tracked females, I determined that buildings 

are critical habitat for reproductive female little brown Myotis in WLNP. I also found that non-

reproductive females behaved more similarly to males compared to reproductive females, 

choosing natural roosts rather than buildings. I tracked seven females to seven different 

maternity colonies in buildings in the Waterton townsite. Past studies have also found that 

buildings are important habitat for maternity colonies of little brown Myotis (e.g. Davis and 

Hitchcock 1965, Burnett and August 1981, Henry et al. 2002), especially in high elevation areas 

(Johnson et al. 2019). Buildings are often selected as roosting structures as they provide stable 

warm microclimates, allow a larger number of individuals to roost together, thus reducing 

energy costs of thermoregulation, have low predation risks, and are more permanent 

compared to tree roosts (Lewis 1995, Lausen and Barclay 2006, Willis and Brigham 2007, 

Johnson et al. 2019). 

 Although the behaviour was only observed in one bat, using tree roosts early in the 

season prior to relocating to buildings (presumably to give birth) could be a way to minimize 

energy expenditure during periods of poor weather (e.g. cold spring days). Males and non-

reproductive females are regularly associated with tree and rock roosts (e.g. Jung et al. 2004, 

Psyllakis and Brigham 2006, Randall et al. 2014, Shively and Barboza 2017) as natural roosts are 

cooler compared to buildings and thus more suitable for using torpor (Barclay and Kurta 2007, 

Johnson et al. 2019). Although using torpor saves energy for the female, it delays fetal 

development and milk synthesis (Racey and Swift 1981, Wilde et al. 1999). Late parturition 
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dates reduce juvenile overwintering survival rates (Frick et al. 2010). This is especially true in 

high elevation locations that have late springs and early falls and thus a shortened time to 

acquire the fat reserves required for hibernation (Johnson et al. 2017). It is likely that buildings 

have enabled reproductive females to successfully raise offspring in locations such as WLNP 

that would otherwise not be possible if natural roosts were the only roosting option (Johnson 

et al. 2019). It has been suggested that female little brown Myotis’ frequent use of buildings 

may be due to their preference for roosting structures that can accommodate large colony sizes 

and last for relatively long periods of time (Bergeson et al. 2015). Buildings can support large 

colonies for many years and have become increasingly available since European colonization 

when anthropogenic structures started to replace trees (Bergeson et al. 2015).    

Due to the locations of the tags that I believe were dropped by the reproductive females 

while foraging or night roosting (Bats 6 and 9), I suspect accessing Crandell Lake via the 

Blakiston Valley (rather than Cameron Valley) is more energy efficient and/or has greater insect 

availability. This suggests that some reproductive females are likely flying more than 20 kms per 

night. All females radio-tagged at Crandell Lake (n=4) were lactating, an energetically 

demanding reproductive state that also requires frequent returns to the maternity roost to 

nurse the pups (Kurta et al. 1989, Henry et al. 2002). Although I was unable to assess foraging 

distance differences between pregnant (n=1) and lactating (n=6) females due to my small 

sample sizes, a past study found that lactating females had smaller home ranges compared to 

pregnant females (Henry et al. 2002). As the energetic demand for a lactating female to 

commute large distances between a foraging site and their maternity roost is high, it suggests 

that roost sites and/or foraging areas may be a limiting resource in WLNP. Alternatively, it could 

be that the benefit of roosting in a building outweighs the cost of foraging at sites that are far 

away.    

2.4.3 Male little brown Myotis 

Contrary to my prediction that burned areas would have more confirmed roost trees 

compared to unburned areas, I found that males did not preferentially select either burned or 

unburned trees, but rather used the habitat that was in close proximity to them. All males 

caught at the burned sites roosted in burned areas, and most males caught at unburned sites 
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roosted in unburned areas (20 out of 28; 71.4%). Bark roosts were selected more often 

compared to either rock crevices or boulders, in both burned and unburned areas. However, 

the radio-tracked bats appeared to have individual preferences for specific roost types, with 

only two out of the twelve tracked bats ever switching between trees and rocks.  

Although my sample size was small, roost switching frequency was similar in burned 

(mean 1.7 ± 0.5 SE days, n=4) and unburned (mean 1.9 ± 0.4 days, n=3) areas. The mean 

distances traveled from capture sites to roosts were also similar for tree roosts between the 

burned (mean 1.0 ± 0.2 SE kms, n=9) and unburned (mean 1.2 ± 0.1 SE kms, n=12) areas. For 

rock crevice roosts, bats traveled further in the burned areas (mean 2.5 ± 0.9 SE kms, n=5) 

compared to the unburned areas (mean 1.1 ± 0.1 SE kms, n=4). However, as rock crevice 

availability was likely not affected by the fire, this could be a result of the small sample size.  

Past studies examining roost selection by male bats in temperate areas in post-fire 

landscapes, have yielded differing results. Similar to my results, roost switching frequency and 

distances moved between roost trees by male Myotis sodalis was similar between burned and 

unburned areas (Johnson et al. 2010). Another study found that male M. sodalis selected 

burned trees more often than unburned trees for roosting in one study area, but used both 

burned and unburned trees equally in two other study areas (Perry et al. 2015). Other studies 

have found that roosts in burned areas are selected by male (Boyles and Aubrey 2006, Torrey 

2018) and female bats (Lacki et al. 2009) compared to roosts in unburned areas. The differences 

observed in roost selection in post-fire studies may be due to a variety of differences in the 

studies, including different study species, study sites, time of year, number of years since the 

fire, and fire severity. However, overall, the results highlight that fire likely has an overall 

neutral to positive effect on availability of roosting habitat.   

Although my sample sizes are not large enough to elucidate why some males selected 

tree versus rock roosts, my findings highlight the individual-level variation among little brown 

Myotis. This variation includes differences in behavioural traits such as exploration, sociability, 

boldness, and aggressiveness (termed ‘animal personality’) (Toscano et al. 2016). Animal 

personality can influence an individual’s spatial distribution and movement patterns within 

habitats (Nilsson et al. 2014, Schirmer et al. 2019), including their foraging and roosting 
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behaviour (e.g. site fidelity, home-range size) (Toscano et al. 2016). Individual-variation reduces 

intraspecific competition and may promote diversification and stability within a population 

(Bolnick et al. 2003).  

From my tracking data in 2020, I found that only two out of the twelve male bats ever 

switched between tree and rock roosts, and one bat was only ever located in a boulder (i.e. was 

visually confirmed in the boulder on three consecutive days). Thus, male little brown Myotis in 

WLNP exhibit behavioural differences regarding roost selection. The boulder roosting bat 

especially highlighted this as he was also detected foraging at Lost Lake at night after locating 

him in the boulder that morning as well as the morning after. To roost in the boulder during the 

day and forage at Lost Lake at night, a distance of over four kms each way, he had to fly past 

both burned and unburned tree roosts as well as rock crevices. As flying is energetically costly, 

the rational for choosing to repeatedly roost in a boulder over four kms away from a preferred 

foraging area is likely due to personality.  

2.4.4 Tree roost availability surveys  

As all bats tracked to tree roosts (both males and females) were either confirmed or 

suspected to be using bark roosts, I only considered sloughing bark as a potential roost in my 

analysis (i.e. did not include cracks, cavities, or broken tops). Contrary to my prediction that 

burned areas would have more potential roost trees compared to unburned areas, I found that 

there was no significant difference in bark roost availability between burned and unburned 

areas. However, this was for years two and three after the wildfire. I believe roost availability 

could change in future years, as bark roosts are temporary structures (Russo et al. 2005). I 

observed a bark roost that was occupied by a bat in July, and by August of the same year, the 

piece of bark the bat was roosting under appeared to have fallen off the tree. As WLNP receives 

a large amount of precipitation and wind (Parks Canada 2018, ACIS 2020), I expect that 

sloughing bark will continue to fall off trees at a relatively fast rate. In the burned areas, it will 

take decades for trees to regrow and become large enough to have bark roosting opportunities. 

This suggests that bark roosts may become limited in the burned areas in future years. 

However, I also observed a number of potential roosting cracks in trees (10% of 100 trees 

surveyed) in the burned areas in 2019. In addition to the existing cracks that are currently an 
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appropriate width for little brown Myotis to roost in, there were additional smaller cracks 

present that will likely widen over time. It is unknown whether little brown Myotis will switch to 

cracks in trees if sloughing bark becomes limited in the future. 

Snags in severely burned areas are less likely to fall compared to trees in lightly burned 

areas (Angers et al. 2011). In addition, burned and unburned trees are lost at similar rates (Ford 

et al. 2021). However, this does not necessarily translate to sustained roost availability for bats 

if bark roosts are still actively selected for over cracks in the future. Although snags are still 

standing, the amount of bark remaining on dead trees decreases over time (Barclay and 

Brigham 2001). Overall, tree roost availability in WLNP did not appear to change in the burned 

areas immediately post-fire. Projecting to the intermediate-term trend, the loss of trees can be 

a gradual process in a post-fire landscape (Angers et al. 2011, Ford et al. 2021). The long-term 

effects of fire on roost availability are less known as it will depend on both the recruitment of 

new and loss of old roost trees (Ford et al. 2021).  

2.4.5 Study limitations 

In 2019 I faced challenges due to intermittent field support and in 2020 my field season 

was limited due to COVID-19. Sample sizes for the number of bats tracked and vegetation 

surveys completed were smaller than I had planned for both years. Radio-tracking bats in the 

mountains also raised challenges. An ongoing issue was the terrain causing both signal bounce 

(i.e. unreliable bearings due to the mountains reflecting the signal) or interference (i.e. 

mountains limiting the range of the tags). Some tagged bats were never detected and/or 

tracked to a roost, and as such, my results are from the easily tracked bats and potentially the 

ones with predictable behaviour. It is unknown if the bats that were never detected had issues 

with their radio-tag (e.g. tag stopped working, fell off), were roosting in areas with high 

interference (e.g. deep in rock crevices, behind mountains) or left the study area entirely. In 

addition, as often multiple bats were tracked and located each day, it was not possible to 

confirm exit points (i.e. watch the roost at emergence time) for each located roost. It is possible 

that some of the roosts were misidentified.  

For the data analysis, roost characteristics and roosting behaviours were pooled even 

though multiple data points were associated with the same individual bat. Not all bats were 
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tracked for equal amounts of time, meaning that the calculated means are skewed in the 

direction of bats who were located more often. Any potential bias is likely exacerbated by the 

small size. However, my results do highlight roosting behaviours and overall trends. For the 

vegetation surveys, different methods were used in the two years and the sample sizes were 

limited for both. I only included sloughing bark as a potential roost type. However, it is possible 

that some bats also use cracks, cavities and broken tops of trees. I also included sloughing bark 

from any side of the tree. My results from confirmed roosts suggest that bats predominately 

use bark roosts on the south side of trees. However, methods were consistent between the 

burned and unburned areas for each year. Therefore, the overall conclusions about potential 

roost availability between burned and unburned areas are likely unbiased.     

2.4.6 Future research 

An interesting observation I found from tracking a female which was likely pregnant in 

2019, was the use of natural roosts early in the season. Although she was the only individual 

tracked in June, my findings suggest that reproductive females may use natural roosts while 

pregnant. This may allow for greater use of torpor and thereby delay parturition until 

environmental conditions improve. Reproductive females could also be taking advantage of the 

increasing night length (i.e. longer foraging times) that occurs after summer solstice (Reimer 

2013) or timing lactation to when there is an increase in insect availability (Henry et al. 2002). 

Additional females suspected or confirmed to be in early pregnancy should be tracked early in 

the year to test this hypothesis.     

Another area for future research could be examining tree and bark persistence (e.g. 

Barclay and Brigham 2001) over the intermediate to long-term. If bark roosts become limiting in 

future years, male little brown Myotis may switch to cracks, cavities and broken tops of trees, 

roost in rock crevices more often, or be forced to roost more predominately in unburned areas. 

Understanding the long-term succession of trees in burned areas could help explain roosting 

behaviour of male little brown Myotis in WLNP.    

2.4.7 Management recommendations 

My results highlight the importance of building roosts to reproductive female little 

brown Myotis in WLNP. As each female tagged was tracked to a different building, it suggests 
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that there are more building roosts in the Waterton townsite than I located. To maintain the 

population of this endangered species in WLNP, building roosts should be protected. If there 

are human-wildlife concerns and building owners need to evict the bats, timing can be used to 

prevent unnecessary mortality of the mothers and pups. Bat exclusions should be planned for 

the late fall to early spring, when bats are hibernating and not in the buildings (Neilson and 

Fenton 1994, Brittingham and Williams 2000). Renovations to buildings with maternity colonies 

should also be completed from late fall to early spring.   

My findings from tracking male bats highlight their adaptability and use of a variety of 

roosting structures in WLNP. As the study area is located within a national park and is therefore 

a protected area, I do not believe that male little brown Myotis require additional management. 

Although it is unknown what the long-term effect of the fire will be on tree roost availability in 

the burned areas, the unburned areas may offer sufficient roosting habitat. As long as forest 

succession continues and trees are able to mature, availability of roost trees should not become 

limiting.       

2.5 Conclusion 

 Past studies have found that fire has both positive and negative effects on roosting 

opportunities for bats. Fire can enhance roosting habitat by creating snags and increasing the 

occurrence of potential roosts (Johnson et al. 2009, Perry 2012, Buchalski et al. 2013, O’Keefe 

and Loeb 2017). However, fire can also consume or weaken roost trees (Randall-Parker and 

Miller 2002, Jung 2020). Despite the small sample sizes, my results suggest that the Kenow 

wildfire did not change roosting availability for little brown Myotis in WLNP two to three years 

post-fire.  

Reproductive females were strongly associated with buildings in the Waterton townsite, 

structures that were primarily unaffected by the wildfire. Some reproductive females likely 

traveled more than 20 kms per night, suggesting that high quality roost sites and/or foraging 

areas may be limited in WLNP. As female little brown Myotis appear to require buildings to 

successfully raise their young in WLNP, buildings with maternity roosts need to be protected to 

maintain the little brown Myotis population in the park. The radio-tracked males and non-

reproductive females did not preferentially select either burned or unburned roosts, but rather 
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used the habitat that was close in proximity. Bats used a variety of natural roosts in WLNP 

including bark roosts, rock crevices and boulders in both burned and unburned areas. Natural 

roosts do not appear to be limiting in the burned areas as rock roosts were likely unaffected 

and the wildfire did not appear to change the availability of bark roosts. I believe that the 

variation in natural roost selection by little brown Myotis was primarily due to individual 

preferences and personality differences in their preferred roost type. The little brown Myotis in 

WLNP also displayed sexual segregation in foraging and roosting habitat with males associated 

with higher elevation areas compared to females. My findings highlight the importance of 

considering both males and females to make informed management decisions that are not 

biased towards one or the other. Overall, my results highlight the adaptability and opportunistic 

nature of little brown Myotis. Although roost availability did not increase post-fire, this species 

shows resilience and appears to have adapted to the significant ecological changes caused by 

the Kenow wildfire.  
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Chapter 3: Changes in Bat Activity after the Kenow Wildfire 

3.1 Introduction 

3.1.1 Fire and bats 

Fire is an important natural disturbance shaping forest communities (Waldrop et al. 

1992, Brose et al. 2001, Krawchuk et al. 2020), creating a mosaic of habitat patches and altering 

species composition and forest structure (Dale et al. 2001, Johnstone et al. 2016). Although fire 

promotes landscape heterogeneity (Armitage and Ober 2012) and maintains suitable habitat 

for wildlife (Pausas and Parr 2018), it is unknown what the effects of rapidly changing fire 

regimes will be on forest biodiversity (Fontaine and Kennedy 2012, Blakey et al. 2019), including 

the bat community. The response by bats to wildfire is complex due to a variety of interactions 

between the fire regime (e.g. severity, frequency, season), regional climate, habitat type, and 

the individual species’ biology (Perry 2012, Law et al. 2018, Steel et al. 2019). Overall, however, 

the effect of wildfire on bats is understudied and poorly understood (Perry 2012, Buchalski et 

al. 2013, Law and Blakey 2021).  

Fire (both prescribed and wildfire) generally has an overall neutral or positive effect on 

most bat species (e.g. Austin et al. 2020, Ancillotto et. al 2021, Blakey et al. 2021, Taillie et al. 

2021). However, species-specific negative responses have also been reported (e.g. Jung 2020, 

Starbuck et al. 2020, Ancillotto et al. 2021). Fire impacts insectivorous bat communities by 

changing the foraging habitat, insect communities (i.e. prey), and roosting opportunities (e.g. 

Buchalski et al. 2013, Lacki et al. 2017). Fires promote reduced vegetative complexity in the 

midstory and understory, and lower tree densities and more-open canopies, conditions that are 

conducive for less maneuverable bat species (Boyles and Aubrey 2006, Perry 2012, Jung 2020). 

Past studies have suggested that severe fires create pulses of insect productivity (e.g. Malison 

and Baxter 2010a, Buchalski et al. 2013), with bats adapting their foraging behaviours and 

habitats to the timing of insect outbreaks (Brigham et al. 1992, McCracken et al. 2012, Kalda et 

al. 2015). Fire has both positive and negative impacts on roost availability. Fire enhances 

roosting habitat (e.g. creates snags, increases occurrence of loose bark, reduces structural 

clutter), while also reducing roosting availability (e.g. consumes potential roost trees) (Perry 

2012, Buchalski et al. 2013, O’Keefe and Loeb 2017, Jung 2020).    
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3.1.2 Acoustically monitoring bats 

Researchers have studied bats using a variety of techniques including capture methods 

(e.g. mist nets, harp traps and hand nets) and acoustic surveys (Zamora-Gutierrez et al. 2021). 

Bat capture surveys provide information that can only be determined through physically 

handling bats (Vonhof 2006). However, capture surveys are biased towards bat groups that are 

easier to catch, involve a significant disturbance to the animal, and are only feasible in certain 

habitat types (e.g. over small water bodies, forest trails) (Vonhof 2006, Zamora-Gutierrez et al. 

2021). Acoustic surveys are not as invasive and typically have less biases compared to capture 

surveys (Zamora-Gutierrez et al. 2021). Acoustic surveys involve using detectors with high 

frequency microphones capable of recording bat echolocation passes (Zamora-Gutierrez et al. 

2021). A bat echolocation pass is a series of calls (individual echolocation ‘clicks’), recorded as 

the bat passes near the microphone (Fenton 1970). Ultrasonic detectors have become 

increasingly affordable, with reasonable battery life and data storage capacities, making it 

possible to deploy multiple detectors over a large area for extended periods of time (Hill et al. 

2019). However, definitive species identification is often impossible for many recorded passes 

as there is much overlap in echolocation frequency and pattern among different bat species 

(Barclay 1999, Walters et al. 2013). Bat echolocation passes vary based on whether the bat is 

searching, approaching, or attacking prey (Griffin et al. 1960), whether the bat is flying in an 

open or cluttered habitat (Findlay and Barclay 2020), and whether other bats are nearby (Obrist 

1995) . There is also regional variation among different populations, suggesting that call 

libraries and the resulting auto-identification software should be specific to a certain 

geographic area and habitat (Barclay 1999). Overall, despite some of the limitations, acoustic 

surveys have provided a cost-effective and consistent method to collect long-term data on bat 

populations (Zamora-Gutierrez et al. 2021).   

Bat echolocation calls vary depending on whether the bat is searching, approaching, or 

attacking prey resulting in three different call types: search phase, approach phase, and 

terminal phase (Griffin et al. 1960, Fenton 2013). A search phase call consists of calls that have 

an approximately consistent interpulse interval (i.e. time between calls) and a relatively low call 

repetition rate (Griffin et al. 1960). Search phase calls are used when bats are commuting and 
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searching (Schnitzler and Kalko 2001, Russo et al. 2018a). Search phase calls are the call type 

that should be used when analyzing bat passes as it is the most diagnostic call type to species or 

species group (Reichert et al. 2018). Approach phase calls are used when bats are approaching 

an insect or obstacles such as vegetation (Griffin et al. 1960, Schnitzler and Kalko 2001). These 

calls are typically steeper in frequency change, shorter in duration, have a faster repetition rate, 

and may be higher in frequency (Griffin et al. 1960, Russo et al. 2018a). Terminal phase calls 

consist of a burst of calls that are very steep (i.e. rapidly drop in frequency), short, fast, and 

often of low amplitude (Griffin et al. 1960). Terminal phase calls provide the final, precise 

localization information of the target (Jakobsen and Surlykke 2010, Schmieder et al. 2010), and 

are used when the bat is close to and capturing an insect (Griffin et al. 1960, Russo et al. 

2018a). The feeding buzz (i.e. the collection of the terminal phase calls) has an abrupt change in 

frequency (Kalko 1995, Schnitzler and Kalko 2001, Jakobsen and Surlykke 2010). This drop in 

frequency is thought to be a result of the bat increasing the width of their biosonar sound 

beam, thereby increasing the area of detection (Jakobsen and Surlykke 2010, Matsuta et al. 

2013). The increased call rate and broad bandwidth assist in successfully tracking maneuvering 

insects (Schmieder et al. 2010, Elemans et al. 2011, Ratcliffe et al. 2013). Bats also emit buzzes 

when drinking (Griffiths 2013, Russo et al. 2016) or landing (Russo et al. 2007), but the drop in 

frequency associated with feeding buzzes is typically absent in drinking and landing buzzes 

(Russo et al. 2018a).  

Social calls are an additional call type and consist of complex sounds that are variable in 

frequency, shape, and length (Limpens 2004, Szewczak 2018). Social calls are used when bats 

are communicating with each other (Limpens 2004). Fig. 3.1 illustrates a bat pass consisting of 

search, approach and terminal phase calls, and an example of a bat pass containing social calls.  
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Fig. 3.1. Examples of bat echolocation passes consisting of the three different call types and 

social calls. The search phase, approach phase, and terminal phase (i.e. feeding buzz) calls are 

displayed in the top figure and examples of social calls are displayed in the bottom figure. The 

sonograms are displayed in Wildlife Acoustics’ Kaleidoscope Lite bat analysis software (version 

5.4.0) in true time.      
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3.1.3 Hypothesis and predictions 

From 2015 to 2020, bat acoustic surveys were conducted by Parks Canada staff in 

Waterton Lakes National Park (WLNP), providing the unique opportunity to compare bat 

activity from before the Kenow wildfire (2015 to 2017) to levels after the natural disturbance 

(2018 to 2020). Based on information from Chapter 1, I hypothesized that the wildfire affected 

the species’ distribution and abundance of bats in WLNP due to changes in the forest structure, 

foraging opportunities, and roosting availability. Despite the different life histories of the bat 

species in WLNP, I hypothesized that the fire created a heterogenous landscape (i.e. created a 

variety of burned, unburned and edge habitats) that diversified the forest structure, and 

increased foraging and roosting options. As most of the species in the study area are edge or 

open specialists, I hypothesized that the reduced forest clutter improved the habitat. For the 

clutter-adapted species, there were local unburned habitats to relocate to. Although roost trees 

were consumed by the wildfire, I hypothesized that there would have been an overall increase 

in the number of potential roost trees (see Chapter 2). For the foliage-roosting species, there 

were nearby unburned habitats that provided suitable roosting options. Despite the fire likely 

having both positive and negative effects on the local insect population, I hypothesized that 

some insect species would have a strong positive response and the local bats, being 

opportunistic predators, would capitalize on this. Therefore, overall, I hypothesize that the fire 

would have a positive effect on all species in the study area.   

To test my hypotheses, I predicted that: 1) between pre- (2015 to 2017) and post- (2018 to 

2020) wildfire years: 

a) post-fire years would have a greater amount of bat activity, the highest in 2018 (1-year 

post-fire), with a decreasing trend in subsequent years; and 

b) post-fire years would have a higher rate of feeding buzzes, the highest in 2018 (1-year 

post-fire), with a decreasing trend in subsequent years.  

I also predicted that: 2) between burned and unburned sites after the fire:  

a) burned sites would have a greater amount of bat activity; and  

b) burned sites would have a higher rate of feeding buzzes.  
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3.2 Methods 

3.2.1 Study species 

Based on capture records from netting surveys conducted in 2011/2012 (Lausen 2012) 

and 2019/2020 (see Chapter 2), there are at least seven species that have been confirmed in 

WLNP. These species include: the little brown Myotis (Myotis lucifugus), long-eared Myotis 

(Myotis evotis), long-legged Myotis (Myotis volans), big brown bat (Eptesicus fuscus), silver-

haired bat (Lasionycteris noctivagans), eastern red bat (Lasiurus borealis), and hoary bat 

(Lasiurus cinereus) (Lausen 2012, see Chapter 2). Acoustic surveys have suggested that an 

additional three species may be found in WLNP (Lausen 2012). These include the western small-

footed Myotis (Myotis ciliolabrum), Yuma Myotis (Myotis yumanensis) and California Myotis 

(Myotis californicus) (Lausen 2012). However, none of these species have been caught during 

any past trapping surveys.   

In WLNP, the bats in the Myotis genus include the bat species with the smallest body 

size and highest echolocation frequency. All Myotis in the study area hibernate during the 

winter, with the reproductive females forming maternity colonies in summer to raise their 

offspring (Nagorsen and Brigham 1993, Naughton 2012). In western Canada, Myotis roost in 

buildings, bat houses, trees and rock crevices (Nagorsen and Brigham 1993). All of the Myotis in 

WLNP except the long-eared Myotis, primarily consume their prey mid-flight (i.e. aerial 

hawking) (Nagorsen and Brigham 1993). Long-eared Myotis also glean prey, hovering in flight 

and picking their prey off surfaces (Faure and Barclay 1994, Naughton 2012).    

The little brown Myotis is a medium-sized Myotis (mass 6.2 – 10.2 g, forearm length 

33.0 – 40.3 mm) (Nagorsen and Brigham 1993) which has a characteristic echolocation 

frequency (i.e. the frequency of the call at its lowest slope toward the end of the call) between 

35 and 40 kHz (Lausen 2016, pers. comm.). Currently, the little brown Myotis is provincially 

listed as “May Be at Risk” (AEP 2020). However, it has been recommended by Alberta's 

Endangered Species Conservation Committee to be listed as “Endangered” under the Alberta 

Wildlife Act (L. Wilkinson, pers. comm.). It is federally listed under the Species at Risk Act as 

“Endangered” (GOC 2021). Individuals forage over water, along forest edges, and in openings, 

feeding on a variety of insect orders including Diptera, Ephemeroptera, Trichoptera and 
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Lepidoptera (Nagorsen and Brigham 1993, Clare et al. 2011, 2014a, Nelson and Gillam 2017). 

The long-eared Myotis (mass 4.2 – 8.6 g, forearm length 36.0 – 42.0 mm; Nagorsen and 

Brigham 1993) has a characteristic echolocation frequency between 30 – 35 kHz (Lausen 2016, 

pers. comm.). It is provincially listed as “Sensitive” (AEP 2020). Individuals forage in cluttered 

forest habitats and feed extensively on Lepidoptera (Barclay 1991, Nagorsen and Brigham 1993, 

Naughton 2012). The long-legged Myotis (mass 5.5 – 10.0 g, forearm length 34.0 – 43.0 mm; 

Nagorsen and Brigham 1993) has a characteristic echolocation frequency of approximately 40 

kHz (Lausen 2016, pers. comm.). It is provincially listed as “Undetermined” (AEP 2020). 

Individuals forage over the forest canopy and water, as well as along forest and cliff edges, 

feeding extensively on Lepidoptera (Nagorsen and Brigham 1993, Johnson et al. 2007).  

In WLNP, the big brown, silver-haired, eastern red, and hoary bats comprise the species 

with the larger body sizes and lower echolocation frequencies. Both big brown bats (mass 8.8 – 

21.9 g, forearm length 43.0 – 52.0 mm) and silver-haired bats (mass 5.8 – 12.4 g, forearm length 

39.1 – 43.9 mm) are medium-sized bats (Nagorsen and Brigham 1993) with a characteristic 

echolocation frequency between 25 – 30 kHz (Lausen 2016, pers. comm.). Big brown bats 

hibernate during the winter, with reproductive females forming maternity colonies in summer 

to raise their offspring during the active season (Nagorsen and Brigham 1993, Naughton 2012). 

Big brown bats roost in buildings, bat houses, trees and rock crevices (Nagorsen and Brigham 

1993, Brittingham and Williams 2000). They are provincially listed as “Secure” (AEP 2020). They 

are aerial hawkers, foraging along forest edges and over the forest canopy and water, feeding 

extensively on Coleoptera (Brigham and Saunders 1990, Nagorsen and Brigham 1993, Hamilton 

and Barclay 1998). Silver-haired bats migrate out of Alberta during the winter. Reproductive 

females form maternity colonies in summer to raise their offspring (Nagorsen and Brigham 

1993, Naughton 2012). Silver-haired bats roost in trees (Nagorsen and Brigham 1993) and are 

provincially listed as “Sensitive” (AEP 2020). They are aerial hawkers, foraging in clearings and 

over water, feeding extensively on Lepidoptera (Barclay 1986, Nagorsen and Brigham 1993, 

Reimer et al. 2010).          

Both species of Lasiurus migrate out of Alberta during the winter, and roost solitarily 

amongst tree foliage (Nagorsen and Brigham 1993, Naughton 2012). Both species are also aerial 
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hawkers, foraging above the forest canopy and in open areas, feeding extensively on 

Lepidoptera (Shump and Shump 1982, Nagorsen and Brigham 1993, Reimer et al. 2010). 

Eastern red bats are a medium-sized bat (mass 7.2 – 18.5 g, forearm length 34.0 – 42.0 mm; 

Nagorsen and Brigham 1993) with a characteristic echolocation frequency between 30 – 35 kHz 

(Lausen 2016, pers. comm.). They are provincially listed as “Sensitive” (AEP 2020). Hoary bats 

are a large-sized bat (mass 20.1 – 37.9 g, forearm length 50.3 – 57.4 mm; Nagorsen and 

Brigham 1993) with a characteristic echolocation frequency between 16 – 18 kHz (Lausen 2016, 

pers. comm.). They are provincially listed as “Sensitive” (AEP 2020).  

3.2.2 Acoustic surveys 

Parks Canada staff conducted acoustic surveys of bats in WLNP from late June to early 

August from 2015 to 2020. Surveys for each site were conducted at approximately the same 

time each year to ensure that sites either captured the pre-volancy or post-volancy period 

(Parks Canada 2017a). Originally, Parks Canada had planned to do three years of baseline 

monitoring (2015 to 2017) to better understand the distribution and abundance of bats in 

WLNP prior to the arrival of white-nose syndrome. However, after the Kenow wildfire went 

through the park, a unique opportunity to examine the effects of a severe wildfire on the bat 

community presented itself, and surveys were continued from 2018 to 2020. There were 13 

different survey sites (Fig. 3.2) located throughout the Subalpine, Montane and Foothills 

Parkland natural subregions of the park (Fig. 1.2). The same sites were surveyed in all six years. 

For each survey site, detectors were deployed continuously for between two and 13 nights. 

However, due to acoustic detector issues, some nights were excluded from the analysis. In 

total, I included 380 nights in the analysis, with a mean of 5.1 nights (SE ± 0.2) for each site each 

year. Sites were situated at elevations between 1284 and 2033 m, located between two and 20 

kms from the Waterton townsite, and distances of five to 350 meters from the nearest water 

feature (Fig. 3.3). The Kenow wildfire burned approximately half of the survey sites (Fig. 1.1), 

resulting in both burned (six sites) and unburned (seven sites) data, as well as pre-fire (three 

years) and post-fire (three years) data. The metadata for each acoustic survey site and weather 

station (used for compiling daily environmental data) are provided in Appendix D.   
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Fig. 3.2. Examples of six of the thirteen acoustic detector sites monitored from 2015 to 2020 in 

Waterton Lakes National Park, Alberta. Included are: Bison Paddock (top left), Blakiston 

Roadside (top right), Dipper at Rowe (middle left), Lost Lake (middle right; K. Low), Sewage 

Lagoon (bottom left), Wishbone (bottom right).  
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Fig. 3.3. The site variation among the 13 acoustic sites monitored from 2015 to 2020 in Waterton Lakes National Park, Alberta.  
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3.2.3 Detector deployment 

The locations of the acoustic detectors were selected based on the North American Bat 

Monitoring Program (NABat) probability-based sampling structure (Parks Canada 2017a). The 

sites were selected from a grid-based finite-area sampling frame, with the exact locations 

suggested by a bat biologist (Lausen 2012, Parks Canada 2017a). NABat is a collaborative 

monitoring program across North America that uses standardized protocols to collect acoustic 

bat data (Loeb et al. 2015). These data help assess population trends and inform conservation-

based strategies to support bats due to their vulnerability to a variety of threats (e.g. white-

nose syndrome, wind energy development, climate change, habitat loss) (Loeb et al. 2015). 

Wildlife Acoustics’ Song Meter SM2BAT+ detectors and omnidirectional ultrasonic microphones 

were used throughout the six-year study. The microphones were raised five to six meters from 

the ground (Fig. 3.4) and were calibrated prior to the start of each field season to ensure they 

were working within normal parameters. The detectors were programmed to record from 30 

minutes before sunset to 30 minutes after sunrise. Additional information regarding detector 

settings is discussed in Appendix E.   

3.2.4 Acoustic call processing  

At the end of each field season, the raw acoustic files were processed using Wildlife 

Acoustics’ Kaleidoscope Pro bat analysis software (version 3.1.1, 

www.wildlifeacoustics.com/products/kaleidoscope-pro), providing both full-spectrum and zero-

cross files. Full spectrum recordings are a digitized representation of the entire soundscape, 

which includes frequency, time, harmonic and amplitude information for each call (Szewczak 

2010, Agranat 2013). A zero-cross recording is created by measuring the amount of time it 

takes a soundwave to cross the ‘zero’ mark a given number of times (Szewczak 2010, Agranat 

2013). The time between the oscillations, or typically the time it takes for eight zero-crossings 

(called the division ratio), is recorded (Szewczak 2010). These data are then plotted as the 

average frequencies per time (Szewczak 2010). Zero-cross files can only display the dominant 

frequency at any one time, and only the frequency and time of each call (i.e., no amplitude or 

harmonic information) (Szewczak 2010, Agranat 2013).  
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Fig. 3.4. The acoustic detector deployment set-up at Cameron Lake, Waterton Lakes National 

Park, Alberta (K. Melrose).   

All files were run through the Kaleidoscope noise scrubber and species classifier to move 

noise files to a separate folder and assign an auto-identified species label to each bat file. Once 

the bat files were processed in Kaleidoscope Pro, I inspected all of the data log-files for each 

site and year to ensure detectors were recording during the entire deployment period. I then 

excluded nights when the detector was not recording normally. I compiled metadata for the 

surrounding habitat for each detector location (e.g. natural subregions, elevation, distance to 

the Waterton townsite, nearest water feature), as well as environmental conditions (e.g. sunset 

temperature, nightly precipitation) for each night a detector was deployed (Appendix D). 
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To analyze the acoustic files, I used Titley Scientific’s AnalookW bat analysis software 

(version 4.5s) and filters (J. Rae and C. Lausen, pers. comm.). The filters provided a secondary 

auto-identification method to increase efficiency and consistency when I was manually 

analyzing the acoustic files. Once all bat files had been auto-identified by both Kaleidoscope Pro 

and the filters in AnalookW, I manually identified all files. Manual species identification was 

based on resources (Lausen 2016, pers. comm., Szewczak 2018) provided from bat acoustic 

training courses I attended. As there is no WLNP specific bat echolocation reference library, I 

was conservative in assigning species-specific identification and thus grouped species with 

similar echolocation characteristics (e.g. high frequency, 40kHz Myotis, big brown/silver-haired 

bat, low frequency). The echolocation call characteristics I used for each species/species group 

and sonogram examples are illustrated in Appendix F. Some files had multiple species recorded. 

Each different species/species group present in a file was identified and accounted for. Files 

that appeared to have multiple individuals of the same frequency class were not corrected for, 

and therefore only counted once.  

Although I analyzed files for species analysis using the zero-cross files created from 

Kaleidoscope Pro, I also used Wildlife Acoustics’ Kaleidoscope Lite bat analysis software (version 

5.4.0) to examine a subset of the processed full spectrum files created from Kaleidoscope Pro. 

AnalookW only recognizes zero-cross files, but Kaleidoscope Lite is able to load both zero-cross 

and full spectrum files. For full spectrum files to be zero-crossed, the signal to noise ratio (i.e. 

the difference between the detected signal and background noise) needs to be above a certain 

threshold to be converted. Therefore, many of the low amplitude calls that appear in full-

spectrum are absent in zero-cross files. Due to feeding buzzes having low intensity, they rarely 

appeared in the zero-cross files. I used Kaleidoscope Lite to determine the number of feeding 

buzzes in a subsample of files (i.e. random sample of 20 individual files or 10% of all files, 

whichever was greater, for each date for every site for each year; n=6,891) that I manually 

identified in AnalookW as 40 kHz Myotis. 40 kHz Myotis were not detected every night, 

therefore I excluded nights with no detections (i.e. 40 kHz Myotis were detected on 361 of the 

380 detector nights). I then determined the proportion of files with a feeding buzz (i.e. number 

of files with a feeding buzz/total number of files subsampled) for each date for every site for 
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each year. Additional information regarding the software settings, workflow, site metadata 

compilation, and echolocation requirements are discussed in Appendix E.   

In addition to feeding buzzes not being zero-crossed, there were also low-amplitude bat 

passes that were missed from the zero-cross conversion or incompletely zero-crossed, thus 

creating an ambiguous echolocation pulse. These bat calls appeared as additional species in the 

full spectrum bat files, as well as in the files that were auto-identified as “noise” by 

Kaleidoscope Pro, and in the files I manually identified as “noise” in AnalookW. I manually 

inspected a subsample of these files in Kaleidoscope Lite using the corresponding full spectrum 

file. For each analysis (i.e. the number of full spectrum bat files containing additional species 

[n=3,626], the number of “noise” files from Kaleidoscope Pro containing bats [n=3,800], and the 

number of “noise” files from AnalookW containing bats [n=2,055]), ten individual files were 

selected for each date for every site for each year. Some dates had less than 10 files, therefore I 

selected however many files were available for that date (i.e. one to nine). Additional information 

regarding the subsampled files, the proportions of missed species, and the overall limitations of 

using the Kaleidoscope noise scrubber and analyzing the zero-cross files instead of the full 

spectrum files, is discussed in Appendix G.    

3.2.5 Statistical analysis 

To determine the effect of the wildfire on bats in WLNP, I compared activity levels (i.e. 

the number of echolocation passes per night) between pre- and post-wildfire years, as well as 

between burned and unburned sites. I tested the number of echolocation passes per night for 

each species/species group for normality using a Shapiro-Wilk test (function shapiro.test() in 

package stats, R Core Team 2020) and by examining histograms (function hist() in package 

graphics, R Core Team 2020) of the plotted data in RStudio (version 1.3.1093, R Core Team 

2020). I conducted statistical analyses on four different species/species groups; 40 kHz Myotis 

(i.e. little brown Myotis, long-legged Myotis and non-diagnostic long-eared Myotis passes), big 

brown/silver-haired bats, hoary bats, and long-eared Myotis (i.e. diagnostic long-eared Myotis 

passes). I also examined the proportion of 40 kHz Myotis passes that contained feeding buzzes 

(i.e. 40 kHz Myotis feeding buzz). All species/species groups were from non-normal 

distributions.  
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For species/species groups with sufficient sample sizes to model (i.e. models were able 

to converge), I modeled the effects of environmental variables on bat activity using generalized 

linear mixed models (GLMMs), with a negative binomial distribution (function glmer.nb() in 

package lme4, Bates et al. 2015). I created separate GLMMs for 40 kHz Myotis, big 

brown/silver-haired bat, and hoary bat. Within each species/species group, I created three 

different models to predict the echolocation counts for each fire metric: 1) among the years 

before the wildfire to each year after the wildfire (PrePost123); 2) between the burned and 

unburned sites both before and after the wildfire (PrePostUnburnBurn); and 3) between 

burned and unburned sites, and considering how many years since the wildfire occurred 

(PrePost123UnburnBurn). Although there was variation in seasonal activity from year to year 

due to differences in the weather (e.g. cold, wet spring, dry, hot summer), having three years of 

pre-fire data likely captured much of the yearly variation that was present. Therefore, I 

combined all pre-fire data (i.e. 2015 to 2017), thus representing the baseline activity of bats in 

WLNP prior to the Kenow wildfire.   

Possible explanatory variables originally included in the models included the fire metric 

(i.e. PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn), natural subregion, elevation 

(m), townsite distance (km), water distance (km), type of nearest water feature, total nightly 

precipitation (mm), forest type, sunset temperature (°C), and a random effect of the acoustic 

site (Table 3.1). Although including “site” as the random effect would have accounted for some 

of the characteristics I included as additional explanatory variables (e.g. natural subregion, 

elevation, forest type), I was interested in specifically how each of the included covariates 

affected bat abundance (i.e. which habitat features where associated with the greatest bat 

activity and the direction of the effect). All numerical variables were scaled for better model 

convergence using the scale() function in base R, except for the responding variable (i.e. the 

number of echolocation passes per night). An information-theoretic approach based on 

Akaike's information criterion corrected for small sample size (AICc) was used to select the most 

parsimonious model (function dredge() in package MuMIn, Barton 2020). I ranked models by 

AICc where smaller values represent better models, and for models within two ΔAICc, the most 

simple model was selected (Burnham and Anderson 2002).  
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Variable name 
Fixed/random 
effect or response 
variable 

Level names Variable description 

PrePost123  Fixed Pre, Post1, Post2, Post3 
“Pre” = Unburned and burned sites from 2015 – 2017, “Post1” = 
Unburned and burned sites in 2018, “Post2” = Unburned and burned 
sites in 2019, “Post3” = Unburned and burned sites in 2020 

PrePostUnburnBurn Fixed 
PreUnburn, PreBurn, PostUnburn, 
PostBurn 

“PreUnburn” = Unburned sites from 2015 – 2017, “PreBurn” = 
Burned sites from 2015 – 2017, “PostUnburn” = Unburned sites from 
2018 – 2020, “PostBurn” = Burned sites from 2018 - 2020  

PrePost123UnburnBurn Fixed 
PreUnburn, PreBurn, PostUnburn1, 
PostUnburn2, PostUnburn3, 
PostBurn1, PostBurn2, PostBurn3 

“PreUnburn” = Unburned sites from 2015 – 2017, “PreBurn” = 
Burned sites from 2015 – 2017, “PostUnburn1” = Unburned sites in 
2018, “PostUnburn2” = Unburned sites in 2019, “PostUnburn3” = 
Unburned sites in 2020, “PostBurn1” = Burned sites in 2018, 
“PostBurn2” = Burned sites in 2019, “PostBurn3” = Burned sites in 
2020 

Natural subregions  Fixed 
Foothills Parkland, Lower Subalpine, 
Montane, Upper Subalpine 

The different natural subregions found in the park 

Elevation Fixed 1284 – 2033 Elevations of the 13 sites in meters  
Townsite distance Fixed 2 – 20 Distance from each acoustic station to the townsite in kms  

Water distance Fixed 0.005 – 0.35 
Distance from each acoustic station to the nearest water source in 
kms  

Nearest water feature Fixed Creek, Lake, River, Wetland The type of water feature nearest to each acoustic station  
Night sum precipitation Fixed 0.0 – 19.7 The total precipitation in mm for each detector night 
Forest type Fixed Coniferous, Deciduous, Mixed The different forest types found in the park 
Sunset temperature Fixed 3.8 – 25.3 The temperature at sunset in °C for each detector night 

Site name Random 

Belly Bend, Bison Paddock, Blakiston 
Roadside, Boundary Bay, Cameron 
Lake, Dipper at Rowe, Lone Lake, 
Lost Lake, Red Rock, Sewage 
Lagoon, Sofa Burn, Wishbone, 
Yarrow Cabin 

The names of the acoustic stations  

40kMyotis, EPFULANO, 
LACI 

Response variable N/A 
The number of echolocation passes per night for each 
species/species group 

Table 3.1. The possible explanatory variables originally included in the generalized linear mixed models (GLMMs) that examined the effect of the Kenow wildfire on 

bats in Waterton Lakes National Park, Alberta. I used the number of echolocation passes per night to explore activity differences between pre- and post-wildfire 

years, as well as between the burned and unburned sites. Separate models were created for 40 kHz Myotis (40kMyotis), big brown/silver-haired bats (EPFULANO), 

and hoary bats (LACI). 

5
9 
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I initially ran models with all possible explanatory variables. However, some models 

would not converge when all variables were included. Therefore, I tested for correlation to 

determine which variables should be removed from the model. I tested for correlation by 

calculating the variance inflation factor (VIF, function vif() in package car, Fox and Weisberg 

2019), generating a correlation matrix (function cor() in package ggcorrplot, Kassambara 2019), 

and calculating Cramer’s V (function assocstats() in package vcd, Meyer et al. 2020). For the VIF 

test (collinearity between all variables), I removed all variables with values greater than three, 

the threshold value suggested by Zuur et al. (2009). For the correlation matrix (collinearity 

between numerical variables; e.g. elevation, townsite distance, sunset temperature), I removed 

variables with correlation coefficients (positive or negative) that had “moderate” or higher 

correlation (i.e. ≥ ± 0.5) (Mukaka 2012). For the Cramer’s V calculation (collinearity between 

categorical variables; e.g. natural subregions, nearest water feature, forest type), I removed 

variables with correlation coefficients that had “very strong” correlation (i.e. > 0.25) (Akoglu 

2018). All correlation tests showed similar trends; natural subregions, elevation and forest type 

were correlated. For each model generated, I also checked that the residuals were normally 

distributed (function qqnorm() in package stats, Fox and Weisberg 2019), and checked for 

overfitting (i.e. singular fit; function getME() in package lme4, Bates et al. 2015), and 

overdispersion (Bolker 2008). 

I completed post-hoc tests (function summary() in package base, R Core Team 2020 and 

function emmeans() in package emmeans, Lenth 2021) to further examine the relationships 

between the different fire-metric variables. The estimated marginal means (EMMs) post-hoc 

tests had lower statistical power compared to the generated model summary output due to 

how many groups were compared. Therefore, I used the summary output when available. The 

R2 value was calculated for each model using Nakagawa's R2 for mixed models (function 

r2_nakagawa() in package performance, Ludecke et al. 2020). Both the marginal (i.e. variance 

explained by fixed effects) and conditional (i.e. variance explained by fixed and random effects) 

R2 values were calculated to measure the strength of each model (Nakagawa et al. 2017). I 

created prediction plots based on the GLMMs using the package ggeffects (Ludecke 2018).  



61 
 

For two of the species/species groups, long-eared Myotis and 40 kHz Myotis feeding 

buzz, the models would not converge or the model diagnostics (i.e. residuals, singularity, and 

overdispersion) were not within acceptable parameters. I tried various model types, optimizers, 

distributions, packages and data transformations. However, I was unable to create a model that 

was appropriate. Therefore, I conducted Kruskal-Wallis rank sum tests (function kruskal.test() in 

package stats, R Core Team 2020) to examine the effect of each fire metric (i.e. Prepost123, 

PrePostUnburnBurn, and PrePost123UnburnBurn) on the number of echolocation passes per 

night for long-eared Myotis and 40 kHz Myotis feeding activity. When the results were 

significant, I performed a Dunn’s test of multiple comparisons (function dunnTest() in package 

FSA, Ogle et al. 2021) with a Bonferroni correction to control for the experiment-wise error 

rate. Results were displayed graphically in boxplots (function boxplot() in package graphics, R 

Core Team 2020). The hoary bat PrePostUnburnBurn GLMM would also not converge, therefore 

I performed a Kruskal-Wallis rank sum test and Dunn’s test of multiple comparisons on those 

data. In addition to testing the effect of each fire metric (i.e. Prepost123, PrePostUnburnBurn, 

and PrePost123UnburnBurn) on the proportion of 40 kHz Myotis files with a feeding buzz (i.e. 

number of files with a feeding buzz/total number of files subsampled), I also tested if there was 

a difference in the raw number of feeding buzzes in the burned sites between pre- and post-fire 

years. To assess this, I conducted a Wilcoxon rank sum test with a continuity correction 

(functions shapiro.test() and wilcox.test() in package stats, R Core Team 2020).   

3.3 Results 

3.3.1 Species analysis 

In total, after raw acoustic files were processed in Kaleidoscope Pro and days with 

suspected detector issues were discarded, 380 detector-nights were included in the analysis 

over the six years (54 detector-nights discarded). Acoustic survey dates ranged from late June 

to early August (Fig. 3.5). Detectors were deployed for between two and 13 nights for each site 

during each year, with a mean of 5.1 nights (SE ± 0.2). This resulted in 75,225 zero-cross files 

during the six-year study. Of the total zero-cross files, 10,035 files (13.3%) were manually 

identified as noise, with 65,190 files manually identified as a bat species/species group. Of the 

bat files, 6,031 (9.3%) had two or more species groups recorded in the file. In total, including 
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correcting for files with more than one species group, 71,353 passes were detected. For each 

detector night, between 0 – 2,994 bats were detected, with a mean of 187.8 (SE ± 18.2) 

passes/night. High frequency bats were detected more commonly than low frequency bats, 

with 40 kHz Myotis detected most often (Table 3.2). Of the low frequency bats, big 

brown/silver-haired bat was the most common species group (Table 3.2).  The mean 

passes/night for each site for the pre- and post-fire years are illustrated in Table 3.3. The two 

sites with the highest bat activity, Lost Lake and Lone Lake, had much higher counts than any of 

the other sites (978.9 passes/night and 333.0 passes/night, respectively). All of the remaining 

sites had counts of 176.7 passes/night or less. The mean, excluding Lost Lake and Lone Lake, 

was 91.2 (SE ± 8.2) passes/night. The mean passes/night for each species/species group (i.e. 40 

kHz Myotis, big brown/silver-haired bat, hoary bat, and long-eared Myotis) for each site and 

year (i.e. 2015 to 2020) are illustrated in Appendix H.    
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Table 3.2. The percentage of total bat activity for each species/species group detected, and the total 

number of bat echolocation passes from 2015 to 2020 in Waterton Lakes National Park, Alberta. 

 

Bat species/group Percentage of detections Total passes  

High frequency  73.1% 52,184 

       40 kHz Myotis 50.8% 36,236 
       HighF* 20.7% 14,761 
       Long-eared Myotis 1.4% 1,031 
       Eastern red bat 0.2% 156 
Low frequency  26.6% 19,001 

       Big brown/silver-haired bat  15.4% 11,015 
       LowF† 7.0% 5,000 
       Hoary bat 4.2% 2,986 
30 kHz‡ 0.2% 168 

Total 100.0%     71,353 
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*non-diagnostic echolocation passes with a characteristic frequency above 30 kHz 
†non-diagnostic echolocation passes with a characteristic frequency below 30 kHz 
‡non-diagnostic echolocation passes with a characteristic frequency of 30 kHz 

Fig. 3.5. The survey date range for each acoustic detector site over the six-year study in Waterton Lakes 

National Park, Alberta. Sites that span a small date range and have larger values for “counts of dates” are 

sites with less variation in the deployment dates over the six years. Conversely, sites that span a large 

date range and have smaller values for “counts of dates” are sites that were monitored across a larger 

time period. The top figure displays the unburned sites, the bottom figure displays the burned sites. 



64 
 

Table 3.3. The total number of echolocation passes, the total detector nights monitored, and the 

mean passes/night ± SE for each acoustic detector site from 2015 to 2020 in Waterton Lakes 

National Park, Alberta. Results are displayed grouping burned and unburned sites, as well as pre- 

(2015 to 2017) and post-fire (2018 to 2020) years.   

 

3.3.2 40 kHz Myotis feeding buzz analysis 

To assess changes in 40 kHz Myotis feeding activity (i.e. from pre- to post-fire and 

between burned and unburned areas), I examined a subsample of 40 kHz Myotis files to 

determine the proportion of files with a feeding buzz for each date for every site for each year. In 

total, there were 36,224 full spectrum 40 kHz Myotis files, detected across 361 of the 380 

detector nights. By subsampling, I manually analyzed 6,891 files, identifying 787 feeding buzzes. 

For each detector night, between 0 – 100% of the 40 kHz Myotis files contained feeding buzzes. 

The mean percentage of files containing feeding buzzes across the six years was 9.2%. The 

percent of subsampled 40 kHz Myotis files that contained feeding buzzes for each site is 

illustrated in Appendix I.  

3.3.3 Generalized linear mixed model selection  

For most of the species/species groups (i.e. 40 kHz Myotis, big brown/silver-haired, and 

hoary bat) the fire metric (i.e. PrePost123, PrePostUnburnBurn, and PrePost123UnburnBurn), 

nearest water feature, and sunset temperature influenced nightly echolocation counts. Total 

Site name 
Total 

passes 
Total detector 

nights 

Mean passes/night ± SE 

PRE-FIRE POST-FIRE 

Burn 16,290 164 81.8 ± 10.0 116.1 ± 25.9 

   Bison Paddock 4,595 26 143.3 ± 23.1 205.4 ± 126.5 

   Blakiston Roadside 1,894 32 78.0 ± 29.4 40.4 ± 14.4 

   Cameron Lake 4,037 29 85.8 ± 36.9 182.6 ± 60.2 

   Dipper at Rowe 605 17 57.2 ± 18.3 11.2 ± 1.9 

   Red Rock 1,336 32 45.8 ± 10.8 37.8 ± 4.1 

   Sewage Lagoon 3,823 28 86.5 ± 11.0 186.6 ± 40.5 

Unburn 55,063 216 258.6 ± 40.5 251.6 ± 42.4 

   Belly Bend 2,941 24 134.8 ± 25.2 110.3 ± 18.1 

   Boundary Bay 2,827 26 225.8 ± 47.3 56.7 ± 10.7 

   Lone Lake 12,653 38 364.9 ± 70.7 301.1 ± 35.4 

   Lost Lake 30,346 31 696.6 ± 175.1 1369.8 ± 140.1 

   Sofa Burn 2,804 26 132.3 ± 37.9 92.6 ± 35.4 

   Wishbone 2,021 37 72.4 ± 10.8 33.7 ± 4.5 

   Yarrow Cabin 1,471 34 47.5 ± 7.4 39.9 ± 8.5 

Total (burn and unburn) 71,353 380 180.9 ± 24.0 194.1 ± 27.1 



65 
 

nightly precipitation, townsite distance, and water distance were also variables in some of the 

top-ranked models (i.e. models with the lowest AICc value and highest AICc weight; Burnham et 

al. 2011). In most models, the conditional R2 values of the top-ranked models were ≥ 1.3 times 

the marginal R2 values, emphasizing the importance of site as a random effect. The conditional 

R2 values of all models were ≥ 0.665, with a mean of 0.687.       

The top-ranked model for 40 kHz Myotis PrePost123 included nearest water feature, 

total nightly precipitation, and sunset temperature. The conditional R2 value of the top-ranked 

model was 0.665. The top-ranked model for 40 kHz Myotis PrePostUnburnBurn included 

nearest water feature, total nightly precipitation, PrePostUnburnBurn, and sunset temperature. 

The conditional R2 value of the top-ranked model was 0.686. The top-ranked model for 40 kHz 

Myotis PrePost123UnburnBurn included nearest water feature, PrePost123UnburnBurn, sunset 

temperature, and water distance. The conditional R2 value of the top-ranked model was 0.701. 

The top and candidate models (i.e. models within ΔAICc < 2; Burnham and Anderson 2002) for 

40 kHz Myotis are illustrated in Table 3.4. 

The top-ranked model for big brown/silver-haired bat PrePost123 included nearest 

water feature, PrePost123, sunset temperature, and townsite distance. The conditional R2 value 

of the top-ranked model was 0.681. The top-ranked model for big brown/silver-haired bat 

PrePostUnburnBurn included nearest water feature, PrePostUnburnBurn, sunset temperature, 

and townsite distance. The conditional R2 value of the top-ranked model was 0.680. The top-

ranked model for big brown/silver-haired bat PrePost123UnburnBurn included nearest water 

feature, PrePost123UnburnBurn, sunset temperature, and townsite distance. The conditional 

R2 value of the top-ranked model was 0.690. The top and candidate models for big 

brown/silver-haired bat are illustrated in Table 3.5.  

The top-ranked model for hoary bat PrePost123 included nearest water feature, 

PrePost123, and sunset temperature. The conditional R2 value of the top-ranked model was 0.676. 

The model for hoary bat nightly echolocation count for PrePostUnburnBurn failed to converge, 

therefore, no GLMM was created for this group. The top-ranked model for hoary bat 

PrePost123UnburnBurn included nearest water feature, PrePost123UnburnBurn, and sunset 

temperature. The conditional R2 value of the top-ranked model was 0.715. The top and candidate 

models for hoary bat are illustrated in Table 3.6.  
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Table 3.4. Model selection factors influencing the echolocation counts for 40 kHz Myotis (40kMyotis) in Waterton Lakes National 

Park, Alberta from 2015 to 2020. The three different fire metrics (i.e. PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn) 

were modeled separately in negative binomial generalized linear mixed models, including site as a random effect. The top candidate 

models according to the AICc are included with the top-ranked model bolded; I picked the most simple model within ΔAICc < 2. “K” 

refers to the degrees of freedom. 

Response variable Fire metric Model K AICc ΔAICc AICc weight 

40kMyotis echolocation 
count 

PrePost123 

NearestWaterFeature + NightSumPrecip + 
SunsetTemp 

8 3736.9 0.00 0.271 

NearestWaterFeature + NightSumPrecip + 
SunsetTemp + WaterDistance 

9 3737.8 0.85 0.178 

NearestWaterFeature + NightSumPrecip + 
SunsetTemp + TownsiteDistance 

9 3738.1 1.13 0.154 

NearestWaterFeature + NightSumPrecip + 
SunsetTemp + TownsiteDistance + WaterDistance 

10 3738.8 1.84 0.108 

40kMyotis echolocation 
count 

PrePostUnburnBurn 

NearestWaterFeature + NightSumPrecip + 
PrePostUnburnBurn + SunsetTemp + WaterDistance 

12 3723.2 0.00 0.439 

NearestWaterFeature + NightSumPrecip + 
PrePostUnburnBurn + SunsetTemp 

11 3725.0 1.81 0.178 

NearestWaterFeature + NightSumPrecip + 
PrePostUnburnBurn + SunsetTemp + 
TownsiteDistance + WaterDistance 

13 3725.4 2.14 0.151 

NearestWaterFeature + PrePostUnburnBurn + 
SunsetTemp + WaterDistance 

11 3726.3 3.06 0.095 

40kMyotis echolocation 
count 

PrePost123UnburnBurn 

NearestWaterFeature + NightSumPrecip + 
PrePost123UnburnBurn + SunsetTemp + 
WaterDistance 

16 3719.3 0.00 0.284 

NearestWaterFeature + PrePost123UnburnBurn + 
SunsetTemp + WaterDistance 

15 3720.2 0.91 0.180 

NearestWaterFeature + NightSumPrecip + 
PrePost123UnburnBurn + SunsetTemp 

15 3720.6 1.38 0.143 

NearestWaterFeature + NightSumPrecip + 
PrePost123UnburnBurn + SunsetTemp + 
TownsiteDistance + WaterDistance 

17 3721.4 2.16 0.096 

6
6 
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Table 3.5. Model selection factors influencing the echolocation counts for big brown/silver-haired bats (EPFULANO) in Waterton 

Lakes National Park, Alberta from 2015 to 2020. The three different fire metrics (i.e. PrePost123, PrePostUnburnBurn, 

PrePost123UnburnBurn) were modeled separately in negative binomial generalized linear mixed models, including site as a random 

effect. The top candidate models according to the AICc are included, with the top-ranked model bolded; I picked the most simple 

model within ΔAICc < 2. “K” refers to the degrees of freedom.       

 

Response variable Fire metric Model K AICc ΔAICc AICc weight 

EPFULANO 
echolocation count 

PrePost123 

NearestWaterFeature + PrePost123 + SunsetTemp + 
TownsiteDistance 

11 2901.6 0.00 0.310 

NearestWaterFeature + NightSumPrecip + PrePost123 + 
SunsetTemp + TownsiteDistance 

12 2901.8 0.23 0.276 

NearestWaterFeature + PrePost123 + SunsetTemp + 
TownsiteDistance + WaterDistance 

12 2903.7 2.10 0.108 

NearestWaterFeature + NightSumPrecip + PrePost123 + 
SunsetTemp + TownsiteDistance + WaterDistance 

13 2904.0 2.36 0.095 

EPFULANO 
echolocation count 

PrePostUnburnBurn 

NearestWaterFeature + PrePostUnburnBurn + SunsetTemp 
+ TownsiteDistance 

11 2897.2 0.00 0.352 

NearestWaterFeature + NightSumPrecip + 
PrePostUnburnBurn + SunsetTemp + TownsiteDistance 

12 2897.8 0.56 0.266 

NearestWaterFeature + PrePostUnburnBurn + SunsetTemp + 
TownsiteDistance + WaterDistance 

12 2899.4 2.13 0.121 

NearestWaterFeature + NightSumPrecip + 
PrePostUnburnBurn + SunsetTemp + TownsiteDistance + 
WaterDistance 

13 2899.9 2.69 0.092 

EPFULANO 
echolocation count 

PrePost123UnburnBurn 

NearestWaterFeature + PrePost123UnburnBurn + 
SunsetTemp + TownsiteDistance  

15 2899.4 0.00 0.361 

NearestWaterFeature + NightSumPrecip + 
PrePost123UnburnBurn + SunsetTemp + TownsiteDistance 

16 2900.3 0.84 0.237 

NearestWaterFeature + PrePost123UnburnBurn + 
SunsetTemp + TownsiteDistance + WaterDistance 

16 2901.6 2.17 0.122 

PrePost123UnburnBurn + SunsetTemp + TownsiteDistance  12 2902.3 2.93 0.084 

6
7 
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Table 3.6. Model selection factors influencing the echolocation counts for hoary bats (LACI) in Waterton Lakes National Park, Alberta 

from 2015 to 2020. The three different fire metrics (i.e. PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn) were modeled 

separately in negative binomial generalized linear mixed models, including site as a random effect. The top candidate models 

according to the AICc are included, with the top-ranked model bolded; I picked the most simple model within ΔAICc < 2. Note, five 

candidate models are shown for PrePost123, as there were five models with Δ AICc < 2. “K” refers to the degrees of freedom.      

 

 

Response variable Fire metric Model K AICc ΔAICc AICc weight 

LACI echolocation count PrePost123 

NearestWaterFeature + PrePost123 + 
SunsetTemp + TownsiteDistance 

11 1973.2 0.00 0.206 

NearestWaterFeature + PrePost123 + 
SunsetTemp + TownsiteDistance + 
WaterDistance 

12 1973.9 0.75 0.142 

NearestWaterFeature + PrePost123 + 
SunsetTemp  

10 1974.2 0.95 0.128 

PrePost123 + SunsetTemp + TownsiteDistance 8 1974.2 1.01 0.124 

  
NearestWaterFeature + PrePost123 + 
SunsetTemp + WaterDistance 

11 1975.1 1.93 0.079 

LACI echolocation count PrePostUnburnBurn Model failed to converge 

LACI echolocation count PrePost123UnburnBurn 

NearestWaterFeature + 
PrePost123UnburnBurn + SunsetTemp 

14 1947.0 0.00 0.481 

NearestWaterFeature + 
PrePost123UnburnBurn + SunsetTemp + 
TownsiteDistance 

15 1949.0 1.95 0.181 

NearestWaterFeature + 
PrePost123UnburnBurn + SunsetTemp + 
WaterDistance 

15 1949.1 2.06 0.171 

NearestWaterFeature + NightSumPrecip + 
PrePost123UnburnBurn + SunsetTemp  

15 1949.2 2.12 0.166 

6
8 
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3.3.4 Fire metrics’ results  

Activity levels for almost all species/species groups (i.e. 40 kHz Myotis, big brown/silver-

haired bat, hoary bat, long-eared Myotis, and 40 kHz Myotis feeding buzz) were influenced by 

year (i.e. pre- versus post-fire years and the number of years since the fire occurred) as well as 

whether the site burned or remained unburned after the fire. For 40 kHz Myotis (Appendix J), 

there was no significant change in overall activity pre- versus post-fire (Fig. 3.6a), but activity 

increased in burned areas and decreased in unburned areas after the fire (Fig. 3.6b). The 

increase in activity in the burned areas was most apparent in the year immediately following 

the fire, with the largest decrease in the unburned areas occurring in the third year after the 

fire (Fig. 3.6c). Prior to the fire, activity was higher in unburned areas compared to burned 

areas, while after the fire there was no significant difference (Fig. 3.6b).  

Big brown/silver-haired bat (Appendix K) activity decreased post-fire (Fig. 3.7a), but this 

trend was predominantly in the unburned areas (Fig. 3.7b). Activity levels did not change 

significantly in the burned areas pre- versus post-fire (Fig. 3.7b), and there were no significant 

differences between the three years post-fire for the unburned sites (Fig. 3.7c). Big 

brown/silver-haired bats were associated with both burned and unburned sites equally, pre- 

and post-fire (Fig. 3.7b). Hoary bat (Appendix L) activity decreased significantly after the fire 

(Fig. 3.8a) in both burned and unburned areas (Fig. 3.8b). However, activity levels increased to 

similar pre-fire levels by the third-year post-fire in both burned and unburned areas (Fig. 3.8c). 

For both pre- and post-fire years, hoary bats were associated more with unburned sites 

compared to burned sites (Fig. 3.8b).  

Long-eared Myotis (Appendix M) activity decreased significantly after the fire (Fig. 3.9a), 

primarily in the burned areas in the second and third years (Fig. 3.9b, Fig. 3.9c). Long-eared 

Myotis were more closely associated with sites in the burned areas of the park before the fire, 

but there was no significant difference between the burned versus unburned areas after the 

fire (Fig. 3.9b). For 40kHz Myotis feeding buzzes (Appendix I), there was no significant 

difference in the proportion of echolocation calls that contained buzzes pre- versus post-fire 

(Fig. 3.10a). However, activity was higher in the unburned sites compared to the burned sites 
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before the fire, and there was no significant difference between the sites after the fire (Fig. 

3.10b, Fig. 3.10c). 

3.3.5 Site and environmental covariates’ results 

For 40 kHz Myotis (Appendix J), big brown/silver-haired bat (Appendix K), and hoary bat 

(Appendix L), increased sunset temperatures had a positive effect on nightly echolocation 

counts. Increased total nightly precipitation had a negative effect on nightly echolocation 

counts. 40 kHz Myotis and big brown/silver-haired bat were most associated with sites near to 

lakes, while hoary bat activity levels were highest near the river site. Townsite distance was 

significant in all big brown/silver-haired bat models, showing a positive relationship between 

townsite distance and activity levels (i.e. as the distance from town increased, nightly 

echolocation counts increased). Water distance was only significant in the 40 kHz Myotis 

PrePost123UnburnBurn model. There was a negative relationship between water distance and 

activity levels (i.e. as the distance from water increased, nightly echolocation counts 

decreased).  
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Fig. 3.6. The 40 kHz Myotis nightly activity plotted for each fire metric. The number of 

passes/night for PrePost123 is shown in (a), and the mean passes/night predicted by the 

associated generalized linear mixed model (i.e. controlling for the effects of the covariates) 

for PrePostUnburnBurn and PrePost123UnburnBurn are shown in (b) and (c), respectively. 

For the boxplot in (a) and all subsequent boxplots, the values displayed represent the 

minimum, first quartile, median, third quartile, and maximum of the data. The values 

displayed in the boxplot in (a) are based on the fire metric only (i.e. PrePost123) and do not 

control for the effects of any covariates. The outliers have been removed in the boxplot and 

the error bars in the prediction plots show the 95% confidence interval. The asterisks denote 

a significant difference (P < 0.05), with each colour indicating a separate comparison.      
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Fig. 3.7. The big brown/silver-haired bat nightly activity plotted for each fire metric. The 

mean passes/night predicted by the associated generalized linear mixed model (i.e. 

controlling for the effects of the covariates) for PrePost123, PrePostUnburnBurn, and 

PrePost123UnburnBurn are shown in (a), (b) and (c), respectively. The error bars in the 

prediction plots show the 95% confidence interval. The asterisks denote a significant 

difference (P < 0.05), with each colour indicating a separate comparison. 
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Fig. 3.8. The hoary bat nightly activity plotted for each fire metric. The mean passes/night 

predicted by the associated generalized linear mixed model (i.e. controlling for the effects of 

the covariates) for PrePost123 and PrePost123UnburnBurn are shown in (a) and (c), 

respectively, and the number of passes/night for PrePostUnburnBurn is shown in (b). The 

boxplot in (b) is based on the associated Kruskal-Wallis rank-sum test, and therefore does not 

control for the effects of any covariates. The outliers have been removed in the boxplot and 

the error bars in the prediction plots show the 95% confidence interval. The asterisks denote 

a significant difference (P < 0.05), with each colour indicating a separate comparison.   
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Fig. 3.9. The long-eared Myotis nightly activity plotted for each fire metric. The number of 

passes/night for PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn are shown in (a), 

(b) and (c), respectively. The boxplots are based on the associated Kruskal-Wallis rank-sum 

tests, and therefore do not control for the effects of any covariates. The outliers have been 

removed in the boxplots. The asterisks denote a significant difference (P < 0.05), with each 

colour indicating a separate comparison.      
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(c) 

Fig. 3.10. The nightly proportion of feeding buzzes for 40kHz Myotis plotted for each fire metric. 

The feeding buzz proportion/night for PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn 

are shown in (a), (b) and (c), respectively. The boxplots are based on the associated Kruskal-

Wallis rank-sum tests, and therefore do not control for the effects of any covariates. The 

outliers have been removed in the boxplots and the asterisk denotes a significant difference (P < 

0.05). 
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3.4 Discussion 

I predicted that bat activity would vary between pre- and post-fire years as well as 

between post-fire burned and unburned areas due to changes in forest structure, foraging 

opportunities, and roosting availability. Specifically, I predicted that post-fire years and burned 

areas would have greater bat activity compared to pre-fire years and unburned areas. My 

results demonstrated that species/species groups were affected differently by the fire, with 

some having increased abundance and others reduced abundance. I discuss the effect of the 

fire on each species/species group below, and the significant site and environmental covariates 

in Appendix N.  

3.4.1 40 kHz Myotis activity and feeding  

40 kHz Myotis made up the majority of acoustic detections during the six-year study 

(50.8% of overall activity, 95.4 ± 11.0 SE passes/night), highlighting the importance of this group 

in WLNP. Although I was not able to determine species-specific identifications for this group, 

capture records from 2011/2012 (Lausen 2012) and 2019/2020 (see Chapter 2) strongly suggest 

that most detections were of little brown Myotis. In 2011/2012, 95.4% of all 40 kHz Myotis (i.e. 

little brown Myotis, long-legged Myotis, and long-eared Myotis) captures were of little brown 

Myotis (Lausen 2012) and in 2019/2020, 97.9% were little brown Myotis (see Chapter 2).  

As I predicted, 40 kHz Myotis activity increased in burned areas and decreased in 

unburned areas after the fire. As well, in the burned areas, activity was highest in 2018 (the 

year after the fire). However, contrary to my prediction, overall, there was no significant 

difference in mean activity per night between pre- and post-fire years. This suggests that while 

resident bats were moving from the unburned areas of the park to the burned areas of the 

park, the fire did not change survival rates of resident bats or promote immigration into or 

emigration out of the park. When examining 40 kHz Myotis feeding activity, I predicted that 

feeding activity would be highest in the burned areas after the fire, with the greatest number in 

2018 and decreasing afterward. There was no significant difference between the percentage of 

40 kHz Myotis echolocation calls that contained feeding buzzes between the burned areas 

before and after the fire, including in 2018. However, even though not significant, feeding 

activity did increase post-fire in the burned areas (nightly mean of 6.7 ± 1.2 SE % in burned 
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areas pre-fire versus 10.4 ± 1.7 SE % post-fire). In addition, as overall 40 kHz Myotis activity 

significantly increased in the burned areas post-fire, there was also a corresponding significant 

increase in the raw number of feeding buzzes in the burned areas after the fire (mean of 2.0 ± 

0.4 SE buzzes/night) compared to before the fire (mean of 1.0 ± 0.2 SE buzzes/night; W=3378.5, 

P= 0.023). This suggests that the local movement of 40 kHz Myotis from unburned areas to 

burned areas could be due to increased foraging opportunities in the burned areas.  

Although previous studies have emphasized the relationship between fire, reduced 

habitat clutter, and increased activity levels of edge and open-habitat specialist bat species, 

such as 40 kHz Myotis (e.g. Loeb and Waldrop 2008, Armitage and Ober 2012, Buchalski et al. 

2013, Inkster‐Draper et al. 2013, Cox et al. 2016, Blakey et al. 2019, Taillie et al. 2021), I argue 

that increased foraging opportunities were the predominant cause of the changes observed 

before and after the Kenow wildfire. Little brown Myotis are opportunistic, generalist, 

predators that are capable of taking prey on the wing and gleaning insects in a variety of 

habitats (Ratcliff and Dawson 2003, Clare et al. 2011, Kunz et al. 2011). Past research has 

emphasized that various species of bats likely capitalize on insect outbreaks (Brigham et al. 

1992, Malison and Baxter 2010a, McCracken et al. 2012, Muller et at. 2012, Gonsalves et at. 

2013); little brown Myotis may also exhibit this behaviour, congregating in areas with 

concentrated prey sources. Past studies have suggested that severe fires are associated with 

increased numbers of insects that are generalist primary-consumers, such as Chironomidae 

(Minshall et al. 1997, Minshall 2003, Malison and Baxter 2010b), a family of dipterans that are 

commonly preyed upon by little brown Myotis (Clare et al. 2014a). In addition, studies that 

have concurrently examined insect abundance and bat activity pre- and post-fire have also seen 

local movements of bats into areas experiencing increased foraging opportunities (Lacki et al. 

2009, Malison and Baxter 2010a).  

Although it has been suggested that roosting availably may also influence bat 

distribution (Lacki et al. 2017), I argue that potential changes in roosts were not a significant 

cause of the trends observed after the wildfire. While tracking little brown Myotis to their roost 

sites in 2019 and 2020, I examined the relative proportion of potential trees that had bark 

roosts between the burned and unburned areas (see Chapter 2). There was no significant 
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difference between the burned and unburned areas, suggesting that even though trees suitable 

for roosting were lost in the fire, roosting opportunities were created in comparable 

proportions.  

While some studies found that the activity of edge-adapted species of bats often 

increases in habitats that have experienced high-severity fires, compared to areas that 

remained unburned (Malison and Baxter 2010a, Buchalski et al. 2013, Ancillotto et al. 2021), 

others have found the opposite (e.g. Jung 2020). One study found that little brown Myotis 

activity was lower in burned areas compared to unburned areas eight years after a severe 

wildfire (Jung 2020). Others have also found that as the number of years since fire increases, 

little brown Myotis occupancy probability decreases (Blakey et al. 2019). This suggests that as 

time since the Kenow wildfire increases, burned areas may be less selected by 40 kHz Myotis. 

As the burned areas regenerate, different areas may become more energetically favourable to 

forage in, causing bats to either undergo local redistribution within the park, or emigrate to 

new areas. In addition, roost trees may become limited in the park in the coming years (Jung 

2020). In WLNP in 2019 and 2020, all of the little brown Myotis that I tracked to natural roosts 

were found roosting under loose bark (see Chapter 2). Bark roosts are temporary structures 

(Russo et al. 2005). I observed a bark roost used by a little brown Myotis in July, and by August 

of the same year, the piece of bark the bat was roosting under appeared to have fallen off the 

tree.  

3.4.2 Big brown and silver-haired bat activity  

The big brown/silver-haired bat species group made up 15.4% of overall activity, with a 

mean of 29.0 ± 2.8 SE passes/night. Big brown/silver-haired bat activity decreased after the fire. 

However, although activity levels were lower in both burned and unburned areas, the decrease 

was significant in the unburned sites only. Furthermore, post-fire unburned areas did not return 

to pre-fire activity levels in the three years monitored. These results were mostly contradictory 

to my prediction, as big brown/silver-haired bat activity levels were lower post-fire, and the 

possible local movements between burned and unburned areas after the fire were not clear. 

Due to their similar echolocation characteristics, most acoustic studies have grouped big 

brown bats and silver-haired bats together (e.g. Cox et al. 2016, Austin et al. 2018a, Burns et al. 
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2019). The majority of past studies have found that fire typically has either a neutral or positive 

effect on big brown and silver-haired bats (Armitage and Ober 2012, Cox et al. 2016, Silvis et al. 

2016, Austin et al. 2018b, 2020, Burns et al. 2019). In addition, two studies that examined big 

brown and silver-haired bat occupancy separately, found that occupancy probabilities of both 

species increased with burn severity (Steel et al. 2019) and decreased with canopy cover 

(Blakey et al. 2019). The positive relationship between fire and big brown/silver-haired bat 

activity has often been attributed to a less cluttered post-fire forest structure, thereby making 

foraging more efficient (Cox et al. 2016, Austin et al. 2018b, Blakey et al. 2019, Steel et al. 

2019). Even though past studies have suggested that big brown/silver-haired bats respond 

neutrally or positively to fire, most of these studies were based on prescribed fires (e.g. 

Armitage and Ober 2012, Cox et al. 2016, Silvis et al. 2016, Austin et al. 2018a, Burns et al. 

2019). The different results I found in big brown/silver-haired bat responses could be due to the 

severity of the Kenow wildfire and the corresponding level of ecological change that occurred 

post-fire.  

Although it is unclear why there was a significant decrease in the unburned areas only 

after the fire in WLNP, there are several possible explanations. One is that the fire affected big 

brown bats and silver-haired bats differently. If one of the species responded positively to the 

fire, they may have moved from the unburned areas to the burned areas to capitalize on the 

increased resources potentially present. If the other species responded negatively, they may 

have emigrated out of the study area entirely. Thus, this would appear as a decrease in the 

unburned area (as both species left these habitats) and no change in the burned areas (as one 

species increased, and one species decreased). The 95% confidence intervals were also much 

larger for the post-burned sites compared to the post-unburned sites indicating that there was 

a large amount of variation in activity levels in the burned areas after the wildfire. Trapping 

surveys from 2011/2012 and 2019/2020 yielded few captures of big brown and silver-haired 

bats and therefore provide limited information on the relative proportions of big brown versus 

silver-haired bats in WLNP. In 2011/2012 2.2% of overall captures were big brown bats, and 

<1% were silver-haired bats (Lausen 2012). In 2019/2020 <1% of overall captures were big 

brown bats, and 2.7% were silver-haired bats (see Chapter 2).   
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Big brown and silver-haired bats have similar natural histories, with both species being 

considered edge-specialists (Jantzen and Fenton 2013), tree-roosters (Nagorsen and Brigham 

1993), and predators of a variety of insect orders including Lepidoptera, Coleoptera, Diptera, 

Hemiptera, and Ephemeroptera (Carter et al. 2003, Reimer et al. 2010, Clare et al. 2014b). 

However, big brown bats feed extensively on Coleoptera (Hamilton and Barclay 1998) while 

silver-haired bats feed extensively on Lepidoptera (Black 1974). This suggests that if one species 

was negatively affected by the fire and one positively, it would likely be due to changes in prey 

availability. Although results vary, Lepidoptera typically responds negatively to fire, while 

Coleoptera increases after fire (Kral et al. 2017). This could suggest that the wildfire created 

optimal foraging habitats for big brown bats and forced silver-haired bats to use areas outside 

of WLNP. However, in a study assessing Coleoptera abundance after the Kenow wildfire, the 

families of Coleoptera examined did not increase post-fire (Langor 2019).     

Carabid beetle abundance decreased significantly in both grassland and forest sites after 

the Kenow wildfire (Langor 2019). Wood-boring beetles (i.e. Cerambycidae) responded 

negatively to the fire, likely due to the severity of the fire causing a low source population and a 

deficit of available phloem in the burned trees (Langor 2019). Although the coleopterans in 

WLNP appeared to respond negatively immediately after the Kenow wildfire, it will likely take 

time for the insect assemblages to settle and show responses reflective of the renewed post-

fire habitat (Langor 2019). In addition, grassland versus forest habitats respond differently to 

fire, with insect assemblages recovering more quickly in grassland sites (Langor 2019). An insect 

study was also conducted after the 1998 Sofa Mountain Burn wildfire in WLNP (Kinsella 2003). 

Carabid beetle richness and diversity was highest in burned sites two to three years after the 

wildfire. However, their abundance did not differ between burned and unburned areas (Kinsella 

2003). While Kinsella (2003) examined burned and unburned sites post-fire and Langor (2019) 

observed pre- and post-fire trends, these studies highlight that the response of coleopterans to 

wildfire varies and is likely dependent on the habitat type and number of years since the fire. 

While both Carabidae and Cerambycidae are preyed on by big brown bats (Clare et al. 2014b), it 

is possible that other families of beetles, not surveyed in WLNP, increased after the Kenow 

wildfire and were fed on by big brown bats.    
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An alterative explanation to the activity patterns I observed for big brown/silver-haired 

bats (i.e. significant decrease in the unburned areas only) could be the effect of when the 

burned sites versus the unburned sites were monitored for bats. By chance, burned sites were 

monitored earlier in the season (approximately late June to mid July) and the unburned sites 

were monitored later (approximately early July to early August). While big brown bats 

hibernate in caves, mines or buildings during the winter, silver-haired bats migrate to their 

overwintering locations in the United States (Nagorsen and Brigham 1993). Previous acoustic 

studies conducted near WLNP suggest that the migratory period in southwestern Alberta begins 

in mid to late July for silver-haired bats (Baerwald and Barclay 2011). It is possible that the start 

of the migratory period was captured for the unburned sites only due to the timing of the 

acoustic surveys, and the migrating silver-haired bats either chose alternative migratory routes 

or spent less time in WLNP while flying through on their way south.     

3.4.3 Hoary bat activity 

Compared to the other species/species groups, hoary bats made up a small percentage 

of the WLNP bat community (4.2% of overall activity, mean of 7.9 ± 1.0 SE passes/night). Hoary 

bat activity was strongly negatively affected by the fire in all years, in both unburned and 

burned areas. However, activity levels increased significantly in the third year after the fire, 

compared to the first two post-fire years. Although there was an increase in activity in early July 

(corresponding to when the site with the “river” as the nearest water feature was monitored), 

activity was also higher at the end of July in most years, coinciding with the start of the 

migratory period in southwestern Alberta (Baerwald and Barclay 2011). It is therefore difficult 

to conclude if the fire reduced the survival of resident bats, forced the species to emigrate to 

areas outside the park, or caused them to choose alternative migratory routes. The significant 

increase by the third year, however, suggests that while the immediate effects of fire may 

originally be negative, hoary bats are resilient to wildfire.    

Past research on the effect of fire on hoary bats has been largely opposite to my results 

in WLNP. Studies have found that fire generally has a neutral or positive effect on hoary bat 

activity as the fire-altered habitat becomes less cluttered with better foraging conditions (Cox 

et al. 2016, Austin et al. 2018a, 2020, Blakey et al. 2019, Burns et al. 2019, Steel et al. 2019). As 
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the Kenow wildfire reduced the vegetative complexity in the burned areas (i.e. caused forest 

structure changes that are conducive for less-maneuverable bat species such as the hoary bat), 

I argue that the significant decrease in activity levels were due to decreased foraging 

opportunities. Although hoary bats are opportunistic foragers, they feed extensively on 

Lepidoptera (Carter et al. 2003, Reimer et al. 2010, Valdez and Cryan 2013). Although past 

studies have been contradictory on the effect of fire on Lepidoptera, many have found that 

they are negatively affected (Reed 1997, Huebschman and Bragg 2000, Powell et al. 2007, 

Swengel and Swengel 2007, Vogel et al. 2010, Elia et al. 2012, Kral et al. 2017, Carbone et al. 

2019). Overall, the different lepidopteran families may respond differently, and the severity and 

amount of time since the fire may also influence abundance (Perry 2012, Kral et al. 2017).     

Although I did not quantify abundance of larval-stage bedstraw hawkmoths (Hyles gallii) 

during fieldwork surveys completed in the second and third year after the Kenow wildfire, I 

observed large numbers of these insects in the burned areas. The bedstraw hawkmoth larvae 

were strongly associated with fireweed (Chamaenerion angustifolium) (pers. obs.), a plant that 

responds positively to fire (Bartos and Mueggler 1981, Klimesova et al. 2009). Moths in the 

family Sphingidae (e.g. bedstraw hawkmoths) overwinter underground as pupae, emerging the 

following summer (Shalaway 2004). Although to my knowledge, there have been no studies 

looking specifically at whether hoary bats consume Sphingidae, this family is present in the diet 

of a number of other bat species (Aguiar and Antonini 2008, Bohmann et al. 2011, Clare et al. 

2011, Lacki and Dodd 2011), including one in the same genus (Clare et al. 2009). Due to the 

severity of the Kenow wildfire, much of the ground vegetation, duff layer and coarse woody 

debris (all of which provide insect habitat) were consumed by the fire in the burned areas 

(Langor 2019). I suggest that the Kenow wildfire caused significant lepidopteran larval and 

pupal mortality, requiring the recolonization of insects and the reestablishment of the plant 

community. As plant availability and abundance is crucial for insect populations (Blanco and 

Garrie 2020), and plant regrowth increased each year (e.g. fireweed), there was likely a 

corresponding increase in insect abundance. The significant increase in hoary bat activity levels 

by the third year after the fire might be explained by this. 
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Although the fire consumed the foliage of trees (i.e. potential roosting sites for hoary 

bats), over 60% of the park did not burn (Parks Canada 2021a). WLNP encompasses a small area 

(i.e. 505 km2) (Parks Canada 2010), with hoary bats flying at a mean speed of 7.7 m/s (or 27.7 

km/hr) (Salcedo et al. 1995). As such, I suggest that changes in roost availability was not 

responsible for the decline in activity after the fire, as hoary bats are highly mobile and capable 

of covering large distances each night (Morningstar and Sandilands 2019).       

WLNP is located south of Pincher Creek, Alberta, an area with considerable wind-turbine 

development (van Kooten et al. 2016). Although wind turbines are causing significant mortality 

to hoary bats (Frick et al. 2017), I am confident that the decrease in activity levels after the fire 

are predominantly due to the Kenow wildfire. The mean nightly counts ranged from 10.9 (± 2.7 

SE) to 12.7 (± 3.2 SE) for 2015 to 2017 (pre-fire), and 2.0 (± 0.3 SE) to 6.5 (± 2.1 SE) for 2018 to 

2020 (post-fire). This suggests that even though there was variability in activity levels before 

the fire, there was a significant disturbance after 2017 (i.e. Kenow wildfire) (Fig. 3.11).    

 Fig. 3.11. Hoary bat nightly activity plotted for each year of the acoustic study in Waterton 

Lakes National Park, Alberta. Years 2015 to 2017 are pre-fire, and 2018 to 2020 are post-fire. 

The outliers have been removed. 
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3.4.4 Long-eared Myotis activity 

My results suggest that the fire affected long-eared Myotis differently than the 40 kHz 

Myotis group (predominately little brown Myotis). Long-eared Myotis made up a small 

percentage of overall activity (1.4%), with few detections each night (mean 2.7 ± 0.4 SE 

passes/night). Unlike 40 kHz Myotis, long-eared Myotis activity decreased post-fire, primarily in 

the burned areas in the second and third years after the fire. As long-eared Myotis activity 

levels decreased after the fire and there was no indication of local movements between burned 

and unburned areas, it suggests that the fire either reduced survival rates or forced individuals 

to emigrate to areas outside the park.  

The results from past research on the effects of fire on species adapted to cluttered 

environments, such as long-eared Myotis, have varied. Similar to my findings, some studies 

found that clutter specialists are negatively affected by fire (Armitage and Ober 2012, Blakey et 

al. 2019, Ancillotto et al. 2021). However, fire has also had neutral or positive effects on clutter-

adapted species (Buchalski et al. 2013, Lacki et al. 2017, Austin et al. 2018b). Radio-tracking 

studies examining long-eared Myotis roosting sites and insect abundance between burned and 

unburned areas have also found contrasting results. One study found that in the first and 

second years after a fire, females roosted in rocks and trees equally, predominantly in areas 

that burned (Schwab 2006). While Diptera, Coleoptera and Trichoptera increased in abundance 

in the burned areas post-fire, Lepidoptera did not change (Schwab 2006). Contrary to this, 

Snider et al. (2013) found that female long-eared Myotis roosted predominantly in rock roosts 

in unburned areas. In the same area, insects were more abundant in the unburned areas 

compared to the burned areas in the four to five years after the fire (Snider 2009). Whether 

these differences are due to site-specific variations or represent different time points in the 

post-fire continuum, is difficult to determine. Overall, both studies found that long-eared 

Myotis roost sites are likely not limited in a burned/unburned landscape, suggesting that the 

decreases in long-eared Myotis activity I found were the result of something other than 

changing roost availability. While long-eared Myotis are capable of gleaning as well as aerial 

hawking (Faure and Barclay 1994), they feed extensively on Lepidoptera (Barclay 1991). 

Although past studies have been contradictory on the effect of fire on Lepidoptera, many have 
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found that they are negatively affected (Reed 1997, Huebschman and Bragg 2000, Powell et al. 

2007, Swengel and Swengel 2007, Vogel et al. 2010, Elia et al. 2012, Kral et al. 2017, Carbone et 

al. 2019). Therefore, opportunities to forage on Lepidoptera may have become limited after the 

Kenow wildfire, resulting in long-eared Myotis relocating to other areas.    

3.4.5 Study assumptions and limitations  

My study had a number of assumptions and potential limitations. For example, it is 

unknown whether the detectability of bats changed pre- versus post-wildfire due to changes in 

the forest structure. Some studies have reported that structural clutter has a minimal effect on 

the detectability of bat echolocation calls (Yates and Muzika 2006, Obrist et al. 2011) and is 

therefore assumed to be of minor concern (Titchenell et al. 2011, Cox et al. 2016). However, 

others have found that the probability of detection is greater for high frequency bats in sites 

with reduced vegetation density (Burns et al. 2019, Bender et al. 2021) and/or low frequency 

bats (Patriquin et al. 2003, Burns et al. 2019, Steel et al. 2019). Although I did not include 

detection probabilities in my models, I do not believe that post-fire forest structural changes 

would have significantly changed detectability. As most acoustic survey locations were situated 

near water features, the area directly surrounding the water feature, and thus the microphone, 

were often unburned even in the sites that were classified as burned. The microphones were 

also raised five to six meters off the ground, thereby reducing the potential influence any 

changes in understory height may have had on the detectability of bats. Although one of the 

species groups had results that would be consistent with detectability increasing in areas with 

reduced clutter (i.e. 40 kHz Myotis activity and feeding buzzes), it was not ubiquitous across all 

species/species groups. Big brown/silver-haired bat activity did not change significantly pre- to 

post-fire in the burned areas, and hoary bats and long-eared Myotis activity decreased in 

burned areas post-fire. However, if the fire caused an increase in the detection range in the 

burned areas, the effect of the fire may have been even greater than I have stated for some of 

the species/species groups.  

An assumption of my study was that activity levels did not vary over the summer 

season. Survey dates were not completely consistent across years, due to equipment failures 

and detectors needing to be redeployed. As such, some sites were monitored on slightly 
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different dates each year. There was also likely variation in seasonal activity from year to year 

based on the annual weather (e.g. cold, wet spring, dry, hot summer), thus affecting the timing 

of both volancy and migration. Based on capture surveys conducted in 2019 and 2020, the 

majority of the bats that raise offspring in WLNP are little brown Myotis. No pregnant or 

lactating hoary, silver-haired or big brown bats were ever caught. Little brown Myotis pups are 

born in early to mid July (first lactating female was captured on July 14) and are volant by early 

to mid August (first juvenile was captured on August 9), with maternity colonies likely 

exclusively in buildings in the Waterton townsite (see Chapter 2). Only one site was located 

near to the Waterton townsite (i.e. within two kms), and it was always monitored relatively 

early in the survey period (early to mid July), before pups would be flying. The sites that were 

monitored in late July/early August were far from the Waterton townsite (mean distance of 

13.1 ± 1.9 SE kms), arguably farther than newly volant pups would be capable of flying. Past 

research has found that little brown Myotis swarming events (i.e. when bats congregate at 

hibernacula to mate) occur in mid to late August throughout Canada (Schowalter 1980, 

McGuire et al. 2009, Burns et al. 2014, Gallant and Broders 2015). This would be consistent with 

my capture records from 2019 and 2020, indicating that males in WLNP are not reproductive 

until late August, well after the end of the acoustic detector deployment period.  

Past capture and acoustic surveys in WLNP suggest that the park is likely on a migratory 

route for hoary, eastern red, and silver-haired bats (Lausen 2012). Consistent with other 

acoustic work conducted in southwestern Alberta (e.g. Baerwald and Barclay 2011), Lausen 

(2012) found that migratory bat activity increased in late July in WLNP. Although both hoary bat 

and big brown/silver-haired bat activity increased each year at the end of July, I do not believe 

that including the beginning of the migratory period would have caused misleading results for 

these species/species groups. The increase in activity levels of hoary bats and big brown/silver-

haired bats was associated with two sites with particularly high activity, Lost Lake and Lone 

Lake. These sites were always monitored in late July (ranging from July 22 to August 2), and as 

such the beginning of the migratory period was captured consistently across the six years. 

Eastern red bats were not included in any of the analyses due to the low number of detections 

throughout the study (0.4 ± 0.1 SE passes/night).   
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There was also a difference in when burned versus unburned sites were monitored. This 

was not planned; survey dates were chosen at random prior to the wildfire. Detectors were 

deployed at what were eventually burned sites, earlier in the season (approximately late June 

to mid July), with unburned sites being monitored later (approximately early July to early 

August). Although the unburned sites may have captured possible activity changes that were 

missed by the burned sites (i.e. migration or volancy), I do not believe this would have caused 

biased results. The design of the study prioritized having the same sites monitored on 

approximately the same dates each year. Thus, even if volancy, swarming or migration did 

occur within the unburned sites’ deployment period, the effects would have been consistently 

captured each year.  

An additional limitation of my study was that to increase efficiency and consistency 

when I was manually analyzing the acoustic files, I used auto-identification software and 

analyzed the files in zero-cross file format rather than in full spectrum. I used the noise 

scrubber and species’ classifiers in Kaleidoscope Pro, as well as filters in AnalookW as two 

methods of auto-identification prior to manual analysis. AnalookW is only able to read zero-

cross file formats, requiring all full spectrum files to be converted to zero-cross files prior to 

analysis. As the same software settings and workflow were used for each year of the acoustic 

data, I do not believe that analyzing the zero-cross files instead of the full spectrum files and 

using the Kaleidoscope noise scrubber would have led to misleading results as each year would 

have been consistently biased. However, based on the subsample of files I examined for missed 

species, I suspect that hoary bat activity levels were underestimated across all years, and Lost 

Lake and Lone Lake had higher activity levels than was reported throughout all years of the 

study (Appendix G).  

The final limitation was that even though GLMMs converged for most species/species 

groups, I was unable to fit a model for the hoary bat PrePostUnburnBurn fire metric, and all fire 

metrics (i.e. PrePost123, PrePostUnburnBurn, and PrePost123UnburnBurn) for long-eared 

Myotis and 40 kHz Myotis feeding buzzes. For the Kruskal-Wallis rank-sum tests, I only included 

the effect of the fire metrics on activity levels/feeding buzz proportion, and was unable to 

include other possible covariates (i.e. sunset temperature, total nightly precipitation, nearest 
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water feature, distance to the townsite, site). In addition, I did not include all the 40 kHz Myotis 

data for the 40 kHz Myotis feeding buzz analyses, but subsampled. It is possible that with a 

bigger sample size, a GLMM could be created for 40 kHz Myotis feeding buzzes, and perhaps 

provide stronger support for the conclusion that 40 kHz Myotis feeding activity increased in the 

burned areas post-fire.     

3.4.6 Future research 

Given that time since the Kenow wildfire influenced the activity levels for some of the 

bat species/species groups, acoustic monitoring of the same study sites should continue in the 

future. This would help determine whether the patterns I observed in the first three years after 

the wildfire, are indicative of ecosystems still in a state of flux, or habitats representative of the 

post-fire landscape. As time since the fire increases, the forest will become more dense with 

new plant growth (Perry 2012), different insect species will likely recolonize the area (Kral et al. 

2017), and roost trees created by the fire may no longer be standing due to their fire-weakened 

bases (Morrison and Raphael 1993).        

Bat trapping surveys should continue in WLNP, focused primarily on conducting ongoing 

general species inventories rather than targeting a specific species as I did in 2019/2020. It will 

be important to conduct the surveys in a variety of habitats, place mist nets at different heights, 

and conduct these surveys throughout the summer, to ensure any spatial or temporal trends 

are captured. In addition to collecting information such as sex, age and reproductive condition 

of the bats, the trapping surveys may also help inform acoustic survey results. Due to the 

overlap in echolocation characteristics between species such as big brown and silver-haired 

bats (Betts 1998), capture rates could elucidate how common each species is in the different 

areas of the park. This could indicate whether the big brown/silver-haired bat group represents 

both species equally, or if one species is more common than the other.  

Future research should also focus on insect sampling. These surveys should be 

conducted throughout various post-fire successional stages and in different habitat types (e.g. 

unburned and burned sites in forested and grassland areas). The types of insect sampling 

methods used should be ones that accurately reflect the species available to bats (i.e. nocturnal 

flying insects) (Perry 2012), such as using black-light traps (Agosta et al. 2003, Johnson et al. 
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2007, Dodd et al. 2012). In addition, if bat capture surveys are conducted, guano samples 

should be collected from the bats for diet analysis. Researchers can then examine what species 

of insects bats are feeding on in relation to what is available and abundant in the different 

burned and unburned habitats.  

3.4.7 Management recommendations 

Wildfires were frequent in WLNP prior to the early 1900s, promoting complex multi-

aged forest stands and landscape diversity (Barrett 1996). However, active fire exclusion efforts 

for approximately 50 years shifted the WLNP forest communities to high density, single-aged 

forests with uniform canopies and high fuel loads (Barrett 1996). Due to the severity of the 

Kenow wildfire, it likely caused the forests affected by the fire to transition from an unburned 

monoculture to a burned monoculture. However, mixed-severity edges were created and over 

60% of the park remained unburned (Parks Canada 2021a), thus creating habitat diversification.  

The Kenow wildfire removed much of the accumulated fuel load and provided the 

necessary catalyst for WLNP to return to a structurally diverse and complex landscape. Moving 

forward, there are now opportunities to use prescribed burning throughout the different areas 

of the park, with fewer concerns of the fire becoming out of control. Although WLNP has been 

using prescribed burning since the 1990s, most of these fires occurred in the Foothills Parkland 

subregion, with few in the Montane and Subalpine subregions (GOC 2019). Future fire 

management should focus on striving to mimic how the natural fire cycle would have looked in 

a pre-fire-suppression era. All subregions should be considered for prescribed burning, to 

ensure that all forest communities have a variety of age-classes and habitat diversity. Regular 

prescribed burning would also decrease the chances of WLNP experiencing large, extreme 

severity wildfires in the future, and instead promote lower intensity burning in small habitat 

patches.   

Overall, I believe that the severity of the Kenow wildfire was a consequence of a 

landscape with an extended fire-suppressed history. The wildfire had immediate positive 

effects on 40 kHz Myotis, and I believe once the plant community is re-established, and insects 

recolonize the area, the remaining bat species in the WLNP bat community will benefit from the 

post-fire changes. Fire management decisions should strive to conduct regular prescribed 
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burning throughout all regions of the park to ensure that there is a mosaic of habitat types 

suitable for the WLNP bat community.         

3.5 Conclusion 

Previous studies have found that fire typically has an overall neutral or positive effect on 

most bat species (e.g. Buchalski et al. 2013, Steel et al. 2019, Ancillotto et. al 2021, Blakey et al. 

2021, Taillie et al. 2021). However, apart from 40 kHz Myotis, activity levels of bat 

species/species groups (i.e. big brown/silver-haired bat, hoary bat, and long-eared Myotis) 

examined in this study declined post-fire. I argue that the differences between my results and 

past research are primarily due to the severity of the Kenow wildfire and its immediate negative 

impact on the insect community. The Kenow wildfire consumed much of the insect habitat (i.e. 

ground vegetation, duff layer and coarse woody debris; Langor 2019), and likely caused high 

mortality of insect larvae and pupae. As such it will take time for the reestablishment of the 

plant community and the corresponding recolonization of insects.  

Studies have emphasized the importance of mixed severity fires as well as unburned 

refugia to promote landscape heterogeneity, thus ensuring that there is suitable habitat 

available to all species present in a bat community (Armitage and Ober 2012, Buchalski et al. 

2013, Steel et al. 2019, Ancillotto et. al 2021, Blakey et al. 2021, Taillie et al. 2021). In my study, 

little brown Myotis behaved opportunistically and were likely able to adapt immediately to the 

changes in the forest structure, foraging opportunities and roost availability (see Chapter 2) 

after the fire. Species such as big brown bats, silver-haired bats, hoary bats and long-eared 

Myotis were likely less adaptable to the significant ecological changes caused by the severe 

wildfire. However, acoustic monitoring only captured the first three years post-wildfire. As has 

already been observed with hoary bat activity levels increasing by the third year after the fire, 

bats show resilience to wildfire (Buchalski et al. 2013, Steel et al. 2019, Ancillotto et. al 2021, 

Blakey et al. 2021) and it may take time for the positive effects of the Kenow wildfire to be seen 

in the bat community as a whole.   
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Chapter 4: General Conclusions 

Studies have found that fire (both prescribed and wildfire) generally have an overall 

neutral or positive effect on most bat species (e.g. Malison and Baxter 2010a, Armitage and 

Ober 2012, Buchalski et al. 2013, Austin et al. 2020, Blakey et al. 2021). However, species-

specific negative responses have also been reported (e.g. Blakey et al. 2019, Jung 2020, 

Starbuck et al. 2020). Fire impacts insectivorous bat communities by changing the foraging 

habitat, insect communities (i.e. prey), and roosting opportunities (Lacki et al. 2009, 2017, 

Armitage and Ober 2012, Buchalski et al. 2013). I hypothesized that the Kenow wildfire affected 

species’ distribution and abundance of bats in Waterton Lakes National Park (WLNP) due to 

changes in the forest structure, foraging opportunities, and roost availability. 

In Chapter 2, I examined differences in little brown Myotis (Myotis lucifugus) roost 

availability between burned and unburned areas of WLNP. I predicted that between burned 

and unburned sites, burned areas would have more confirmed and potential roost trees 

compared to unburned areas. In 2019 and 2020, I radio-tracked female and male little brown 

Myotis to their roost sites. The maternity colonies of reproductive females were found 

exclusively in buildings in the Waterton townsite, highlighting the importance of building roosts 

in the mountains. Males and non-reproductive females did not preferentially select either 

burned or unburned roosts, but rather used the habitat that was close in proximity. Bats used a 

variety of natural roosts in WLNP including bark roosts, rock crevices and boulders in both 

burned and unburned areas. Overall, my results suggest that the wildfire did not change the 

availability of roosts for little brown Myotis. 

In Chapter 3, I examined bat activity differences between pre- (2015 to 2017) and post- 

(2018 to 2020) wildfire years, as well as between burned and unburned areas. Bat activity in 

WLNP was examined using acoustic detectors to record bat echolocation calls at thirteen sites 

within the park. The Kenow wildfire negatively affected big brown/silver-haired bat (Eptesicus 

fuscus/Lasionycteris noctivagans), hoary bat (Lasiurus cinereus), and long-eared Myotis (Myotis 

evotis). Although activity levels for big brown/silver-haired bat, and long-eared Myotis never 

returned to pre-fire levels, hoary bat activity increased by the third year after the fire. 40 kHz 

Myotis activity, likely predominately little brown Myotis, did not change pre- to post-fire. 
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However, activity increased in burned areas and decreased in unburned areas which could have 

been due to increased foraging opportunities in the burned areas. My findings emphasized 

species-specific responses, and only captured the first three years after the wildfire. The 

intermediate and long-term effects may be different.  

Having both pre- and post-fire bat acoustic data provided the unique opportunity to 

examine the effects of a severe, late season, wildfire on bat populations in the Rocky 

Mountains. Furthermore, my study is the first to examine the effect of a wildfire on bat 

populations in the Canadian Rockies. The most common species in WLNP, little brown Myotis, is 

listed as “May Be at Risk” provincially (AEP 2020) and “Endangered” federally (GOC 2021). 

Provincially long-eared Myotis, silver-haired bat and hoary bat are listed as “Sensitive” (AEP 

2020). Understanding how wildfire influenced abundance, and the community structure in 

WLNP, contributes to baseline data for bats in Alberta.  

While conducting an assessment of the burn history in WLNP, Barrett (1996) predicted 

that “given [the mid 1990s’] relatively old and more-uniform forest mosaic, the large pine 

beetle epidemic, and recurrent droughts, major stand replacement burning may be imminent 

for WLNP”. In line with Barrett’s (1996) predictions, the high severity Kenow wildfire occurred 

two decades later. Although the Kenow wildfire was likely a result of a number of factors, 

climate change is directly impacting fire regimes, including fire frequency, size and severity 

(Flannigan et al. 2000).  

As the number, duration and severity of wildfires are predicted to increase in the 

coming years due to climate change (Gillett et al. 2004, Westerling et al. 2006, Rocca et al. 

2014, Stephens et al. 2014), it is becoming increasingly important to understand the effect of 

fire on all organisms native to an area, including bats. By gaining a more holistic understanding 

of the effects of wildfire on bats, the findings can be incorporated into fire management plans 

and inform future research studies. Fire management decisions should strive to conduct regular 

prescribed burning to ensure that there is a mosaic of habitat types. Habitat complexity and 

heterogeneity is beneficial for bat communities (Armitage and Ober 2012, Blakey et al. 2019), 

but also for other mammal (e.g. Hanley 1996, Sullivan et al. 2000), bird (e.g. Berg 1997, 

Drapeau et al. 2000), amphibian (e.g. Johansson et al. 2005, Loehle et al. 2005) and insect (e.g. 
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Jonsen and Fahrig 1997, Fuller et al. 2008) species. Acoustic and roost-availability surveys of 

bats should continue in the future to assess the intermediate and long-term changes in 

abundance and habitat use after the Kenow wildfire. Overall, although some bat species in 

WLNP appeared to immediately adapt to, or recover from, the significant ecological changes 

caused by the wildfire, continued monitoring is required to understand the resilience of bats to 

a high severity wildfire.     
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Appendix A: Fire History of Waterton Lakes National Park, Alberta 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig. A.1. Fires (both wild and prescribed) that occurred in Waterton Lakes National Park, Alberta from the 1700s to 2020. Note that the fire 

distribution from the 1700s to approximately 1950 is based on empirical observation of fire scars and fire-induced regeneration (Barrett 1996). It 

should therefore be taken as an approximation of the fire extent during this time period. The map contains information licensed from Parks Canada 

under the Open Government Licence – Canada (GOC 2019).   
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Fig. A.2. Prescribed fires and wildfires that occurred in Waterton Lakes National Park, Alberta from 1990 to 2020. The name of each acoustic 

detector site is displayed. The map contains information licensed from Parks Canada under the Open Government Licence – Canada (GOC 2019).   

 

1
2

6 

 



127 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.3. Prescribed fires and wildfires that occurred in Waterton Lakes National Park, Alberta from 2015 to 2020. The map 

contains information licensed from Parks Canada under the Open Government Licence – Canada (GOC 2019).   
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Fig. A.4. The mean number of fires (lightning caused, prescribed, human caused, and of unknown cause) in Waterton Lakes National 

Park, Alberta, per year for each group size (ha) and time period (1750 to 2020). The figure contains information licensed from Parks 

Canada under the Open Government Licence – Canada (GOC 2019).    
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Table A.1. The prescribed fires and wildfires that occurred during the years of the acoustic surveys (2015 to 2020) in Waterton Lakes National 

Park, Alberta. The table contains information licensed from Parks Canada under the Open Government Licence – Canada (GOC 2019).    

*Acoustic detectors were deployed from approximately late June to early August, therefore if a fire occurred after this date, the effects would be 
seen in the following year.  

Year and date of fires Sites within 50 m of burn Bat activity levels affected? Years affected by fire* 

2015    

Prescribed fires    
March 13 Wishbone Possible 2015 – 2020  
May 5 None No  

2016    

Summit Knob Wildfire    
July 28 None   

Prescribed fires     
March 16 None   
April 2 Blakiston Roadside, Red Rock Possible  2016 – 2020  
June 17 None No  
September 1 None No  
November 8 None No  
November 10 None No  

2017    

Kenow Wildfire    

August 30 
Bison Paddock, Blakiston Roadside, Cameron Lake, 
Dipper at Rowe, Red Rock, Sewage Lagoon 

Yes 2018 – 2020  

Prescribed fires    
April 11 None No   
Mid April None No  
April 20 None No  

2018    

Boundary Wildfire    
August 23 None No 2019 – 2020  

2019    

No fires NA NA  
2020    

No fires NA NA  

1
2
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Appendix B: Historic Mountain Pine Beetle Distribution in Waterton Lakes National Park, Alberta 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. B.1. The mountain pine beetle (Dendroctonus ponderosae) distribution in Waterton Lakes National Park, Alberta from 1977 

to 2016. The map contains information licensed from Parks Canada under the Open Government Licence – Canada (GOC 2019).    
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Appendix C: Metadata for the little brown Myotis radio-tracked in Waterton Lakes National Park, Alberta in 2019 and 2020 

Bat 
ID 

Capture 
date 

Capture 
site name 

Capture 
site UTM 

Repro. 
condition* 

Roost area 

Confirmed 
roost or 

approximate 
area† 

Roost type Roost site UTM 

Roost to 
capture site 

distance 
(km)‡ 

Emergence 
count 

Bat 1 
09-Jul-
2019 

Cameron 
Lake 

11 U 
715971 

5433837 
NOP 

Cameron 
Lake 

Approximate 
area 

Likely tree 
11 U 716636 

5433529, 11 U 
716594 5433452 

0.7 NA 

Bat 2 
16-Jul-
2020 

Hay Barn 
12 U 

291820 
5440280 

NOP 
Hay Barn 

Confirmed 
roost 

Tree 
12 U 291792 

5440111 
0.2 NA 

Townsite 
Confirmed 

roost 
Building 

Waterton 
townsite 

approx. 4.5 100 

Bat 3 
24-Jun-

2019 
Knight's 

Lake 

12 U 
291823 

5442783 
NOP 

Wishbone 
Approximate 

area 
Likely tree 

12 U 294190 
5442390, 12 U 

294793 5441209, 
12 U 294994 

5441147 

2.4 - 3.6 NA 

Townsite 
Confirmed 

roost 
Building 

Waterton 
townsite 

approx. 7 60 

Bat 4 
03-Jul-
2019 

Knight's 
Lake 

12 U 
291823 

5442783 
P Townsite 

Confirmed 
roost 

Building 
Waterton 
townsite 

approx. 7 62 

Bat 5 
14-Jul-
2019 

Knight's 
Lake 

12 U 
291823 

5442783 
L Townsite 

Confirmed 
roost 

Building 
Waterton 
townsite 

approx. 7 52 

Bat 6 
28-Jul-
2019 

Crandell 
Lake 

12 U 
283274 

5441558 
L 

Townsite 
Confirmed 

roost 
Building 

Waterton 
townsite 

approx. 6 135 

Blakiston 
valley 

Bearing area 
Night roost/ 
foraging area 

12 U 286722 
5442566 

3.6 NA 

Bat 7 
03-Aug-

2019 
Crandell 

Lake 

12 U 
283274 

5441558 
L Townsite 

Confirmed 
roost 

Building 
Waterton 
townsite 

approx. 6 200 

Bat 8 
03-Aug-

2019 
Crandell 

Lake 

12 U 
283274 

5441558 
L Townsite 

Confirmed 
roost 

Building 
Waterton 
townsite 

approx. 6 82 

Table C.1. Metadata for the female little brown Myotis radio-tracked in Waterton Lakes National Park, Alberta in 2019 and 2020.   
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Bat 9 
28-Jul-
2019 

Crandell 
Lake 

12 U 
283274 

5441558 
L 

Blakiston 
valley 

Approximate 
area 

Night roost/ 
foraging area 

12 U 288869 
5439470 

6 NA 

Bat 
10 

09-Aug-
2019 

Highway 
bridge 

12 U 
292624 

5443975 
L 

Highway 
bridge 

Confirmed 
roost 

Tree 
12 U 292532 

5443947 
0.1 

NA 

Blakiston 
valley 

Bearing area 
Likely tree or 

rock 
12 U 288334 

5440175 
Unknown 

NA 

Bat 
11 

23-Aug-
2020 

Cameron 
Lake 

11 U 
715971 

5433837 
NR 

Cameron 
Lake 

Confirmed 
roost 

Tree 
11U 715597 

5434080, 11U 
715649 5433630 

0.4 1 

Bearing area 
Likely tree or 

rock 

11 U 714546 
5431648, 11 U 

714586 5432858 
Unknown NA 

Bat 
12 

06-Jul-
2019 

Cameron 
Lake 

11 U 
715971 

5433837 
NOP 

Cameron 
Lake 

Unknown, only 
heard foraging 
late at night at 
Cameron Lake 

Likely tree or 
rock 

Unknown Unknown NA 

* “NOP” refers to not obviously pregnant (i.e. caught early in the season and could not determine if pregnant), “P” refers to pregnant, “L” refers to lactating, and 
“NR” refers to females that were non-reproductive (i.e. not pregnant, lactating or post-lactating). 

† Confirmed roosts are the exact roosts. Approximate areas are general areas where bats were tracked to but the exact roost could not be confirmed. Often the 
roost type could be determined from the approximate area based on what was available in the surrounding habitat. Bearing areas are broad areas where the signal 
was detected from but the roosting location was estimated using bearings only.  

 ‡ Distances were calculated using the vector analysis Distance Matrix tool in QGIS (version 3.16.8-Hannover).  
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Table C.2. Metadata for the male little brown Myotis radio-tracked in Waterton Lakes National Park, Alberta in 2020.   

Bat ID 
Capture 

date 
Capture site 

name 
Capture site UTM 

Roost 
date 

Roost area 
Burned/ 

unburned 
roost 

Roost type* Roost site UTM 
Roost to capture 

site distance (km)† 

Bat 13 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

10-Aug-
2020 

Lost Lake Unburned 
Likely rock 

crevice 
11U 707155 

5448361 
Unknown 

Bat 13 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

11-Aug-
2020 

Lost Lake Unburned 
Confirmed rock 

crevice 
11 U 707156 

5448402 
1.3 

Bat 13 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

12-Aug-
2020 

Lost Lake Unburned 
Likely rock 

crevice 
11 U 707147 

5448225 
Unknown 

Bat 14 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

10-Aug-
2020 

Lost Lake Unburned 
Confirmed rock 

crevice 
11 U 707650 

5448541 
1.0 

Bat 14 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

11-Aug-
2020 

Lost Lake Unburned 
Confirmed rock 

crevice 
11 U 707649 

5448542 
1.0 

Bat 15 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

10-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709327 

5447597 
1.1 

Bat 15 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

11-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709327 

5447597 
1.1 

Bat 15 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

12-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709327 

5447597 
1.1 

Bat 15 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

13-Aug-
2020 

Lost Lake Unburned 
Confirmed rock 

crevice 
11 U 709334 

5447316 
1.2 

Bat 15 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

14-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709327 

5447597 
1.1 

Bat 16 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

10-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709541 

5447522 
1.3 

Bat 16 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

11-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709595 

5447569 
1.4 

Bat 16 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

12-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709496 

5447657 
1.3 

Bat 16 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

13-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709541 

5447522 
1.3 

Bat 16 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

14-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709627 

5447610 
1.4 

Bat 17 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

10-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709687 

5447406 
1.5 

Bat 17 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

11-Aug-
2020 

Lost Lake Burned 
Confirmed rock 

crevice 
11 U 711045 

5448474 
2.9 

Bat 17 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

12-Aug-
2020 

Lost Lake Burned 
Confirmed rock 

crevice 
11 U 710928 

5448428 
2.8 

1
3
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Bat 17 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

13-Aug-
2020 

Lost Lake Burned 
Likely rock 

crevice 
11 U 711045 

5448474 
Unknown 

Bat 17 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

14-Aug-
2020 

Lost Lake Unburned Confirmed tree 
11 U 709687 

5447406 
1.5 

Bat 18 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

12-Aug-
2020 

Lost Lake Burned 
Confirmed 

boulder 
11 U 712327 

5448659 
4.2 

Bat 18 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

13-Aug-
2020 

Lost Lake Burned 
Confirmed 

boulder 
11 U 712327 

5448659 
4.2 

Bat 18 
09-Aug-

2020 
Lost Lake 

11 U 708237 
5447757 

14-Aug-
2020 

Lost Lake Burned 
Confirmed 

boulder 
11 U 712327 

5448659 
4.2 

Bat 19 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
28-Aug-

2020 
Cameron 

Lake 
Burned Bearing area 

11 U 715601 
5434780 

Unknown 

Bat 19 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
29-Aug-

2020 
Cameron 

Lake 
Burned Bearing area 

11 U 715407 
5434398 

Unknown 

Bat 20 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
24-Aug-

2020 
Cameron 

Lake 
Burned Confirmed tree 

11 U 715895 
5434307 

0.5 

Bat 20 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
26-Aug-

2020 
Cameron 

Lake 
Burned Confirmed tree 

11 U 715784 
5434149 

0.4 

Bat 20 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
27-Aug-

2020 
Cameron 

Lake 
Burned Confirmed tree 

11 U 715784 
5434149 

0.4 

Bat 20 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
28-Aug-

2020 
Cameron 

Lake 
Burned Confirmed tree 

11 U 715690 
5434251 

0.5 

Bat 20 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
29-Aug-

2020 
Cameron 

Lake 
Burned Likely tree 

11 U 715611 
5434006 

Unknown 

Bat 21 
23-Aug-

2020 
Cameron 

Lake 
11 U 715971 

5433837 
26-Aug-

2020 
Lineham 

trail 
Unknown Bearing area 

11 U 718108 
5438858 

Unknown 

Bat 22 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
21-Jul-
2020 

Crandell 
Lake 

Burned Bearing area 
12 U 283230 

5442214 
Unknown 

Bat 22 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
22-Jul-
2020 

Crandell 
Lake 

Burned Bearing area 
12 U 283230 

5442214 
Unknown 

Bat 22 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
23-Jul-
2020 

Crandell 
Lake 

Burned Bearing area 
12 U 283230 

5442214 
Unknown 

Bat 22 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
24-Jul-
2020 

Crandell 
Lake 

Burned 
Likely rock 

crevice 
12 U 282710 

5442097 
0.8 

Bat 22 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
25-Jul-
2020 

Crandell 
Lake 

Burned 
Likely rock 

crevice 
12 U 283007 

5441426 
0.3 

Bat 23 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
21-Jul-
2020 

Crandell 
Lake 

Burned Bearing area 
12 U 283230 

5442214 
Unknown 

Bat 23 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
22-Jul-
2020 

Crandell 
Lake 

Burned Confirmed tree 
12 U 282683 

5443026 
1.6 

Bat 23 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
23-Jul-
2020 

Crandell 
Lake 

Burned Confirmed tree 
12 U 282636 

5443092 
1.7 

1
3
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Bat 23 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
24-Jul-
2020 

Crandell 
Lake 

Burned Confirmed tree 
12 U 282683 

5443026 
1.6 

Bat 23 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
25-Jul-
2020 

Crandell 
Lake 

Burned Confirmed tree 
12 U 282631 

5443040 
1.6 

Bat 24 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
21-Jul-
2020 

Crandell 
Lake 

Burned Bearing area 
12 U 283230 

5442214 
Unknown 

Bat 24 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
22-Jul-
2020 

Crandell 
Lake 

Burned Bearing area 
12 U 283230 

5442214 
Unknown 

Bat 24 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
23-Jul-
2020 

Crandell 
Lake 

Burned Confirmed tree 
12 U 283016 

5442670 
1.1 

Bat 25 
20-Jul-
2020 

Crandell Lake 
12 U 283274 

5441558 
21-Jul-
2020 

Blakiston 
valley 

Unknown Bearing area 
12 U 288364 

5440614 
Unknown 

Bat 26 
16-Jul-
2020 

Hay Barn 
12 U 291820 

5440280 
18-Jul-
2020 

Cameron 
valley 

Burned Bearing area 
12 U 286655 

5437431 
Unknown 

Bat 26 
16-Jul-
2020 

Hay Barn 
12 U 291820 

5440280 
19-Jul-
2020 

Cameron 
valley 

Burned 
Likely rock 

crevice 
12 U 286710 

5437879 
5.6 

Bat 27 
16-Jul-
2020 

Hay Barn 
12 U 291820 

5440280 
17-Jul-
2020 

Hay barn Unburned Confirmed tree 
12 U 292267 

5440251 
0.4 

Bat 27 
16-Jul-
2020 

Hay Barn 
12 U 291820 

5440280 
18-Jul-
2020 

Hay barn Unburned Bearing area 
12 U 292267 

5440251 
Unknown 

Bat 27 
16-Jul-
2020 

Hay Barn 
12 U 291820 

5440280 
19-Jul-
2020 

Hay barn Unburned Bearing area 
12 U 292267 

5440251 
Unknown 

 

 

 

 

  

 

* Confirmed roosts are the exact roosts. Likely roosts are when the bat was tracked to an approximate roosting area and the surrounding habitat strongly 
suggested a certain roost type. Bearing areas are broad areas where the signal was detected from, but the roosting location was estimated using bearings only.  

† Distances were calculated using the vector analysis Distance Matrix tool in QGIS (version 3.16.8-Hannover).  
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Appendix D: Metadata for the Acoustic Detector Sites, the Waterton Townsite, and the Weather Stations 

 

Acoustic 
site 

Coordinates 
(NAD 83) 

Elevation 
(m) 

Natural 
subregion 

Burn/unburn 
after wildfire 

Townsite 
distance 

(km) 

Distance to 
water (m) 

Nearest 
water 

feature 
Habitat description 

Sewage 
Lagoon 

12U 288320 
5439394 

1318 
Foothills 
Parkland 

Burn 2 5 
Manmade 

“Lake” 

Wastewater treatment lagoon, 
surrounded by buildings and sparse 

mixed forest 

Bison 
Paddock 

12U 290288 
5446141 

1357 
Foothills 
Parkland 

Burn 9 20 Wetland 
Prairie field near wetland, surrounded 

by deciduous vegetation 

Blakiston 
Roadside 

12U 282448 
5443621 

1428 Montane Burn 8 20 Wetland 
Grassy meadow on hill above wetland, 

surrounded by sparse mixed forest 

Red Rock 
11U 716829 

5446319 
1503 Montane Burn 12.5 60 

Red Rock 
Creek 

Grassy meadow near to canyon, 
surrounded by mixed forest 

Dipper at 
Rowe 

11U 718267 
5437995 

1589 Montane Burn 7.5 30 
Cameron 

Creek 
Coniferous forest trail near stream 

Cameron 
Lake 

11U 715961 
5433861 

1670 
Lower 

Subalpine 
Burn 10.5 10 Wetland 

Wetland surrounded by coniferous 
forest 

Wishbone 
12U 293743 

5443049 
1289 

Foothills 
Parkland 

Unburn 8.5 350 Wetland 
Grassy meadow surrounded by 

deciduous forest 

Waterton 
townsite 

12U 287451 
5437358 

1282 Montane Unburn 0 
Surrounded 

by water 
Waterton 

Lake 
Townsite with a population of 

approximately 100 people 

Belly Bend 
12U 303521 

5433244 
1378 Montane Unburn 16.5 5 Belly River 

River surrounded by deciduous 
vegetation 

Yarrow 
Cabin 

12U 283197 
5453750 

1520 Montane Unburn 17 75 Yarrow Creek 
Grassy meadow near to gravel road, 

surrounded by deciduous forest 

Sofa Burn 
12U 298216 

5438607 
1534 Montane Unburn 11 10 Wetland 

Wetland surrounded by sparse mixed 
forest 

Boundary 
Bay 

12U 287550 
5431047 

1284 
Lower 

Subalpine 
Unburn 6.5 20 

Boundary 
Creek 

Dry riverbed surrounded by mixed 
forest 

Lost Lake 
11U 708233 

5447777 
1897 

Upper 
Subalpine 

Unburn 20 10 Lost Lake Lake, surrounded by coniferous forest 

Lone Lake 
11U 709485 

5441200 
2033 

Upper 
Subalpine 

Unburn 16.5 10 Lone Lake Lake, surrounded by coniferous forest 

Table D.1. Site metadata for the Waterton townsite and each acoustic detector site monitored from 2015 to 2020 in Waterton Lakes National 

Park, Alberta. 
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Table D.2. Site metadata for each weather station used to compile environmental data for the thirteen different acoustic detector sites in 

Waterton Lakes National Park, Alberta.  

Weather 
station 

Associated acoustic 
site(s) 

Acoustic site to weather 
station distance (km) 

Weather station 
coordinates (NAD 

83) 

Weather station 
elevation (m) 

Weather station 
operator 

Akamina 2 
Cameron Lake 1.5 11U 715613 

5435351 
1676 

Environment and 
Parks Dipper at Rowe 3.5 

Chief 
Customs 

Belly Bend 3.0 
12U 305576 

5430894 
1690 

Environment and 
Parks 

Goathaunt Boundary Bay 4.5 
12U 288425 

5426669 
1280 

Environment and 
Parks 

Waterton 
Park Gate 

Bison Paddock 5.5 

12U 295760 
5446050 

1296 
Environment 

Canada 

Sewage Lagoon 10.0 

Sofa Burn 8.0 

Wishbone 3.5 

Yarrow Cabin 15.0 

Waterton Red 
Rock 

Blakiston Roadside 5.0 

11U 716398 
5446513 

1524 
Environment and 

Parks 

Lone Lake 8.5 

Lost Lake 8.5 

Red Rock 0.5 
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Appendix E: Acoustic Detector Deployment and Call Processing Methodology 

E.1 Acoustic Detector Deployment 

The locations of the acoustic detectors used in the 2015 to 2020 study in WLNP, were 

selected using a probability-based sampling design, based on the North American Bat 

Monitoring Program (NABat) sampling structure. NABat is a collaborative monitoring program 

across North America that uses standardized protocols to collect acoustic bat data (Loeb et al. 

2015). These data help assess population trends and inform conservation-based strategies to 

support bats due to their vulnerability to a variety of threats (e.g. white-nose syndrome, wind 

energy development, climate change, habitat loss) (Loeb et al. 2015). The NABat sampling 

design divides North America into a series of 10 by 10 km grid cells, which are further divided 

into four, five by five km quadrants within each cell (Loeb et al. 2015). WLNP staff followed the 

recommendations from Gros Morne National Park, Newfoundland, to increase the number of 

acoustic recording sites for parks with small areas (Parks Canada 2017a). Within the quadrants 

of the cells, the exact location of the detector was chosen based on bat survey work that had 

been completed in previous years (Lausen 2012, Parks Canada 2017a).  

The following specifications regarding detector deployment setup and call processing 

were provided by H. Mahoney, pers. comm. Wildlife Acoustics’ Song Meter SM2BAT+ detectors 

and SMX-U1 omnidirectional ultrasonic microphones were used throughout the six-year study. 

The detectors were deployed using poles, with the microphone oriented at a 45° angle 

downward, and raised five to six meters from the ground. The microphones were calibrated 

prior to the start of each field season to ensure they were working within normal parameters, 

and that the sensitivities were approximately equivalent between years. The detectors’ 

recording settings were confirmed prior to each site deployment to ensure they were 

programmed correctly and would be recording during the appropriate times and with the 

appropriate settings.  

The detectors were programmed to record from 30 minutes before sunset to 30 

minutes after sunrise. The files were recorded in full spectrum in WAC0 or WAV file format 

(depending on the year), the sample rate was set to 384 kHz, the high pass filter was set to 

eight kHz (FS/48) and the low pass filter was off. The trigger level (i.e. signal to noise ratio) was 
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set to 18 dB, the trigger window was set to two seconds, and the trigger max length was set to 

zero seconds. The detectors’ amplifier configuration switches were set to include: a 2.5V bias, 

1000 Hz high-pass filter, and 12 dB gain for the microphone preamplifier. 

E.2 Acoustic Call Processing  

At the end of each field season, the raw acoustic files were processed using Wildlife 

Acoustics’ Kaleidoscope Pro bat analysis software (version 3.1.1, 

www.wildlifeacoustics.com/products/kaleidoscope-pro). Both processed full-spectrum WAV 

files and zero-cross files were created from the raw WAC0 and WAV files. Full spectrum 

recordings are a digitized representation of the entire soundscape, which includes frequency, 

time, harmonic and amplitude information for each call (Szewczak 2010, Agranat 2013). A zero-

cross recording is created by measuring the amount of time it takes a soundwave to cross the 

‘zero’ mark a given number of times (Szewczak 2010, Agranat 2013). The time between the 

oscillations, or typically the time it takes for eight zero-crossings (called the division ratio), is 

recorded (Szewczak 2010). These data are then plotted as the average frequencies per time 

(Szewczak 2010). Zero-cross files can only display the dominant frequency at any one time, and 

only the frequency and time of each call (i.e. no amplitude or harmonic information) (Szewczak 

2010, Agranat 2013).  

During the acoustic processing, files were filtered to keep passes that had calls with 

frequencies between eight and 120 kHz, and durations between two and 500 ms, and had a 

minimum of two calls. Files were split to a maximum duration of 15 seconds and the zero-cross 

files created had a division ratio of eight. The processed full-spectrum and zero-cross files were 

dispersed into nightly subdirectories for each site and year. The advanced signal enhancement 

option was used and the files that did not pass the filter were automatically moved to a 

separate directory called “NOISE”. The Bats of North America 3.1.0 classifier was used for auto-

identification. Within the classifier, the little brown Myotis (Myotis lucifugus), long-eared 

Myotis (Myotis evotis), long-legged Myotis (Myotis volans), western small-footed Myotis 

(Myotis ciliolabrum), Yuma Myotis (Myotis yumanensis), California Myotis (Myotis californicus), 

big brown bat (Eptesicus fuscus), silver-haired bat (Lasionycteris noctivagans), eastern red bat 

(Lasiurus borealis), and hoary bat (Lasiurus cinereus) were included. The classifier was set to a 
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sensitivity of “+1 More Accurate (Conservative)”. All files were labelled with one of the species 

included in the classifier, or the additional categories of “NoID” (i.e. likely a bat pass but could 

not determine species) and “Noise” (i.e. likely not a bat pass). For all years included in the 

study, Parks Canada staff processed the raw acoustic bat files. 

Once the bat files were processed in Kaleidoscope Pro, I inspected all of the data log 

files for each site and year. The data log files were automatically generated for every night a 

detector was deployed, recording the date, time, internal temperature, and external sensor 

readings every five minutes during the recording period. Through these data log files, I was able 

to confirm whether a specific detector was recording normally throughout the deployment 

period. I excluded nights that I suspected had recording issues (i.e. microphone concerns or 

were not recording during the appropriate times). In addition, I excluded nights when the 

detector stopped recording more than 30 minutes before sunrise. Although past research has 

shown that bat activity decreases with increased precipitation and low temperatures (Vonhof 

2006), bats were detected on nights with low sunset temperatures (minimum temperature of 

5.2 °C) and relatively high amounts of precipitation (maximum nightly precipitation of 19.7 

mm). Therefore, I did not exclude nights due to environmental conditions and instead used 

sunset temperature and nightly precipitation as covariates in my models.   

I compiled metadata for the surrounding habitat for each acoustic site and the Waterton 

townsite, as well as environmental conditions for each night a detector was deployed 

(Appendix D). For each site I compiled: the elevation (determined from Google Earth Pro, 

version 7.3.3.7786), natural subregion (determined using spatial data provided by Parks 

Canada), forest type (I recorded habitat information during site visits), distance to the Waterton 

townsite (determined using the point distance analysis tool in ArcGIS Desktop 10.7.1), distance 

to and type of nearest water source (determined during site visits, from Google Earth Pro, and 

using the Alberta River Basins web application [i.e. GOA 2021]), as well as whether it became 

burned or remained unburned after the wildfire (determined through spatial data provided by 

Parks Canada). I also recorded habitat descriptions for each site. Population census data for the 

Waterton townsite was determined using the Alberta Regional Dashboard web application (i.e. 

GOA 2020). Weather data were acquired from the Alberta Climate Information Service, Current 
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and Historical Alberta Weather Station Data Viewer (i.e. ACIS 2020). Five stations were used to 

represent the thirteen acoustic detector locations. The mean distance from an acoustic site to 

its associated weather station was six kilometers (range of 0.5 to 15 kms; determined using the 

point distance analysis tool in ArcGIS Desktop). The weather stations recorded hourly 

temperature and precipitation data. For temperature, I used the hourly “instantaneous ambient 

air temperature (°C) measured two meters above the ground surface”. This option records the 

temperature computed at the start of each hour. For precipitation, I used the hourly 

“precipitation totals (mm)”. This option records the hourly precipitation accumulated 

throughout the previous hour. To calculate the temperature at sunset for each night, I first 

recorded the sunset times in WLNP (i.e. Maplogs 2021). All sunset times throughout the study 

period were between 21:00 and 22:00. Therefore, using the temperatures recorded for 21:00 

and 22:00, I used the sunset minute times to determine the percent value between the two 

temperatures, and thus the resulting approximate sunset temperature. To determine the total 

sum of precipitation for each night, I included the precipitation received from 21:00 to 6:00. 

To analyze the acoustic files, I used Titley Scientific’s AnalookW bat analysis software 

(version 4.5s) and filters provided by J. Rae and C. Lausen, pers. comm. Similar to the auto-

identification option in Kaleidoscope Pro, AnalookW has the option of creating and loading 

filters to aid with bat call analysis. The filters enable the user to create a list of specific call 

parameters (e.g. call frequency, slope, duration) to search for in each file. If the bat pass in the 

file is within those parameters, the file passes the filter and is marked differently compared to 

files that are rejected by the filter.  

I took the auto-identified zero-cross files created from Kaleidoscope Pro and ran a filter 

in AnalookW to further separate bat calls from noise. From this process, an ANL list file was also 

created. An ANL list file is a text file that lists all of the input files and where they are loaded 

from, and ‘virtually’ groups all files from all years by the species label that was assigned from 

Kaleidoscope Pro. Once the files were dispersed by species, I ran additional species/species 

groups’ filters on all of the files as a second auto-identification check before manually analyzing 

the files. I ran a hoary bat filter on the files Kaleidoscope Pro identified as hoary bats; if a file did 

not pass the filter, I reassigned the file to “low frequency”. I ran a big brown/silver-haired bat 
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filter on the files Kaleidoscope Pro identified as big brown bats or silver-haired bats; if a file did 

not pass the filter, I reassigned the file to “low frequency”. I ran a long-eared Myotis filter on 

the files Kaleidoscope Pro identified as long-eared Myotis; if a file did not pass the filter, I 

reassigned the file to “high frequency”. I ran an eastern red bat filter on the files Kaleidoscope 

Pro identified as eastern red bat; if a file did not pass the filter, I reassigned the file to “high 

frequency”. I ran a 40kHz Myotis filter on the files Kaleidoscope Pro identified as little brown 

Myotis, long-legged Myotis, and western small-footed Myotis; if a file did not pass the filter, I 

reassigned the file to “high frequency”. I ran a Yuma Myotis/California Myotis filter on the files 

Kaleidoscope Pro identified as Yuma Myotis and California Myotis; if a file did not pass the filter, 

I reassigned the file to “high frequency”. I ran both high and low frequency filters on the files 

Kaleidoscope Pro identified as “NoID”.  

Once the files were filtered and redispersed, I manually identified all of the files. Manual 

species identification was based on resources provided from bat acoustic training courses I 

attended (i.e. Lausen 2016, pers. comm., Szewczak 2018). As there is no WLNP-specific bat 

echolocation reference library, I was conservative in assigning species specific identification and 

thus grouped species with similar echolocation characteristics (e.g. high frequency, 40kHz 

Myotis, big brown/silver-haired bat, low frequency). To ensure I was consistent, I analyzed all 

files from all years for a given species/species group at the same time. The echolocation call 

characteristics I used for each species/species group and sonogram examples are illustrated in 

Appendix F. 

Files needed a minimum of two calls be considered a bat echolocation pass. In addition, 

the calls needed to occur within a reasonable time interval of one another. Most search phase 

calls occur at a call rate of approximately 3 to 12 calls per second (Griffin et al. 1960, Fenton 

2013), therefore if the calls in the bat file were spaced at greater intervals than this, or very 

irregular intervals, it was not considered to be a bat. The shape of the call also needed to be 

indicative of a bat echolocation call, with the call typically starting at a high frequency and then 

sweeping down to a lower frequency (i.e. frequency modulated) (Fenton 2013). If only two calls 

were present, the file was identified as either high or low frequency. For files with three calls or 

more, echolocation passes could be assigned to a specific species/species group. However, due 



143 
 

to how diagnostic most hoary bat calls are, I was confident in assigning a species identification 

to hoary bat files containing only two calls.  For all species, if a file appeared to contain only one 

call, the file was marked as noise. Some files had multiple species recorded. Each species or 

species group was identified and accounted for. Files that appeared to have multiple individuals 

of the same frequency class were not corrected for, and were therefore only counted as one 

pass.  

Although I analyzed files for species using the zero-cross files created from Kaleidoscope 

Pro, I also used Wildlife Acoustics’ Kaleidoscope Lite bat analysis software (version 5.4.0) to 

examine a subset of the processed full spectrum WAV files created from Kaleidoscope Pro. 

AnalookW only recognizes zero-cross files, however, Kaleidoscope Lite is able to load both zero-

cross and full spectrum files. For full spectrum files to be zero-crossed, the signal to noise ratio 

(i.e. the difference between the detected signal and background noise) needs to be above a 

certain threshold to be converted. Therefore, many low amplitude calls that appear in full-

spectrum are absent in zero-cross files. Due to feeding buzzes having low intensity (Szewczak 

2018), they rarely appeared in the zero-cross files. I used Kaleidoscope Lite to determine the 

number of feeding buzzes in a subsample of files I manually identified in AnalookW as 40 kHz 

Myotis. Due to the quantity of data, I randomly selected 20 individual files or 10% of all files, 

whichever was greater in RStudio (version 1.3.1093, R Core Team 2020; package dplyr, 

Wickham et al. 2021) for each date for every site for each year. For each subsampled file, I 

manually identified whether a feeding buzz was present in the pass primarily by visually 

inspecting the file. I also listened to segments of the echolocation pass if it was unclear whether 

a feeding buzz was present. Bats also emit buzzes when drinking (Griffiths 2013, Russo et al. 

2016) or landing (Russo et al. 2007), but the abrupt change/drop in frequency associated with 

feeding buzzes is typically absent in drinking and landing buzzes (Kalko 1995, Schnitzler and 

Kalko 2001, Jakobsen and Surlykke 2010, Russo et al. 2018a). Therefore, only buzzes with a 

drop in frequency were considered feeding buzzes. If a file contained more than one feeding 

buzz, it was still only counted once. I then determined the proportion of files with a feeding 

buzz (number of files with a feeding buzz/total number of files subsampled) for each date for 

every site for each year.  
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Appendix F: Bat Echolocation Call Characteristics   

 

 

Common name or 
frequency group 

Scientific name Label Echolocation call characteristics Example 

Hoary bat Lasiurus cinereus LACI Low frequency calls with a Fc usually between 18 – 22 kHz. Search 
phase calls often have a shallow slope and a minimum frequency as 
low as 15 kHz. Also produce calls that have a variable and random 
Fc across the pass.  

Fig. F.1. 

Big brown/silver-
haired bat 

Eptesicus fuscus/     
Lasionycteris noctivagans 

EPFULANO Low frequency calls with a Fc usually between 25 – 30 kHz.  Fig. F.2. 

Low frequency bat - LowF Low frequency calls that have a Fc below 30kHz that are non-
diagnostic to a species or a specific frequency group (e.g. non-
diagnostic LACI, EPFULANO). 

Fig. F.3. 

30 kHz bat - 30k Sequences that have few, non-diagnostic pulses with a Fc of 30 kHz. 
They could belong to MYEV or be approach phase calls of a LowF 
bat.   

Fig. F.4. 

Long-eared Myotis Myotis evotis MYEV High frequency calls with a Fc usually between 30 – 35 kHz. Calls 
have a steep slope with an almost linear call shape and sweep over 
a broad range of frequencies.  

Fig. F.5. 

Eastern red bat Lasiurus borealis LABO High frequency calls with a Fc usually between 35 – 40 kHz. Search 
phase calls often have a shallow slope and a Fc as low as 30 kHz. 
Also produce calls that have a variable and random Fc across the 
pass. 

Fig. F.6. 

40 kHz Myotis Myotis spp. 40kMyotis High frequency calls with a Fc between 35 – 45 kHz, that could not 
be LABO. Species included in this group are the little brown Myotis 
(Myotis lucifugus), long-legged Myotis (Myotis volans), and non-
diagnostic MYEV.  

Fig. F.7. 

High frequency bat - HighF High frequency calls that have a Fc above 30kHz that are non-
diagnostic to a species or a specific frequency group (e.g. non-
diagnostic MYEV, LABO, Myotis spp.). 

Fig. F.8. 

Not a bat - NOTBAT Ultrasonic sounds that were recorded that are not bats. Northern 
flying squirrels (Glaucomys sabrinus), insects, as well as ambient 
noise (wind, rain etc.) commonly create ultrasonic sounds.  

Fig. F.9. 

Table F.1. Echolocation call characteristics for the different bat species/species groups found in Waterton Lakes National Park, Alberta. Manual 

species identification was based on resources provided from bat acoustic training courses I attended (i.e. Lausen 2016, pers. comm., Szewczak 2018). 

The characteristic echolocation frequency (Fc) is defined as the frequency of the call at its lowest slope toward the end of the call (Szewczak 2018). 
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Fig. F.1. Examples of hoary bat passes. The sonograms are displayed in Titley Scientific’s 

AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 
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Fig. F.2. Examples of big brown/silver-haired bat passes. The sonograms are displayed in Titley 

Scientific’s AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 
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Fig. F.3.  Examples of bat passes labeled as “LowF”. The sonograms are displayed in Titley 

Scientific’s AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 
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Fig. F.4. Examples of bat passes labeled as “30k”. The sonograms are displayed in Titley 

Scientific’s AnalookW bat analysis software (version 4.5s) in F7 in compressed time.    
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Fig. F.5. Examples of long-eared Myotis passes. The sonograms are displayed in Titley 

Scientific’s AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 
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Fig. F.6. Examples of eastern red bat passes. The sonograms are displayed in Titley Scientific’s 

AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 
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Fig. F.7. Examples of 40 kHz Myotis passes. The sonograms are displayed in Titley Scientific’s 

AnalookW bat analysis software (version 4.5s) in F7 in compressed time.    
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Fig. F.8. Examples of bat passes labeled as “HighF”. The sonograms are displayed in Titley 

Scientific’s AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 
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Fig. F.9. Examples of bat passes labeled as “NOTBAT”. The sonograms are displayed in Titley 

Scientific’s AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 
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Fig. F.10. Examples of bat passes that contain multiple species. The sonograms are displayed in 

Titley Scientific’s AnalookW bat analysis software (version 4.5s) in F7 in compressed time. 

Fr
eq

u
en

cy
 (

kH
z)

 

Time (seconds) 

Fr
eq

u
en

cy
 (

kH
z)

 

Time (seconds) 



150 
 

Appendix G: Kaleidoscope Noise Scrubber and Zero-Cross Analysis Limitations  

G.1 Overview 

To increase efficiency and consistency when I was manually analyzing the acoustic files, I 

used auto-identification software and analyzed the files in zero-cross file format rather than in 

full spectrum. I used the noise scrubber and species classifiers in Kaleidoscope Pro, as well as 

filters in AnalookW as two methods of auto-identification prior to manual analysis. AnalookW is 

only able to read zero-cross file formats, requiring all full spectrum files to be converted to 

zero-cross files prior to acoustic analysis. For full spectrum files to be zero-crossed, the signal to 

noise ratio needs to be above a certain threshold to be converted. Therefore, many of the low 

amplitude calls that appear in full-spectrum are absent in zero-cross files.  

G.2 Methods 

I wanted to test the proportion of bat passes that were missed by using the 

Kaleidoscope noise scrubber and analyzing the zero-cross files instead of the full spectrum files. 

These bat passes appeared as additional species in the full spectrum bat files (Fig. G.1) as well 

as in the files that were auto-identified as “noise” by Kaleidoscope Pro (Fig. G.2) and the files I 

manually identified as “noise” in AnalookW (Fig. G.3).  Files that were identified as “noise” by 

Kaleidoscope Pro were automatically moved to a separate directory called “NOISE” during the 

initial conversion process. None of these files were analyzed further in AnalookW. Files that 

were identified as “noise” in AnalookW were files that were identified as a bat by Kaleidoscope 

Pro, but “NOTBAT” (e.g. squirrel, insect, ambient noise) when manually verified in AnalookW. 

Although, AnalookW only recognizes zero-cross files, Kaleidoscope Lite is able to load both 

zero-cross and full spectrum files. The “NOTBAT” files, when viewed as a full spectrum file in 

Kaleidoscope Lite were sometimes “NOTBAT”, but there were also files that did contain bat 

passes. This happened if only part of a full spectrum pass was successfully zero-crossed, leaving 

either ambiguity in possible bat-pass identification, or too few echolocation calls to be 

considered a bat pass (i.e. two or more calls were needed to identify a bat pass).  
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Fig. G.1. Examples of the same bat pass displayed in full spectrum (black background; Wildlife Acoustics’ 

Kaleidoscope Lite bat analysis software, version 5.4.0) and zero-cross (white background; Titley Scientific’s 

AnalookW bat analysis software, version 4.5s). Both sonograms are displayed in true time with similar frequency 

and time axes. The full spectrum files display two species (40 kHz Myotis and low frequency bat), whereas only one 

species is present in the zero-cross file (40 kHz Myotis only).    
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Fig. G.2. Examples of bat echolocation passes (Wildlife Acoustics’ Kaleidoscope Lite bat analysis 

software, version 5.4.0) that were identified as “noise” by Kaleidoscope Pro and were 

automatically moved to a separate directory called “NOISE” during the conversion process. The 

top sonogram contains a high frequency bat pass, and the bottom sonogram contains a hoary 

bat pass.  
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Fig. G.3. Examples of the same bat pass displayed in full spectrum (black background; Wildlife Acoustics’ 

Kaleidoscope Lite bat analysis software, version 5.4.0) and zero-cross (white background; Titley Scientific’s 

AnalookW bat analysis software, version 4.5s). Both sonograms are displayed in true time with similar 

frequency and time axes. The top comparison illustrates a full spectrum file labeled as a high frequency bat and 

the corresponding zero-cross file labeled as “NOTBAT” in AnalookW. The bottom comparison illustrates a full 

spectrum file labeled as a big brown/silver-haired bat and the corresponding zero-cross file labeled as 

“NOTBAT” in AnalookW.  
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To determine the number of full spectrum bat files that contained additional species, as 

well as the number of “noise” files (from both Kaleidoscope Pro and AnalookW) that contained 

bats, I viewed a subsample of full spectrum files in Kaleidoscope Lite. Due to the large quantity 

of files, I randomly selected a subset of files in RStudio (version 1.3.1093, R Core Team 2020; 

package dplyr, Wickham et al. 2021) for all dates for every site for each year to determine the 

proportion of files containing additional species not zero-crossed. For each analysis (i.e. the 

number of full spectrum bat files containing additional species, the number of “noise” files from 

Kaleidoscope Pro containing bats, and the number of “noise” files from AnalookW containing 

bats), ten individual files were selected for each date for every site for each year. Some dates 

had less than ten files, therefore I selected however many files were available for that date (i.e. 

one to nine).  

To determine how many of the subsampled full spectrum files contained additional bat 

species that were not detected in the zero-cross files, I manually identified if ‘one’ or ‘more 

than one’ bat species/species group was present in each file. I then determined the proportion 

of missed additional species (i.e. file with additional species only identified in the full spectrum 

file/total number of files subsampled) for each date for every site for each year. 

To determine the number of “noise” files from Kaleidoscope Pro that contained bats, I 

manually identified whether a bat species/species group was present in each file. Due to the 

limited diagnostic qualities that many of these low amplitude calls have, I identified the files 

with bat passes as either a high frequency bat, big brown/silver-haired bat, hoary bat, or non-

diagnostic low frequency bat. If more than one species/species group was present in a file, both 

were identified and included. I then determined the proportion of misidentified noise files (i.e. 

file with a bat pass that was misidentified as noise/total number of files subsampled) for each 

date for every site for each year. I followed the same analysis steps to determine the number of 

“noise” files from AnalookW that contained bats when viewed in full spectrum.  

G.3 Results 

G.3.1 Missed additional species 

In total, there were 65,180 full spectrum bat files, detected across 374 of the 380 

detector nights. Due to file conversion issues, a small number of files (10) were missed when 
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converting files from Kaleidoscope Pro to AnalookW to Kaleidoscope Lite. Bats were not 

detected every night, therefore nights with no detections were excluded. By subsampling, I 

manually analyzed 3,626 full spectrum files to determine how many contained additional bat 

species that were not detected in the zero-cross files. For each detector night, between 0 – 60% 

of full spectrum files contained additional species that were not detected in the zero-cross files. 

The mean percentage across the six years was 3.5% (Table G.1 and G.2). The two sites with the 

highest bat activity, Lost Lake and Lone Lake, had much higher percentages than any of the 

other sites (12.6% and 7.9%, respectively). All of the remaining sites had percentages of 5.0% or 

less. The mean percentage across the six years, excluding Lost Lake and Lone Lake, was 2.0%.       

G.3.2 Missed species from Kaleidoscope Pro noise files 

In total, there were 64,979 noise files identified by Kaleidoscope Pro, detected across 

380 detector nights. By subsampling, I analyzed 3,800 full spectrum noise files to determine the 

proportion that contained bats. For each detector night, between 0 – 70% of the full spectrum 

noise files contained bat passes. The mean percentage of noise files containing a bat pass (i.e. 

high frequency bat, big brown/silver-haired bat, hoary bat, or non-diagnostic low frequency 

bat) across the six years was 9.3% (Table G.3 and G.4). High frequency bats were detected in 

7.2% of files, big brown/silver-haired bats were detected in 1.3% of files, hoary bats were 

detected in 0.8% of files, and non-diagnostic low frequency bat were detected in 0.3% of files. A 

number of the “noise” files (13) contained more than one species, resulting in a slightly higher 

total (9.6%) when species/species groups specific totals were summed. The two sites with 

highest proportion of missed passes from the noise files, Lost Lake and Lone Lake, had much 

higher percentages than any of the other sites (34.2% and 22.9%, respectively). All of the 

remaining sites had percentages of 11.2% or less. The mean percentage across the six years, 

excluding Lost Lake and Lone Lake, was 5.1%.       

G.3.3 Missed species from AnalookW noise files 

In total, there were 10,035 noise files manually identified in AnalookW, detected across 

328 of the 380 detector nights. AnalookW noise files were not detected every night, therefore 

nights with no detections were excluded. By subsampling, I analyzed 2,055 full spectrum noise 

files to determine the proportion that contained bats. For each detector night, between 0 – 
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100% of the full spectrum noise files contained bat passes. The mean percentage of noise files 

containing a bat pass (i.e. high frequency bat, big brown/silver-haired bat, hoary bat, or non-

diagnostic low frequency bat) across the six years was 21.3% (Table G.5 and G.6). High 

frequency bats were detected in 8.1% of files, big brown/silver-haired bat were detected in 

5.1% of files, hoary bats were detected in 8.5% of files, and non-diagnostic low frequency bats 

were detected in 2.6% of files. A number of the “noise” files (41) contained more than one 

species, resulting in a slightly higher total (24.3%) when species/species groups specific totals 

were summed. The two sites with the highest bat activity, Lost Lake and Lone Lake, had much 

higher percentages than any of the other sites (65.3% and 53.3%, respectively). All of the 

remaining sites had percentages of 35.7% or less. The mean percentage across the six years, 

excluding Lost Lake and Lone Lake, was 12.5%.  
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Table G.1. The percent of subsampled (i.e. ten individual files selected for each date for every site for each year) full spectrum bat 

files for each acoustic detector site in Waterton Lakes National Park, Alberta from 2015 to 2020 that contained additional species 

that were missed in the zero-cross files. Note that the values represent weighted means (i.e. sites with larger sample sizes contribute 

more to the mean than sites with smaller sample sizes). For cells with no entries, no data for that site and year was included in the 

analysis.   

 

 

 

Site name 2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn 2.2% 2.4% 0.5% 1.8% 0.9% 2.6% 2.4% 1.9% 1.8% 

Bison Paddock 0.0% 5.0% 2.0% 2.5% 0.0% 4.0% 5.0% 2.9% 2.7% 

Blakiston Roadside 8.0% 3.3% 0.0% 4.0% 0.0% 0.0% 2.5% 0.7% 2.4% 

Cameron Lake 0.0% 4.0% 0.0% 1.5% 0.0% 0.0% 2.0% 0.7% 1.1% 

Dipper at Rowe 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% - 0.0% 0.0% 

Red Rock 0.0% 0.0% 0.0% 0.0% 1.7% 5.0% 0.0% 2.5% 1.3% 

Sewage Lagoon 3.3% 2.9% 0.0% 2.1% 3.3% 5.0% 2.5% 3.6% 2.9% 

Unburn 5.8% 5.5% 6.6% 5.9% 3.2% 3.6% 4.5% 3.7% 4.7% 

Belly Bend 7.5% 5.0% 5.0% 5.8% 5.0% 1.7% - 3.3% 4.6% 

Boundary Bay - 5.0% 12.5% 8.8% 7.1% 2.5% 0.0% 3.3% 5.0% 

Lone Lake 13.3% 10.0% 8.6% 10.0% 2.9% 8.3% 6.7% 5.8% 7.9% 

Lost Lake 12.5% 15.7% 10.0% 12.8% - 10.0% 14.3% 12.3% 12.6% 

Sofa Burn 0.0% 0.0% 0.0% 0.0% 0.0% 3.3% 0.0% 1.3% 0.8% 

Wishbone 2.0% 1.7% 0.0% 1.5% 1.7% 0.0% 0.0% 0.6% 1.1% 

Yarrow Cabin 2.5% 0.0% 0.0% 0.7% 1.7% 0.0% 2.5% 1.1% 0.9% 

Total (burn and unburn) 4.0% 4.3% 3.9% 4.1% 2.1% 3.2% 3.7% 2.9% 3.5% 

1
5

7 
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Table G.2. The number of subsampled full spectrum bat files examined for each acoustic detector site in Waterton Lakes National Park, Alberta 

from 2015 to 2020, for the analyses examining the additional species that were missed in the zero-cross files. 

 

 

 

  

Site name 2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn 217 329 206 752 313 241 194 748 1500 

Bison Paddock 30 40 50 120 41 50 40 131 251 

Blakiston Roadside 50 59 26 135 59 14 31 104 239 

Cameron Lake 50 50 30 130 50 50 43 143 273 

Dipper at Rowe 30 40 20 90 44 27 - 71 161 

Red Rock 27 70 40 137 59 60 40 159 296 

Sewage Lagoon 30 70 40 140 60 40 40 140 280 

Unburn 238 486 290 1014 373 416 323 1112 2126 

Belly Bend 40 60 20 120 60 60 - 120 240 

Boundary Bay - 40 40 80 70 40 63 173 253 

Lone Lake 30 90 70 190 70 60 60 190 380 

Lost Lake 40 70 70 180 - 60 70 130 310 

Sofa Burn 40 38 20 98 60 60 40 160 258 

Wishbone 50 120 30 200 60 60 50 170 370 

Yarrow Cabin 38 68 40 146 53 76 40 169 315 

Total (burn and unburn) 455 815 496 1766 686 657 517 1860 3626 

1
5

8 
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Table G.3. The percent of subsampled (i.e. ten individual files selected for each date for every site for each year) Kaleidoscope Pro 

noise files for each acoustic detector site in Waterton Lakes National Park, Alberta from 2015 to 2020 that contained bats. Note that 

the values represent weighted means (i.e. sites with larger sample sizes contribute more to the mean than sites with smaller sample 

sizes). For cells with no entries, no data for that site and year was included in the analysis.   

 

 

  

Site name 2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn  5.7% 5.7% 5.5% 5.6% 6.4% 2.4% 6.4% 5.0% 5.3%  

Bison Paddock  3.3% 2.5% 2.0% 2.5% 0.0% 0.0% 17.5% 5.0% 3.8%  

Blakiston Roadside 20.0% 5.7% 7.5% 10.6% 8.3% 0.0% 0.0% 3.1% 6.9% 

Cameron Lake 2.0% 8.0% 0.0% 3.8% 22.0% 10.0% 8.3% 13.1% 9.0%  

Dipper at Rowe 0.0% 10.0% 10.0% 6.7% 0.0% 0.0% - 0.0% 3.5% 

Red Rock 2.5% 6.3% 5.0% 5.0% 0.0% 1.7% 2.5% 1.3% 3.1%  

Sewage Lagoon 0.0% 2.9% 10.0% 4.3% 8.3% 2.5% 2.5% 5.0% 4.6%  

Unburn 12.5% 12.2% 13.4% 12.6% 8.2% 13.3% 14.7% 12.0% 12.3% 

Belly Bend 5.0% 6.7% 10.0% 6.7% 6.7% 1.7% - 4.2% 5.4%  

Boundary Bay - 17.5% 27.5% 22.5% 5.7% 17.5% 0.0% 6.1% 11.2%  

Lone Lake 43.3% 20.0% 18.6% 23.2% 27.1% 28.3% 11.7% 22.6% 22.9%  

Lost Lake 25.0% 31.4% 14.3% 23.3% - 43.3% 54.3% 49.2% 34.2%  

Sofa Burn 2.5% 7.5% 10.0% 6.0% 3.3% 0.0% 5.0% 2.5% 3.8% 

Wishbone 2.0% 3.3% 0.0% 2.5% 0.0% 5.0% 4.0% 2.9% 2.7%  

Yarrow Cabin 7.5% 2.9% 2.5% 4.0% 3.3% 2.5% 2.0% 2.6% 3.2%  

Total (burn and unburn) 9.1%  9.5%  10.0%  9.6%   7.3%  8.9%  11.4%  9.0% 9.3%  

1
5

9 
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Table G.4. The number of subsampled Kaleidoscope Pro noise files examined for each acoustic detector site in Waterton Lakes National Park, 

Alberta from 2015 to 2020, for the analyses examining the percent that contained bats. 

 

  

Site name 2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn  230 350 220 800 330 290 220 840 1640 

Bison Paddock  30 40 50 120 50 50 40 140 260 

Blakiston Roadside 50 70 40 160 60 60 40 160 320 

Cameron Lake 50 50 30 130 50 50 60 160 290 

Dipper at Rowe 30 40 20 90 50 30 - 80 170 

Red Rock 40 80 40 160 60 60 40 160 320 

Sewage Lagoon 30 70 40 140 60 40 40 140 280 

Unburn 240 490 290 1020 380 420 340 1140 2160 

Belly Bend 40 60 20 120 60 60 - 120 240 

Boundary Bay - 40 40 80 70 40 70 180 260 

Lone Lake 30 90 70 190 70 60 60 190 380 

Lost Lake 40 70 70 180 - 60 70 130 310 

Sofa Burn 40 40 20 100 60 60 40 160 260 

Wishbone 50 120 30 200 60 60 50 170 370 

Yarrow Cabin 40 70 40 150 60 80 50 190 340 

Total (burn and unburn) 470 840 510 1820 710 710 560 1980 3800 

1
6

0
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Table G.5. The percent of subsampled (i.e. ten individual files selected for each date for every site for each year) AnalookW noise 

files for each acoustic detector site in Waterton Lakes National Park, Alberta from 2015 to 2020, that contained bats. Note that the 

values represent weighted means (i.e. sites with larger sample sizes contribute more to the mean than sites with smaller sample 

sizes). For cells with no entries, no data for that site and year was included in the analysis.   

 

 

  

Site name 2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn 13.1% 7.7% 12.1% 10.6% 8.0% 0.0% 10.5% 6.1% 8.2% 

Bison Paddock 0.0% 3.6% 0.0% 1.2% 0.0% 0.0% 0.0% 0.0% 0.5% 

Blakiston Roadside 40.0% 0.0% 2.5% 13.1% 1.7% 0.0% 2.5% 1.3% 7.4% 

Cameron Lake 8.0% 0.0% 3.3% 3.8% 12.7% 0.0% 10.0% 7.7% 6.0% 

Dipper at Rowe 0.0% 0.0% 0.0% 0.0% 2.0% - - 2.0% 0.8% 

Red Rock 5.0% 10.0% 50.0% 23.6% 27.5% 0.0% 33.3% 16.2% 19.6% 

Sewage Lagoon 8.3% 37.5% 11.1% 20.8% 9.3% 0.0% 12.5% 7.4% 13.3% 

Unburn 17.1% 40.7% 37.8% 34.1% 28.1% 28.1% 32.2% 29.4% 31.7% 

Belly Bend 5.0% 42.1% 48.3% 30.8% 42.7% 1.7% - 22.2% 26.5% 

Boundary Bay - 100.0% 0.0% 66.7% 2.2% 0.0% 8.3% 5.1% 17.4% 

Lone Lake 33.3% 64.6% 45.8% 52.5% 56.4% 40.0% 66.0% 54.3% 53.3% 

Lost Lake 65.6% 53.2% 53.8% 55.6% - 75.0% 81.8% 79.0% 65.3% 

Sofa Burn 2.5% 12.5% 0.0% 6.0% 3.3% 31.3% 0.0% 11.2% 8.9% 

Wishbone 0.0% 17.5% 3.3% 11.0% 0.0% 5.4% 2.9% 2.8% 7.2% 

Yarrow Cabin 16.7% 37.5% 50.0% 35.0% 75.0% 33.3% 0.0% 36.4% 35.7% 

Total (burn and unburn) 15.2% 27.7% 25.8% 23.8% 18.5% 15.3% 23.3% 18.9% 21.3% 

1
6

1 
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Table G.6. The number of subsampled AnalookW noise files examined for each acoustic detector site in Waterton Lakes National Park, Alberta 

from 2015 to 2020, for the analyses examining the percent that contained bats. 

 

 

Site name 2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn 109 164 129 402 243 214 166 623 1025 

Bison Paddock 25 25 43 93 50 50 40 140 233 

Blakiston Roadside 13 43 32 88 60 50 40 150 238 

Cameron Lake 43 50 30 123 49 50 53 152 275 

Dipper at Rowe 6 16 7 29 35 - - 35 64 

Red Rock 13 15 6 34 13 60 21 94 128 

Sewage Lagoon 9 15 11 35 36 4 12 52 87 

Unburn 142 228 147 517 187 163 163 513 1030 

Belly Bend 33 42 16 91 34 57 - 91 182 

Boundary Bay - 4 1 5 30 10 42 82 87 

Lone Lake 6 44 46 96 30 13 21 64 160 

Lost Lake 10 28 30 68 - 11 42 53 121 

Sofa Burn 36 19 20 75 30 11 4 45 120 

Wishbone 50 84 29 163 57 58 32 147 310 

Yarrow Cabin 7 7 5 19 6 3 22 31 50 

Total (burn and unburn) 251 392 276 919 430 377 329 1136 2055 

1
6

2 
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G.4 Discussion  

G.4.1 Missed additional species 

In the full-spectrum version, there were acoustic files that contained two or more bat 

species, while the corresponding zero-cross version only showed one species. By examining the 

percent of subsampled full spectrum bat files that contained additional species that were 

missed in the zero-cross files, I determined that this was likely a relatively minor source of 

error. A mean of 3.5% of the subsampled files were missing additional species. However, for the 

sites with high activity such as Lost Lake and Lone Lake, a much larger percentage of files 

contained missing additional species; 12.6% and 7.9% respectively.  

G.4.2 Missed species from Kaleidoscope Pro noise files 

Although the Kaleidoscope noise scrubber has been used by a number of acoustic 

studies (e.g. Austin et al. 2018a, Smith 2019, Allagas 2020, Tena et al. 2020, Li et al. 2021), it 

does misidentify bat passes as noise (Braun de Torrez et al. 2018b). For this study, the mean 

percentage of noise files containing a bat pass was 9.3%, with 77.4% of the passes being high 

frequency bats, 14.0% being big brown/silver-haired bat, and 8.6% being hoary bats. If the 

noise scrubber was equally biased across all frequency groups, then I would expect proportions 

of missed species to be similar to proportions of actual detections. High frequency bats made 

up 73.1% of all detections, big brown/silver-haired bat made up 15.4%, and hoary bats made up 

4.2%. Although high frequency bats and big brown/silver-haired bat had similar proportions 

between missed species and overall detections, hoary bats were over twice as common in the 

noise files compared to overall detections. There was a significant difference in the expected 

versus observed frequency of missed hoary bat detections compared to all other species 

detections (Chi-square goodness-of-fit, χ2 =18.97, df= 1, P < 0.001). This suggests that the noise 

scrubber is biasing results and underrepresenting hoary bats. Sites were also not equally 

represented in terms of the proportion of noise files that contained bats. Sites with high levels 

of activity, such as Lost Lake and Lone Lake, had over twice the proportion of noise files that 

contained bats compared to any other site. 
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G.4.3 Missed species from AnalookW noise files 

In addition to the files that Kaleidoscope identified as noise, there were files that were 

considered bat passes by Kaleidoscope but appeared to be noise when I manually identified 

them as zero-cross files in AnalookW. When I re-examined a subsample of the AnalookW noise 

files in full spectrum, a mean of 21.3% contained bat passes. There was also a strong bias for 

which species were most commonly misidentified as noise in AnalookW. The issue was most 

apparent for hoary bats, where they were found to be misidentified 9.5 times more often than 

would be expected, relative to how often they were detected in the study area (i.e. hoary bats 

made up 4.2% of overall activity in the study area but 39.9% of all misidentified AnalookW noise 

files). There was a significant difference in the expected versus observed frequency of missed 

hoary bat detections compared to all other species detections (Chi-square goodness-of-fit, χ2 

=653.10, df= 1, P < 0.001). Big brown/silver-haired bats were moderately overrepresented 

appearing 1.6 times more often than would be expected (i.e. big brown/silver-haired bat made 

up 15.4% of overall activity in the study area but 23.9% of all misidentified AnalookW noise 

files). High frequency bats were underrepresented, appearing half as often as would be 

expected (i.e. high frequency bats made up 73.1% of overall activity in the study area but 38.0% 

of all misidentified AnalookW noise files). This suggests that converting files from full spectrum 

to zero-cross biases results, primarily for the low frequency bats. Sites were also not equally 

represented in terms of the proportion of AnalookW noise files that contained bats. Sites with 

high levels of activity, such as Lost Lake and Lone Lake, had ≥ 1.5 times as many AnalookW 

noise files that contained bats compared to any other site.  

G.5 Conclusion 

As the same software settings and workflow were used for each year of the acoustic 

data, I do not believe that using the Kaleidoscope noise scrubber or analyzing the zero-cross 

files instead of the full spectrum files would have led to biased results when comparing bat 

activity levels pre- versus post-wildfire. I believe that hoary bat activity levels were greatly 

underestimated, and Lost Lake and Lone Lake had higher activity levels than was reported, but 

it was consistently biased amongst all years of the study. It should also be noted that depending 

on the sample size, manually reviewing all of the noise files would significantly increase the 
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amount of time required for the acoustic analysis. In the six-year study, 75,225 files were 

identified as bats by Kaleidoscope Pro and 64,979 files were identified as noise.  

Although studies have examined the limitations of the auto-identification function in bat 

acoustic analysis (e.g. Lemen et al. 2015, Russo and Voight 2016, Rydell et al. 2017, Nocera et 

al. 2019), to my knowledge no one has looked at error rates of bat passes missed in zero-cross 

conversions, or rates of bat passes incorrectly identified as noise. The workflow I chose to 

follow (i.e. using the auto-identifications provided by Kaleidoscope and completing the acoustic 

analysis in AnalookW) is a method suggested by the North American Bat Monitoring Program 

(NABat) (Reichert et al. 2018). NABat is a collaborative monitoring program that uses 

standardized protocols to collect acoustic bat data (Loeb et al. 2015). The primary argument 

offered for ignoring missed or incorrectly identified bat passes is that these passes are of low 

quality and difficult to reliably identify (Frick 2013, Reichert et al. 2018). Noise scrubbing also 

reduces storage requirements and increases acoustic analysis efficiency (Reichert et al. 2018). 

Despite some of the missed/incorrectly identified bat passes in this study being of low 

quality, there were also passes easily identifiable to species (i.e. hoary bat) and species groups 

(i.e. big brown/silver-haired bat). Some researchers recognize the issue with Kaleidoscope 

incorrectly identifying bat passes as noise (e.g. Braun de Torrez et al. 2018b, Perea and Tena 

2020), but most acoustic studies using Kaleidoscope exclude the noise files without any manual 

review (e.g. Austin et al. 2018a, Smith 2019, Tena et al. 2020, Allagas 2020, Li et al. 2021). 

Accounting for the bias in missed species could be particularly important for studies on 

endangered species, when conducting presence/absence analyses, or estimating abundance to 

inform mitigation decisions.  

Although the proportions of bat passes missed in the zero-cross conversions or 

proportions of bat passes incorrectly identified as noise were relatively high in this study, it is 

probable that it was influenced by the environmental conditions of Waterton Lakes National 

Park (WLNP) and the deployment locations. WLNP is situated in a very windy area (Parks 

Canada 2018), with most nights likely experiencing a large amount of background noise (i.e. 

wind). As such, bats likely had to be near to and echolocating towards the detector’s 

microphone to meet the signal to noise ratio threshold required by Kaleidoscope to convert a 
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pass from full spectrum to zero-cross. In addition, most detector sites were located near to 

waterbodies, areas with high levels of bat activity (Salvarina 2016). If detectors had been 

deployed in flight corridors (e.g. forest trails that lead to a water source) rather than 

feeding/drinking congregation areas like a waterbody, less bats would have been detected but 

the signals would have likely been stronger and more direct.   
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Appendix H: Species/Species Groups’ Mean Passes/Night 

Table H.1. The mean passes/night (± SE) for 40 kHz Myotis for each acoustic detector site from 2015 to 2020 in Waterton Lakes 

National Park, Alberta. Results are displayed for each year for the burned and unburned sites. For cells with no entries, no data for 

that site and year was included in the analysis.      

 

 

  

Site name  
2015 2016 2017 2018 2019 2020 

mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n 

Burn 23.1 ± 5.9 23 35.2 ± 8.9 35 46.9 ± 11.6 22 76.9 ± 20.5 33 33.2 ± 8.0 29 108.7 ± 58.1 22 

Bison Paddock 72.7 ± 19.4 3 73.5 ± 40.3 4 118.2 ± 26.7 5 31.0 ± 12.6 5 15.6 ± 4.8 5 445.2 ± 278.5 4 

Blakiston Roadside 8.2 ± 2.5 5 3.1 ± 1.4 7 2.2 ± 1.3 4 32.7 ± 12.1 6 0.0 ± 0.0 6 3.0 ± 2.0 4 

Cameron Lake 14.4 ± 5.0 5 99.0 ± 36.5 5 10.3 ± 3.8 3 153.4 ± 84.9 5 80.8 ± 23.4 5 68.7 ± 43.0 6 

Dipper at Rowe 8.7 ± 2.4 3 28.5 ± 8.3 4 29.5 ± 3.5 2 6.8 ± 2.2 5 10.0 ± 1.7 3 - 0 

Red Rock 2.8 ± 1.2 4 3.6 ± 1.3 8 12.0 ± 2.1 4 4.0 ± 1.1 6 15.2 ± 5.6 6 3.5 ± 1.4 4 

Sewage Lagoon 54.3 ± 7.8 3 39.6 ± 12.4 7 73.5 ± 11.7 4 227.0 ± 40.1 6 89.8 ± 18.4 4 43.2 ± 17.8 4 

Unburn 194.9 ± 86.6 24 142.0 ± 38.0 49 64.7 ± 8.9 29 60.8 ± 14.9 38 140.0 ± 42.2 42 172.0 ± 51.7 34 

Belly Bend 23.0 ± 11.7 4 25.2 ± 6.6 6 8.5 ± 2.5 2 30.7 ± 7.5 6 52.0 ± 13.7 6 - 0 

Boundary Bay - 0 170.0 ± 70.6 4 79.0 ± 7.7 4 38.0 ± 6.5 7 50.5 ± 15.0 4 6.1 ± 1.7 7 

Lone Lake 358.7 ± 170.4 3 137.2 ± 34.4 9 77.4 ± 16.0 7 144.3 ± 29.0 7 91.2 ± 24.9 6 200.2 ± 24.3 6 

Lost Lake 720.2 ± 439.8 4 594.3 ± 184.9 7 88.7 ± 13.6 7 - 0 684.5 ± 174.2 6 638.0 ± 145.6 7 

Sofa Burn 121.0 ± 49.7 4 37.0 ± 21.3 4 105.0 ± 92.0 2 118.2 ± 74.2 6 53.7 ± 30.4 6 15.5 ± 4.5 4 

Wishbone 15.4 ± 6.5 5 35.9 ± 7.3 12 9.3 ± 0.9 3 8.3 ± 3.4 6 19.0 ± 5.5 6 10.8 ± 1.5 5 

Yarrow Cabin 23.0 ± 11.7 4 21.7 ± 7.5 7 35.8 ± 7.6 4 15.2 ± 5.7 6 34.6 ± 10.4 8 4.2 ± 1.2 5 

Total (burn and unburn) 110.8 ± 45.6 47 97.5 ± 23.1 84 57.0 ± 7.2 51 68.3 ± 12.4 71 96.4 ± 25.8 71 147.1 ± 38.7 56 

1
6

7 
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Table H.2. The mean passes/night (± SE) for big brown/silver-haired bats for each acoustic detector site from 2015 to 2020 in 

Waterton Lakes National Park, Alberta. Results are displayed for each year for the burned and unburned sites. For cells with no 

entries, no data for that site and year was included in the analysis.      

   

 

  

 

  

Site name  
2015 2016 2017 2018 2019 2020 

mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n 

Burn 22.9 ± 12.2 23 16.5 ± 6.1 35 16.0 ± 4.7 22 14.6 ± 3.9 33 6.8 ± 1.3 29 16.0 ± 7.0 22 

Bison Paddock 16.0 ± 4.5 3 22.0 ± 8.4 4 17.2 ± 3.4 5 2.6 ± 1.9 5 8.2 ± 2.8 5 50.2 ± 35.4 4 

Blakiston Roadside 85.8 ± 49.4 5 30.1 ± 26.4 7 3.8 ± 2.8 4 7.0 ± 3.7 6 0.0 ± 0.0 6 10.0 ± 8.7 4 

Cameron Lake 3.6 ± 1.2 5 32.8 ± 20.7 5 4.0 ± 3.1 3 45.2 ± 20.0 5 9.2 ± 2.9 5 3.2 ± 3.0 6 

Dipper at Rowe 1.3 ± 0.3 3 1.2 ± 0.2 4 2.5 ± 1.5 2 0.0 ± 0.0 5 0.3 ± 0.3 3 - 0 

Red Rock 4.0 ± 3.4 4 10.5 ± 4.2 8 53.2 ± 13.4 4 16.8 ± 3.9 6 12.2 ± 2.5 6 20.0 ± 2.3 4 

Sewage Lagoon 4.0 ± 1.5 3 3.6 ± 0.9 7 5.0 ± 3.4 4 16.7 ± 4.3 6 9.0 ± 3.7 4 2.8 ± 1.2 4 

Unburn 50.0 ± 15.7 24 36.8 ± 9.1 49 53.2 ± 10.0 29 14.4 ± 3.2 38 39.0 ± 10.5 42 52.8 ± 15.0 34 

Belly Bend 63.5 ± 40.0 4 5.8 ± 1.9 6 24.5 ± 8.5 2 9.7 ± 2.5 6 10.2 ± 4.1 6 - 0 

Boundary Bay - 0 9.2 ± 3.6 4 49.0 ± 23.9 4 14.4 ± 5.0 7 2.0 ± 0.9 4 1.7 ± 0.7 7 

Lone Lake 28.3 ± 20.6 3 94.6 ± 35.2 9 88.0 ± 23.7 7 42.7 ± 11.8 7 58.2 ± 23 6 61.0 ± 19.8 6 

Lost Lake 170.8 ± 53.3 4 78.4 ± 29.5 7 86.0 ± 18.9 7 - 0 178.7 ± 27.9 6 195.9 ± 32.2 7 

Sofa Burn 27.0 ± 8.4 4 3.0 ± 1.7 4 14.0 ± 9.0 2 3.2 ± 1.0 6 5.8 ± 1.8 6 0.0 ± 0.0 4 

Wishbone 8.6 ± 2.4 5 25.0 ± 3.9 12 3.7 ± 0.9 3 9.5 ± 1.9 6 9.0 ± 2.3 6 5.8 ± 1.2 5 

Yarrow Cabin 7.0 ± 3.0 4 2.9 ± 0.4 7 10.2 ± 4.1 4 2.2 ± 0.9 6 7.5 ± 2.4 8 3.6 ± 1.3 5 

Total (burn and unburn) 36.8 ± 10.1 47 28.3 ± 5.9 84 37.1 ± 6.5 51 14.5 ± 2.5 71 25.9 ± 6.5 71 38.3 ± 9.7 56 

1
6
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Table H.3. The mean passes/night (± SE) for hoary bats for each acoustic detector site from 2015 to 2020 in Waterton Lakes National 

Park, Alberta. Results are displayed for each year for the burned and unburned sites. For cells with no entries, no data for that site 

and year was included in the analysis.      

 

 

  

Site name  
2015 2016 2017 2018 2019 2020 

mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n 

Burn 7.9 ± 2 23 4.2 ± 1.2 35 3.2 ± 0.9 22 0.3 ± 0.1 33 0.4 ± 0.2 29 1.5 ± 0.5 22 

Bison Paddock 10.0 ± 1.0 3 7.5 ± 3.2 4 4.6 ± 1.3 5 0.0 ± 0.0 5 1.4 ± 0.7 5 4.5 ± 2.2 4 

Blakiston Roadside 23.6 ± 3.5 5 10.0 ± 5.1 7 0.0 ± 0.0 4 0.0 ± 0.0 6 0.0 ± 0.0 6 1.0 ± 0.7 4 

Cameron Lake 2.0 ± 0.8 5 2.2 ± 0.2 5 0.0 ± 0.0 3 0.0 ± 0.0 5 0.8 ± 0.4 5 0.3 ± 0.2 6 

Dipper at Rowe 0.7 ± 0.3 3 0.5 ± 0.3 4 0.0 ± 0.0 2 0.0 ± 0.0 5 0.0 ± 0.0 3 - 0 

Red Rock 1.0 ± 0.7 4 2.2 ± 0.6 8 9.0 ± 2.1 4 0.8 ± 0.3 6 0.0 ± 0.0 6 1.8 ± 0.5 4 

Sewage Lagoon 5.7 ± 0.9 3 2.1 ± 1.0 7 2.8 ± 1.2 4 0.7 ± 0.2 6 0.5 ± 0.3 4 0.8 ± 0.5 4 

Unburn 15.0 ± 4.8 24 18.8 ± 5.4 49 16.8 ± 4.3 29 8.1 ± 1.8 38 3.1 ± 0.5 42 9.7 ± 3.4 34 

Belly Bend 55.8 ± 17.9 4 24.2 ± 3.6 6 73.0 ± 12.0 2 27.8 ± 6.6 6 6.2 ± 1.9 6 - 0 

Boundary Bay - 0 1.5 ± 0.6 4 13.8 ± 6.4 4 5.9 ± 2.3 7 0.5 ± 0.5 4 5.0 ± 2.7 7 

Lone Lake 0.3 ± 0.3 3 50.9 ± 26.4 9 26.7 ± 10.5 7 0.6 ± 0.3 7 1.7 ± 0.9 6 10.2 ± 3.0 6 

Lost Lake 1.8 ± 1.1 4 12.7 ± 8.4 7 8.9 ± 4.2 7 - 0 1.7 ± 0.8 6 29.4 ± 14.5 7 

Sofa Burn 13.5 ± 4.6 4 5.2 ± 1.2 4 10.5 ± 4.5 2 4.5 ± 0.6 6 5.5 ± 0.7 6 0.8 ± 0.2 4 

Wishbone 9.8 ± 2.6 5 13.8 ± 2.0 12 2.0 ± 0.6 3 5.0 ± 0.9 6 3.7 ± 1.3 6 1.8 ± 0.6 5 

Yarrow Cabin 6.2 ± 1.1 4 5.1 ± 1.1 7 2.5 ± 0.6 4 6.2 ± 1.6 6 2.1 ± 1.1 8 3.0 ± 1.2 5 

Total (burn and unburn) 11.5 ± 2.7 47 12.7 ± 3.2 84 10.9 ± 2.6 51 4.4 ± 1.1 71 2.0 ± 0.3 71 6.5 ± 2.1 56 

1
6

9
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Table H.4. The mean passes/night (± SE) for long-eared Myotis for each acoustic detector site from 2015 to 2020 in Waterton Lakes 

National Park, Alberta. Results are displayed for each year for the burned and unburned sites. For cells with no entries, no data for 

that site and year was included in the analysis.      

 

 

 

  

Site name  
2015 2016 2017 2018 2019 2020 

mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n mean passes/night n 

Burn 4.0 ± 1.5 23 8.4 ± 3.3 35 1.9 ± 0.3 22 6.6 ± 2.5 33 1.2 ± 0.3 29 1.7 ± 0.6 22 

Bison Paddock 0.7 ± 0.3 3 2.0 ± 0.6 4 2.4 ± 0.7 5 0.0 ± 0.0 5 0.2 ± 0.2 5 1.0 ± 1.0 4 

Blakiston Roadside 4.4 ± 0.7 5 3.7 ± 1.1 7 1.2 ± 0.2 4 26.3 ± 10.7 6 0.8 ± 0.7 6 3.5 ± 2.9 4 

Cameron Lake 2.0 ± 0.5 5 8.0 ± 4.8 5 3.3 ± 0.7 3 9.0 ± 3.0 5 1.2 ± 0.7 5 0.3 ± 0.3 6 

Dipper at Rowe 4.7 ± 1.3 3 44.5 ± 22.7 4 0.0 ± 0.0 2 0.2 ± 0.2 5 0.3 ± 0.3 3 - 0 

Red Rock 9.8 ± 8.8 4 3.1 ± 0.8 8 2.8 ± 0.5 4 1.3 ± 0.2 6 2.2 ± 0.5 6 4.0 ± 1.2 4 

Sewage Lagoon 1.7 ± 0.9 3 2.6 ± 0.9 7 0.8 ± 0.2 4 1.0 ± 0.4 6 2.0 ± 1.4 4 0.2 ± 0.2 4 

Unburn 1.5 ± 0.6 24 1.3 ± 0.2 49 2.3 ± 0.6 29 1.2 ± 0.4 38 1.2 ± 0.3 42 1.3 ± 0.4 34 

Belly Bend 3.8 ± 3.4 4 0.3 ± 0.2 6 0.5 ± 0.5 2 0.5 ± 0.2 6 0.2 ± 0.2 6 - 0 

Boundary Bay - 0 2.0 ± 0.9 4 1.2 ± 0.9 4 0.6 ± 0.2 7 4.5 ± 0.6 4 0.0 ± 0.0 7 

Lone Lake 1.0 ± 0.6 3 3.2 ± 0.7 9 5.7 ± 2.0 7 5.1 ± 1.7 7 0.8 ± 0.4 6 1.3 ± 0.8 6 

Lost Lake 2.2 ± 1.3 4 1.6 ± 0.7 7 2.4 ± 0.9 7 - 0 2.3 ± 0.9 6 4.7 ± 1.4 7 

Sofa Burn 1.5 ± 0.9 4 0.0 ± 0.0 4 0.0 ± 0.0 2 0.3 ± 0.2 6 0.2 ± 0.2 6 0.0 ± 0.0 4 

Wishbone 0.0 ± 0.0 5 0.9 ± 0.3 12 0.0 ± 0.0 3 0.3 ± 0.2 6 0.0 ± 0.0 6 0.0 ± 0.0 5 

Yarrow Cabin 1.0 ± 0.6 4 0.6 ± 0.2 7 1.2 ± 0.6 4 0.0 ± 0.0 6 1.6 ± 1.1 8 0.8 ± 0.5 5 

Total (burn and unburn) 2.7 ± 0.8 47 4.3 ± 1.4 84 2.1 ± 0.4 51 3.7 ± 1.2 71 1.2 ± 0.2 71 1.5 ± 0.4 56 

1
7

0 
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Appendix I: 40 kHz Myotis Feeding Buzz Analysis 

Table I.1. The percent of subsampled (i.e. 20 individual files or 10% of all files, whichever was greater) 40 kHz Myotis passes that 

contained feeding buzzes, for each acoustic detector site in Waterton Lakes National Park, Alberta from 2015 to 2020. Note that the 

values represent weighted means (i.e. sites with larger sample sizes contribute more to the mean than sites with smaller sample 

sizes). For cells with no entries, no data for that site and year was included in the analysis.   

 

 

 

Site name  2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn 1.0% 7.6% 11.1% 6.7% 11.0% 8.5% 11.8% 10.4% 8.5% 

Bison Paddock 1.7% 15.3% 25.0% 15.9% 12.0% 4.0% 10.3% 8.6% 12.0% 

Blakiston Roadside 1.4% 7.8% 5.7% 5.1% 15.8% - 40.7% 24.1% 12.5% 

Cameron Lake 0.0% 6.8% 4.7% 3.7% 12.4% 5.0% 9.2% 8.9% 6.5% 

Dipper at Rowe 0.0% 5.5% 0.0% 2.4% 4.0% 19.3% - 9.8% 5.9% 

Red Rock 0.0% 8.3% 16.8% 9.0% 9.7% 11.3% 0.0% 8.4% 8.7% 

Sewage Lagoon 3.3% 4.3% 2.5% 3.6% 11.3% 6.3% 3.8% 7.7% 5.6% 

Unburn 12.0% 8.3% 9.6% 9.5% 13.3% 10.6% 5.2% 9.8% 9.7% 

Belly Bend 8.8% 11.3% 8.5% 10.0% 17.2% 16.7% - 16.9% 13.5% 

Boundary Bay - 8.5% 10.0% 9.3% 2.9% 7.5% 3.6% 4.2% 5.7% 

Lone Lake 24.0% 4.9% 14.7% 11.5% 17.3% 8.3% 6.7% 11.1% 11.3% 

Lost Lake 16.8% 19.0% 5.7% 13.3% - 9.7% 10.3% 10.0% 11.9% 

Sofa Burn 20.8% 14.5% 19.0% 17.9% 27.8% 10.3% 8.5% 16.4% 17.0% 

Wishbone 4.0% 4.4% 10.3% 5.2% 3.8% 16.2% 0.0% 7.5% 6.2% 

Yarrow Cabin 0.0% 2.3% 2.5% 1.9% 8.2% 6.0% 0.0% 5.2% 3.7% 

Total (burn and unburn) 6.6% 8.0% 10.2% 8.3% 12.2% 9.9% 7.6% 10.1% 9.2% 

1
7

1 
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 Table I.2. The number of subsampled files examined for each acoustic detector site in Waterton Lakes National Park, Alberta from 

2015 to 2020, for the analyses examining the percent of passes that contained 40 kHz Myotis feeding buzzes. 

  

      

 

  

Site name  2015 2016 2017 Pre-fire total 2018 2019 2020 Post-fire total Total (pre and post) 

Burn 258 419 308 985 490 344 367 1201 2186 

Bison Paddock 60 79 100 239 69 65 194 328 567 

Blakiston Roadside 41 22 9 72 82 - 12 94 166 

Cameron Lake 60 103 31 194 128 100 80 308 502 

Dipper at Rowe 26 70 40 136 34 30 - 64 200 

Red Rock 11 29 48 88 24 69 14 107 195 

Sewage Lagoon 60 116 80 256 153 80 67 300 556 

Unburn 645 1165 511 2321 630 1001 753 2384 4705 

Belly Bend 54 97 17 168 105 120 - 225 393 

Boundary Bay - 98 80 178 139 75 43 257 435 

Lone Lake 115 199 133 447 146 120 133 399 846 

Lost Lake 305 418 140 863 - 410 446 856 1719 

Sofa Burn 70 57 33 160 120 78 56 254 414 

Wishbone 58 204 28 290 50 86 54 190 480 

Yarrow Cabin 43 92 80 215 70 112 21 203 418 

Total (burn and unburn) 903 1548 819 3306 1120 1345 1120 3585 6891 

1
7

2
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Table I.3. Kruskal-Wallis rank sum test results for the proportion of echolocation calls that contained feeding buzzes for 40kHz 

Myotis (40kFeedBuzz) in Waterton Lakes National Park, Alberta from 2015 to 2020. The three different fire metrics (i.e. PrePost123, 

PrePostUnburnBurn, PrePost123UnburnBurn) were tested separately. Significant values (P < 0.05) are bolded. 

 

 

 

Response variable Fire metric Chi-squared df P-value 

40kFeedBuzz proportion PrePost123 6.621 3 0.085 

40kFeedBuzz proportion PrePostUnburnBurn 8.800 3 0.032 

40kFeedBuzz proportion PrePost123UnburnBurn 17.273 7 0.016 

1
7

3
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Table I.4. Dunn’s test of multiple comparisons for the three different fire metrics (i.e. PrePost123, PrePostUnburnBurn, 

PrePost123UnburnBurn) tested in the 40k Myotis feeding buzz (40kFeedBuzz) Kruskal-Wallis rank sum test. A Bonferroni correction 

to control for the experiment-wise error rate was added. The significant value (P < 0.05) is bolded.   

*Variable comparisons were significant if the unadjusted P-values were used.    

  

Fire metric Variable Effect direction Z – test statistic 
Bonferroni adjusted P-

value 

40kFeedBuzz PrePost123 PrePost123 groups are not significantly different 

40kFeedBuzz PrePostUnburnBurn 

PreBurn – PreUnburn PreBurn < PreUnburn -2.868 0.025 
PostUnburn – PreUnburn  -0.732 1.000 
PostBurn – PreBurn  1.967 0.295 
PostBurn – PostUnburn  -0.101 1.000 

40kFeedBuzz PrePost123UnburnBurn 

PreBurn – PreUnburn  -2.868 0.116* 

PostUnburn1 – PreUnburn  -0.114 1.000 

PostUnburn2 – PreUnburn  0.769 1.000 

PostUnburn3 – PreUnburn  -2.456 0.393* 

PostBurn1 – PreBurn  2.065 1.000* 

PostBurn2 – PreBurn  1.065 1.000 

PostBurn3 – PreBurn  0.823 1.000 

PostUnburn1 – PostUnburn2  -0.715 1.000 

PostUnburn1 – PostUnburn3  1.938 1.000 

PostUnburn2 – PostUnburn3  2.724 0.180* 

PostBurn1 – PostBurn2  0.654 1.000 

PostBurn1 – PostBurn3  0.764 1.000 

PostBurn2 – PostBurn3  0.137 1.000 

1
7
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Appendix J: 40 kHz Myotis Activity Analysis 

Table J.1. Variable names, effect direction, parameter estimates, standard errors, and P-values for each 40 kHz Myotis (40kMyotis) 

fire metric model. Numerical variables (i.e. WaterDistance, NightSumPrecip and SunsetTemp) are scaled. For the fire metrics (i.e. 

PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn), the significant differences are explored in the associated post hoc table. 

A "positive" effect direction denotes an increase in the activity level as the variable increases; a "negative" effect direction denotes a 

decrease. For "NearestWaterFeature" only the most significantly different feature is displayed.  R2
c and R2

m are conditional and 

marginal R2, respectively.      

 

 

 

 

 

Model Variable Effect direction Parameter estimate Standard error P-value R2
c  R2

m 

40kMyotis PrePost123 NearestWaterFeature Lake 2.307 0.626 <0.001 0.665 0.382 

 NightSumPrecip Negative -0.174 0.061 0.005   

 SunsetTemp Positive 0.166 0.068 0.014   

40kMyotis PrePostUnburnBurn PrePostUnburnBurn Significant – see Table J.2 0.686 0.437 

 NearestWaterFeature Lake 2.139 0.604 <0.001   

 NightSumPrecip Negative -0.154 0.060 0.011   

 SunsetTemp Positive 0.225 0.068 <0.001   

40kMyotis PrePost123UnburnBurn PrePost123UnburnBurn Significant – see Table J.2 0.701 0.513 

 WaterDistance Negative -0.506 0.247 0.040   

 NearestWaterFeature Lake 1.891 0.551 <0.001   

 SunsetTemp Positive 0.261 0.068 <0.001   

1
7
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Table J.2. Post hoc results for the 40 kHz Myotis (40kMyotis) fire metrics (i.e. PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn). 

The variable comparisons, effect direction, test type (i.e. summary output or estimated marginal means post hoc), parameter estimates, 

standard errors and P-values are reported. The estimated marginal means (EMMs) post-hoc tests have lower statistical power compared 

to the summary output due to how many groups are compared. Therefore, the summary output was used when available. Note, due to 

how the comparison was conducted in the summary versus EMMs tests, the signs for the parameter estimates are opposite. For the 

summary output, a "positive" parameter estimate denotes that the second listed factor is greater than the first factor; a "negative" 

parameter estimate denotes that the first listed factor is greater than the second factor. For the EMMs, a "positive" parameter estimate 

denotes that the first listed factor is greater than the second factor; a "negative" parameter estimate denotes that the second listed factor 

is greater than the first factor. Significant values (P < 0.05) are bolded.   

Model Variable Effect direction 
Summary 
or EMMs 

Parameter 
estimate 

Standard 
error 

P-value 

40kMyotis PrePost123 PrePost123 not significant in model 
40kMyotis PrePostUnburnBurn PreUnburn – PreBurn PreUnburn > PreBurn Summary -1.073 0.476 0.024 
 PreUnburn – PostUnburn PreUnburn > PostUnburn Summary -0.312 0.150 0.037 
 PreBurn – PostBurn  PreBurn < PostBurn EMMs -0.624 0.172 0.002 
 PostUnburn – PostBurn   EMMs 0.136 0.480 0.992 
40kMyotis PrePost123UnburnBurn PreUnburn – PreBurn PreUnburn > PreBurn Summary -1.442 0.462 0.002 
 PreUnburn – PostUnburn1  Summary -0.352 0.206 0.087 
 PreUnburn – PostUnburn2  Summary -0.035 0.196 0.859 
 PreUnburn – PostUnburn3 PreUnburn > PostUnburn3 Summary -0.821 0.221 <0.001 
 PreBurn – PostBurn1 PreBurn < PostBurn1 EMMs -0.937 0.231 0.001 
 PreBurn – PostBurn2  EMMs -0.251 0.238 0.966 
 PreBurn – PostBurn3  EMMs -0.667 0.271 0.214 
 PostUnburn1 – PostUnburn2  EMMs -0.317 0.238 0.887 
 PostUnburn1 – PostUnburn3  EMMs 0.468 0.262 0.628 
 PostUnburn2 – PostUnburn3 PostUnburn2 > PostUnburn3 EMMs 0.786 0.257 0.047 
 PostBurn1 – PostBurn2  EMMs 0.686 0.287 0.246 
 PostBurn1 – PostBurn3  EMMs 0.270 0.322 0.991 
 PostBurn2 – PostBurn3  EMMs -0.416 0.325 0.906 

1
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Appendix K: Big Brown/Silver-Haired Bat Activity Analysis  

Table K.1. Variable names, effect direction, parameter estimates, standard errors, and P-values for each big brown/silver-haired bat 

(EPFULANO) fire metric model. Numerical variables (i.e. TownsiteDistance, and SunsetTemp) are scaled. For the fire metrics (i.e. 

PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn), the significant differences are explored in the associated post hoc table. 

A "positive" effect direction denotes an increase in the activity level as the variable increases; a "negative" effect direction denotes a 

decrease. For "NearestWaterFeature" only, the most significantly different feature is displayed.  R2
c and R2

m are conditional and 

marginal R2, respectively.          

 

  

Model Variable Effect direction Parameter estimate Standard error P-value R2
c R2

m 

EPFULANO PrePost123 PrePost123 Significant – see Table K.2 0.681 0.524 
 TownsiteDistance Positive 0.563 0.207 0.006   

 NearestWaterFeature Lake 1.734 0.522 <0.001   
 SunsetTemp Positive 0.547 0.074 <0.001   
EPFULANO PrePostUnburnBurn PrePostUnburnBurn Significant – see Table K.2 0.680 0.533 

 TownsiteDistance Positive 0.635 0.227 0.005   
 NearestWaterFeature Lake 1.712 0.506 <0.001   
 SunsetTemp Positive 0.566 0.074 <0.001   

EPFULANO PrePost123UnburnBurn PrePost123UnburnBurn Significant – see Table K.2 0.690 0.539 
 TownsiteDistance Positive 0.624 0.232 0.007   
 NearestWaterFeature Lake 1.729 0.515 <0.001   

 SunsetTemp Positive 0.571 0.075 <0.001   
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Table K.2. Post hoc results for the big brown/silver-haired bat (EPFULANO) fire metrics (i.e. PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn). The 

variable comparisons, effect direction, test type (summary output or estimated marginal means post hoc), parameter estimates, standard errors and P-values 

are reported. The estimated marginal means (EMMs) post-hoc tests have lower statistical power compared to the summary output due to how many groups 

are compared. Therefore, the summary output was used when available. Note, due to how the comparison was conducted in the summary versus EMMs tests, 

the signs for the parameter estimates are opposite. For the summary output, a "positive" parameter estimate denotes that the second listed factor is greater 

than the first factor; a "negative" parameter estimate denotes that the first listed factor is greater than the second factor. For the EMMs, a "positive" 

parameter estimate denotes that the first listed factor is greater than the second factor; a "negative" parameter estimate denotes that the second listed factor 

is greater than the first factor. Significant values (P < 0.05) are bolded.     

Model Variable Effect direction 
Summary or 
EMMs 

Parameter 
estimate 

Standard 
error 

P-value 

EPFULANO PrePost123 Pre – Post1 Pre > Post1 Summary -0.452 0.171 0.008 

 Pre – Post2 Pre > Post2 Summary -0.478 0.167 0.004 

 Pre – Post3 Pre > Post3 Summary -0.615 0.187 0.001 

 Post1 – Post2  EMMs 0.026 0.205 0.999 

 Post1– Post3  EMMs 0.162 0.223 0.885 

 Post2 – Post3  EMMs 0.137 0.217 0.922 

EPFULANO PrePostUnburnBurn PreUnburn – PreBurn  Summary  0.001 0.455 0.998 

 PreUnburn – PostUnburn PreUnburn > PostUnburn Summary -0.721 0.158 <0.001 

 PreBurn – PostBurn   EMMs 0.178 0.194 0.797 

 PostUnburn – PostBurn   EMMs -0.545 0.460 0.638 

EPFULANO PrePost123UnburnBurn PreUnburn – PreBurn  Summary -0.007 0.463 0.988 

 PreUnburn – PostUnburn1 PreUnburn > PostUnburn1 Summary -0.775 0.220 <0.001 

 PreUnburn – PostUnburn2 PreUnburn > PostUnburn2 Summary -0.481 0.210 0.022 

 PreUnburn – PostUnburn3 PreUnburn > PostUnburn3 Summary -1.050 0.239 <0.001 

 PreBurn – PostBurn1  EMMs 0.068 0.255 1.000 

 PreBurn – PostBurn2  EMMs 0.452 0.271 0.706 

 PreBurn – PostBurn3  EMMs 0.062 0.291 1.000 

 PostUnburn1 – PostUnburn2  EMMs -0.294 0.264 0.954 

 PostUnburn1 – PostUnburn3  EMMs 0.275 0.285 0.979 

 PostUnburn2 – PostUnburn3  EMMs 0.569 0.272 0.419 

 PostBurn1 – PostBurn2  EMMs 0.384 0.308 0.918 

 PostBurn1 – PostBurn3  EMMs -0.006 0.343 1.000 

 PostBurn2 – PostBurn3  EMMs -0.390 0.339 0.945 
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Appendix L: Hoary Bat Activity Analysis  

Table L.1. Variable names, effect direction, parameter estimates, standard errors, and P-values for each hoary bat (LACI) fire metric 

model. The numerical variable (i.e. SunsetTemp) is scaled. For the fire metrics (i.e. PrePost123, PrePostUnburnBurn, 

PrePost123UnburnBurn), the significant differences are explored in the associated post hoc table. A “positive” effect direction 

denotes an increase in the activity level as the variable increases; a “negative” effect direction denotes a decrease. For 

“NearestWaterFeature” only the most significantly different feature is displayed.  R2
c and R2

m are conditional and marginal R2, 

respectively.             

   

  

Model Variable Effect direction Parameter estimate Standard error P-value R2
c R2

m 

LACI PrePost123 PrePost123 Significant – see Table L.2 0.676 0.469 
 NearestWaterFeature River 2.920 0.891 0.001   
 SunsetTemp Positive 0.580 0.081 <0.001   
LACI PrePostUnburnBurn Model failed to converge – see Table L.3 and L.4   
LACI PrePost123UnburnBurn PrePost123UnburnBurn Significant – see Table L.2 0.715 0.704 
 NearestWaterFeature River 2.101 0.351 <0.001   
 SunsetTemp Positive 0.572 0.081 <0.001   
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Table L.2. Post hoc results for the hoary bat (LACI) fire metrics (i.e. PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn). The variable 

comparisons, effect direction, test type (i.e. summary output or estimated marginal means post hoc), parameter estimates, standard errors and P- 

values are reported. The estimated marginal means (EMMs) post-hoc tests have lower statistical power compared to the summary output due to how 

many groups are compared. Therefore, the summary output was used when available. Note, due to how the comparison was conducted in the 

summary versus EMMs tests, the signs for the parameter estimates are opposite. For the summary output, a “positive” parameter estimate denotes 

that the second listed factor is greater than the first factor; a “negative” parameter estimate denotes that the first listed factor is greater than the 

second factor. For the EMMs, a “positive” parameter estimate denotes that the first listed factor is greater than the second factor; a “negative” 

parameter estimate denotes that the second listed factor is greater than the first factor. Significant values (P < 0.05) are bolded.   

Model Variable Effect direction 
Summary 
or EMMs 

Parameter 
estimate 

Standard 
error 

P-value 

LACI PrePost123 Pre – Post1 Pre > Post1 Summary -1.281 0.196 <0.001 

 Pre – Post2 Pre > Post2 Summary -1.659 0.201 <0.001 

 Pre – Post3 Pre > Post3 Summary -0.533 0.207 0.010 

 Post1 – Post2  EMMs 0.377 0.238 0.385 

 Post1– Post3 Post1 < Post3 EMMs -0.749 0.251 0.015 

 Post2 – Post3 Post2 < Post3 EMMs -1.126 0.255 <0.001 

LACI PrePostUnburnBurn Model failed to converge – see Table L.3 and L.4 

LACI PrePost123UnburnBurn PreUnburn – PreBurn PreUnburn > PreBurn Summary -0.986 0.226 <0.001 

 PreUnburn – PostUnburn1 PreUnburn > PostUnburn1 Summary -0.852 0.240 <0.001 

 PreUnburn – PostUnburn2 PreUnburn > PostUnburn2 Summary -1.615 0.234 <0.001 

 PreUnburn – PostUnburn3  Summary -0.403 0.250 0.106 

 PreBurn – PostBurn1 PreBurn > PostBurn1 EMMs 2.709 0.425 <0.001 

 PreBurn – PostBurn2 PreBurn > PostBurn2 EMMs 1.779 0.385 <0.001 

 PreBurn – PostBurn3  EMMs 0.819 0.332 0.209 

 PostUnburn1 – PostUnburn2  EMMs 0.762 0.277 0.109 

 PostUnburn1 – PostUnburn3  EMMs -0.449 0.299 0.807 

 PostUnburn2 – PostUnburn3 PostUnburn2 < PostUnburn3 EMMs -1.211 0.296 0.001 

 PostBurn1 – PostBurn2  EMMs -0.929 0.541 0.675 

 PostBurn1 – PostBurn3 PostBurn1 < PostBurn3 EMMs -1.890 0.505 0.005 

 PostBurn2 – PostBurn3  EMMs -0.961 0.462 0.428 
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Table L.3. Kruskal-Wallis rank sum test results for hoary bats (LACI) in Waterton Lakes National Park, Alberta from 2015 to 2020 for 

the fire metric PrePostUnburnBurn. The significant value (P < 0.05) is bolded.   

 

 

Table L.4. Dunn’s test of multiple comparisons for the fire metric PrePostUnburnBurn tested in the hoary bat (LACI) Kruskal-Wallis 

rank sum test. A Bonferroni correction to control for the experiment-wise error rate was added. Significant values (P < 0.05) are 

bolded.   

   

 

 

 

Response variable Fire metric Chi-squared df P-value 

LACI echolocation count PrePostUnburnBurn 111.78 3 <0.001 

Fire metric Variable Effect direction 
Z – test 
statistic 

Bonferroni adjusted P-
value 

LACI 
PrePostUnburnBurn 

PreBurn – PreUnburn PreBurn < PreUnburn -4.553 <0.001 

PostUnburn – PreUnburn PostUnburn < PreUnburn -3.660 0.002 

PostBurn – PreBurn PostBurn < PreBurn -5.488 <0.001 

PostBurn – PostUnburn PostBurn < PostUnburn -7.221 <0.001 
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Appendix M: Long-Eared Myotis Activity Analysis  

Table M.1. Kruskal-Wallis rank sum test results for long-eared Myotis (MYEV) in Waterton Lakes National Park, Alberta from 2015 to 

2020. The three different fire metrics (i.e. PrePost123, PrePostUnburnBurn, PrePost123UnburnBurn) were tested separately. 

Significant values (P < 0.05) are bolded.   

 

 

 

 

 

  

Response variable Fire metric Chi-squared df P-value 

MYEV echolocation count PrePost123 20.520 3 <0.001 

MYEV echolocation count PrePostUnburnBurn 43.401 3 <0.001 

MYEV echolocation count PrePost123UnburnBurn 47.011 7 <0.001 
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Table M.2. Dunn’s test of multiple comparisons for the three different fire metrics (i.e. PrePost123, PrePostUnburnBurn, 

PrePost123UnburnBurn) tested in the long-eared Myotis (MYEV) Kruskal-Wallis rank sum test. A Bonferroni correction to control for 

the experiment-wise error rate was added. Significant values (P < 0.05) are bolded.   

 

Fire metric Variable Effect direction Z – test statistic Bonferroni adjusted P-value 

MYEV PrePost123 

Post1 – Pre  -2.333 0.118 

Post2 – Pre Post2 < Pre -3.551 0.002 

Post3 – Pre Post3 < Pre -3.495 0.003 

Post1 – Post2  1.015 1.000 

Post1– Post3  1.162 1.000 

Post2 – Post3  0.208 1.000 

MYEV PrePostUnburnBurn 

PreBurn – PreUnburn PreBurn > PreUnburn 4.606 <0.001 

PostUnburn – PreUnburn  -1.868 0.370 

PostBurn – PreBurn PostBurn < PreBurn -4.363 <0.001 

PostBurn – PostUnburn 
 

1.815 0.417 

MYEV PrePost123UnburnBurn 

PreBurn – PreUnburn PreBurn > PreUnburn 4.606 <0.001 

PostUnburn1 – PreUnburn  -1.433 1.000 

PostUnburn2 – PreUnburn  -1.226 1.000 

PostUnburn3 – PreUnburn  -1.372 1.000 

PostBurn1 – PreBurn  -2.060 1.000 

PostBurn2 – PreBurn PostBurn2 < PreBurn -3.868 0.003 

PostBurn3 – PreBurn PostBurn3 < PreBurn -3.563 0.010 

PostUnburn1 – PostUnburn2  -0.212 1.000 

PostUnburn1 – PostUnburn3  -0.003 1.000 

PostUnburn2 – PostUnburn3  0.203 1.000 

PostBurn1 – PostBurn2  1.620 1.000 

PostBurn1 – PostBurn3  1.568 1.000 

PostBurn2 – PostBurn3  0.068 1.000 
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Appendix N: Significant Site and Environmental Variables for the Generalized Linear Mixed 
Models 

The site and environmental variables that were significant covariates in the generalized 

linear mixed models examining the effect of each fire metric (i.e. PrePost123, 

PrePostUnburnBurn, PrePost123UnburnBurn) on activity levels of each species/species group 

(i.e. 40 kHz Myotis, big brown/silver-haired bat, hoary bat) included: sunset temperature (°C), 

total nightly precipitation (mm), distance from the acoustic station to the Waterton townsite 

(km), nearest water feature (i.e. creek, lake, river or wetland), and distance from the acoustic 

station to the nearest water source (km). Including site as a random effect improved the 

performance of all models for all species/species groups (i.e. all conditional R2 values were 

greater than the marginal R2 values).  

All species/species groups showed the expected trends in relation to the environmental 

variables; activity was highest on warm nights without rain. This trend has been well 

established in previous studies (e.g., Erickson and West 2002, Vonhof 2006, Muthersbaugh et 

al. 2019). Big brown/silver-haired bat activity increased as the distance to the Waterton 

townsite increased. It is unclear why this variable was significant as the sites that were located 

at the greatest distance from the townsite had variable habitats (e.g. coniferous and deciduous 

forest types, river, lake and creek sites, and elevations that differed by more than 650 meters).  

The nearest water feature was a significant variable in all models for all species/species 

groups. 40 kHz Myotis and big brown/silver-haired bats were most associated with lake sites, 

and hoary bat activity was highest at the river site. The top two sites with the highest activity 

were lake sites (i.e. Lone Lake and Lost Lake). The mean bat passes per night for these sites 

were between 1.9 (Lone Lake) and 5.5 (Lost Lake) times higher than the site with the third 

highest activity level (i.e. Bison Paddock, a wetland site). Both Lone Lake and Lost Lake are 

similar in terms of habitat (i.e. high elevation, unburned coniferous sites that are far from the 

Waterton townsite and close to water) and were monitored later in the season (i.e. end of July). 

As there was only one river site (i.e. Belly Bend), it is difficult to conclude if hoary bats were 

drawn to the river as a suitable flyway corridor or foraging area, or if there was a different site-

specific characteristic that made it preferable.  
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Although distance to the nearest water source was only significant in one model (40 kHz 

Myotis PrePost123UnburnBurn), water distance may have influenced the significance of the 

nearest water feature variable. Previous studies have found that bats are closely associated 

with water (Mackey and Barclay 1988, Grindal et al. 1999, Evelyn et al. 2004). All of the acoustic 

stations at the lake sites were within ten meters of water and the river site was five meters 

from water. Both the creek and wetland sites were typically further from water, with the creek 

sites ranging from 20 to 75 meters from water and the wetland sites ranging from ten to 350 

meters from water. As high frequency sounds attenuate quickly, bats would likely need to be 

within approximately 25 meters of the microphone for their echolocation calls to be recorded 

(Adams et al. 2012). However, this value varies depending on several factors, including the 

atmospheric conditions (e.g. temperature and relative humidity), and frequency of the 

echolocation call (Goerlitz 2018, Russo et al. 2018a).  

 

 


