
Movement Patterns of Migratory Bats 

During Autumn Migration 

A Thesis 

Submitted to the Faculty of Graduate Studies and Research 

In Partial Fulfillment of the Requirements 

For the Degree of 

Master of Science 

in 

Biology 

University of Regina 

By 

Erin Christina Swerdfeger 

Regina, Saskatchewan 

March 2022 

Copyright 2022: E.C. Swerdfeger 



 
 
 
 
 
 
 

UNIVERSITY OF REGINA 
 

FACULTY OF GRADUATE STUDIES AND RESEARCH 
 

SUPERVISORY AND EXAMINING COMMITTEE 
 

Erin Christina Swerdfeger, candidate for the degree of Master of Science in Biology, has 
presented a thesis titled, Movement Patterns of Migratory Bats During Autumn 
Migration, in an oral examination held on January 17, 2022.  The following committee 
members have found the thesis acceptable in form and content, and that the candidate 
demonstrated satisfactory knowledge of the subject material. 
 
 
External Examiner: *Dr. Erin Gillam, North Dakota State University 
 

Co-Supervisor: *Dr. R. Mark Brigham, Department of Biology 
 

Co-Supervisor: *Dr. Erin Baerwald, Adjunct 
 

Committee Member: *Dr. Mark Vanderwel, Department of Biology 
 

 

Chair of Defense: *Prof. Mark Wihak, Faculty of Media, Arts, and Performance 
 
 
*via ZOOM Conferencing 

  



i 

 

Abstract  

Migration routes of long-distance migratory tree-roosting bats (Lasiurus 

cinereus, L. borealis and Lasionycteris noctivagans) in North America are poorly 

understood. Large numbers of bat fatalities recorded at wind energy facilities are 

contributing to likely population declines of these species. Most documented migratory 

bat fatalities at wind energy installations occur during autumn migration. There is some 

urgency to better understand migration patterns of these bats, because like many other 

jurisdictions, the Province of Saskatchewan plans to dramatically increase wind power 

generation capacity. I installed passive acoustic detectors in southern Saskatchewan 

during the migration period to measure migratory bat activity. I placed one set of 

detectors in a three-by-three grid pattern across the study area in locations with high 

wind energy potential and prominent landscape features. I installed a second set of 

detectors along 5 km transects perpendicular to four of the province’s major rivers. I 

found higher levels of migratory bat activity in the eastern portion of the province. 

Activity was also generally higher in riparian areas and decreased with distance from 

rivers. This pattern is consistent with access to resources such as roosting habitat and 

water being important in bat migration route selection. Sites located in riparian areas and 

the southeastern portion of the province contain more forested landscape than other 

sampling sites located in uplands and grassland ecoregions. These results will inform 

siting decisions for future wind energy projects.  
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RQ1 or 2 Qu'Appelle River Transect 1 or 2 

RS1 or 2 South Saskatchewan River Transect 1 or 2 

SM2 Wildlife Acoustics Song Meter SM2BAT-192X2 full-spectrum bat 

detectors  

SM4 Wildlife Acoustics Song Meter SM4BAT Full Spectrum bat detectors  

SNR Signal to noise ratio 

U.S. United States 

WTAZ Wind Turbine Avoidance Zone 

Y2Y Yellowstone to Yukon 
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Chapter 1:  Introduction 

1.1 Migration 

Amongst endotherms, long-distance migration is undertaken by 1530 species of 

birds, 43 aquatic mammal species and 30 terrestrial mammal species, but only 113 out of 

1440 species of bats migrate long distances (Robinson et al. 2009, American Society of 

Mammalogists 2021). Migration is defined as two-way and seasonal movement, with 

predictable return journeys, between two locations (Fleming and Eby 2003, Robinson et 

al. 2009). For bats, long-distance migration is considered greater than 500 km (Fleming 

and Eby 2003). This long-distance movement is energetically costly and potentially 

increases the risk of dehydration, predation, and exposure to a variety of human-

impacted landscapes. However, migration allows temperate species to avoid cold winter 

temperatures while taking advantage of available food resources in warmer regions to the 

south or north, then avoid decreased dry season food availability and niche competition 

by returning to temperate areas in summer (Fleming and Eby 2003).  

Due to the extreme seasonality found in Saskatchewan, most bats must move to 

find suitable overwintering conditions. While some crevice-roosting species remain at 

northern latitudes and hibernate (Klüg-Baerwald et al. 2016); three of Canada’s tree-

dependent species (i.e., that do not typically roost in anthropogenic structures) are 

classified as long-distance migrants. These so-called “migratory tree-roosting bats” are 

the hoary bat (Lasiurus cinereus), the eastern red bat (L. borealis), and the silver-haired 

bat (Lasionycteris noctivagans).  
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While some birds migrate thousands of kilometers between resources, bats may 

only migrate far enough to reach conditions that are more energetically favourable for 

hibernation. The only bat that migrates across an entire continent is the hoary bat 

(Fleming and Eby 2003). Hoary bats from northern regions of Canada and Alaska appear 

to migrate as far south as California and Mexico, eastern red bats have been recorded 

overwintering in southeastern North America, and silver-haired bats have been found 

overwintering in the Pacific Northwest and parts of the eastern and southwestern United 

States (Cryan 2003).  

There is increasing evidence in the literature that silver-haired bats are only 

partial migrants, meaning that not all parts of the population migrate long distances. 

Since migration is energetically costly, the benefits of migrating must outweigh the 

benefits of staying in place and perhaps hibernating. In some species, some individuals 

or local populations might migrate, while other portions of the population remain 

sedentary or travel only short distances (regional migrants, < 200 km) (Fleming and Eby 

2003). There are some populations of silver-haired bats that overwinter in southern 

British Columbia (Cryan 2003), and recent species distribution modeling shows that 

silver-haired migration patterns might be more east-west than north-south in the 

continental U.S. (Wieringa et al. 2021). 

For hoary bats and silver-haired bats, there is evidence of sex-biased migration. 

Females tend to migrate further north than males (Cryan 2003, Fleming and Eby 2003, 

Hayes et al. 2013, Weller et al. 2016). For example, few female hoary bat observations 

were documented by Cryan (Cryan 2003) for California and the Pacific Northwest of the 

U.S. during summer. Reproductive female hoary bats have been found in the Cypress 
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Hills (Green et al. 2020), and elsewhere in Saskatchewan during summer months 

(unpubl. data). However, This may be linked to higher selection pressure on females to 

maximize food resources during lactation and pup rearing; differential roost 

microclimate requirements, or to reduced intraspecific competition for food if males and 

females concentrate in different geographic locations (Fleming and Eby 2003). 

Due to their small body size, technological limitations make the study of bat 

migration difficult and thus we have only a basic understanding of the broad patterns of 

seasonal movement rather than details of migration pathways by species or individuals 

(Cryan 2011, Baerwald et al. 2014, Hayes et al. 2015). Bat movements and seasonal 

distributions have been studied using a variety of means including radio-telemetry, stable 

isotope analysis, museum specimen collection locations, carcass searches at wind energy 

facilities, molecular genetics, and acoustic recordings (Holland 2007, Holland et al. 

2008, Baerwald and Barclay 2009, Santos et al. 2013, Roscioni et al. 2014, Pylant et al. 

2015, Hayes et al. 2015). Satellite tracking has been successfully deployed on large fruit 

bats (Richter and Cumming 2008), and GPS tracking is becoming possible for bats with 

body mass > 30 g, but this requires retrieval of tags to download the data (Roeleke et al. 

2016, Corcoran et al. 2021). Taken together these issues make it difficult to study details 

of individual long-distance movement.  

However, knowing in general terms how bats navigate should help us understand 

what landscape features or other environmental factors might be important for migration. 

The range of echolocation is limited (on the order of 10’s of metres), so bats are thought 

to combine it with other senses to provide navigational cues (Holland 2007, Baerwald 

and Barclay 2009). Vision is important for homing by some Myotis bats at certain 
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distances (13 km) from their roosts (Holland 2007). Big brown bats (Eptesicus fuscus) 

can detect star patterns using vision and may use this information to guide navigation, 

along with the direction or possibly polarization of post-sunset glow (Holland 2007). 

Further, magnetite has been found in big brown bats, and magnetic polarization does 

affect bat orientation, although the mechanism is unknown (Holland et al. 2008).  

Birds and other migrating animals use a “map and compass” system. The 

compass can be directional cues from the earth’s magnetic field, stars, or sunset. The 

map component is thought to be a method for establishing location relative to final 

destination using two geophysical factors, which may again include the earth’s magnetic 

field (Holland 2007). In birds, juveniles have been proposed to use genetic pre-

programming to guide their first migration, rather than the map. It is unknown if this is 

the case for bats (Holland 2007). However, we do know that bats have highly developed 

spatial memories, so they could also use visual mapping (Holland 2007, Baerwald and 

Barclay 2009). In southern Alberta, bats appear to migrate from north to south along 

specific routes (Baerwald and Barclay 2009). These routes likely occur in areas that 

provide access to trees for roosting and landmarks for visual navigation, such as riparian 

areas (Serra-Cobo et al. 2000). However, the specific landscape features used as 

navigational guides by migrating bats are not known. 

 

1.2 Bat Fatalities at wind energy facilities 

Bats are facing a variety of threats, such as habitat loss, climate change, and 

pesticide use, but for migratory species in particular, fatalities at wind energy facilities 
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are a particular problem (Hammerson et al. 2017). Large numbers of fatalities have been 

recorded at wind energy facilities around the world (Cryan and Barclay 2009, Arnett and 

Baerwald 2013). This raises concerns because bats’ low reproductive rate makes 

recovery from population declines slow (Barclay and Harder 2003, Arnett and Baerwald 

2013).  

An estimated 47,400 bats are killed annually at Canadian wind energy facilities, 

based on data from the installations in December 2013 (Zimmerling and Francis 2016). 

However, the species killed cross multiple borders (Cryan 2003) and thus, continental 

fatality estimates are more appropriate. In Canada and the United States together based 

on data from the early 2010’s, estimates varied from 450,000 to 880,000 bat 

fatalities/year (Cryan 2011; Smallwood 2013). This estimate had increased by 2020 to up 

to 2.22 million bat fatalities in the U.S. alone (Smallwood 2020). Across Canada and the 

United States, the three species of migratory tree-dependent bats made up nearly 80% of 

fatalities from 2000 to 2011(Arnett and Baerwald 2013). Hoary bats represented 38% of 

fatalities (Arnett and Baerwald 2013). There is an expected increased risk of fatality 

during migration as more wind energy capacity is built. 

 

1.2.1 Potential impacts to bat populations 

Precise population size and growth rate data are lacking for migratory bats (Frick 

et al. 2017). However, based on the best currently available information and expert 

opinion, Frick et al. (2017) estimated a 90% decline in the North American hoary bat 

population over the next 50 years assuming constant 2014 levels of wind-turbine related 

fatalities. Since then, the number of wind energy installations have nearly doubled. 
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Population data are still lacking, but Friedenberg and Frick (2021) further cautioned that 

without mitigation measures (e.g., operational curtailment below 5 m/s wind speeds), 

hoary bat numbers could decline by 50% between 2020 and 2040 if the initial population 

was less than 2.5 million. If the initial population was below 1 million, hoary bats could 

be extinct by 2040.  

Since eastern red bats and silver-haired bats share many commonalities in life 

history with hoary bats, Frick et al. (2017) suggested that broad patterns of decline likely 

also apply to those species.  

The highest risk of fatalities for migrating bats is during autumn migration, from 

approximately mid-July to mid-September in Canada (Baerwald and Barclay 2009, 

Lausen et al. 2010). Fatalities have been hypothesized to be highest at this time for a 

variety of reasons, including seasonal differences in flight patterns and behaviours 

(Cryan and Barclay 2009). Species distribution models based on museum records 

suggest that autumn has the highest seasonal overlap between the habitats used by hoary 

bats and wind energy facilities (Hayes et al. 2015). Migrating bats may be in closer 

proximity to wind energy facilities during autumn migration because they may follow 

wind gradients or along landscape features such as ridge lines and river valleys where 

wind energy facilities tend to be concentrated (Cryan and Barclay 2009). They may also 

be attracted to turbines, which may appear similar to tall trees, as potential roost sites, 

gathering points with conspecifics (e.g., for mating), or for associated insect 

aggregations (Cryan et al. 2014). 
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1.2.2 Wind energy development in Saskatchewan 

Landscape features play a key role in siting wind energy developments because 

they are linked to wind energy potential. Terrain considered optimal for wind energy 

includes elevated and well-drained areas (SaskPower 2014). Topographic features that 

are likely to have a high wind energy potential include: ridges that are oriented 

perpendicular to prevailing winds, elevated points compared to surroundings, and 

landscape features that funnel winds (such as gaps in a ridgeline; AWS Scientific Inc. 

1997).  

The Canadian Wind Energy Association (CanWEA) has set a goal of generating 

20% of Canada’s electricity from wind turbines by 2025 (CanWEA 2017a). In 

Saskatchewan, the provincial government has set a target to increase renewable energy 

to 50% by 2030 (Saskatchewan Ministry of Environment 2016). To achieve this, 

SaskPower, the provincial power grid operator, intends to increase wind energy capacity 

to 30% of total power generation capacity (SaskPower 2017). This will mean an increase 

of approximately 1,600 MW of wind energy capacity in the province over the next 

fifteen years (CanWEA 2017b). 

In 2016, the Provincial Ministry of Environment released Wildlife Siting 

Guidelines for Wind Energy Projects (hereafter, the guidelines; Saskatchewan Ministry 

of Environment 2017b) to minimize potential impacts to wildlife at the planning stage of 

wind energy facilities. The guidelines set out Wind Turbine Avoidance Zones (hereafter, 

WTAZ), which include areas with a high potential for ecological and or social impacts. 

For bats, the guidelines list potential impacts as wind turbine-related fatalities and 

impacts to habitat for hibernating or migrating, foraging, and breeding. Further guidance 
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for operating wind energy facilities, including fatality thresholds for management 

actions, was provided in the Adaptive Management Guidelines (Saskatchewan Ministry 

of Environment 2017b). 

 

1.3 Objectives and hypotheses 

My project aimed to provide data on the migration ecology of migratory tree-

dependent bats in southern Saskatchewan. The main objective is to determine how / if 

bats move through specific corridors across southern Saskatchewan during autumn 

migration, when their risk of fatalities at wind energy facilities is greatest. The second 

objective is to determine if bat activity is concentrated along major river corridors 

included in the WTAZs, as described in the guidelines (Saskatchewan Ministry of 

Environment 2016). In Chapter 2, I assess relative migratory bat activity levels across 

the lower third of Saskatchewan, south of Saskatoon. This corresponds with the Prairie 

ecozone (Canadian Council on Ecological Areas 2014), and coincides with locations 

currently used for wind energy in Saskatchewan and likely to be used for future wind 

energy development in the province due to high wind speeds and thus wind energy 

potential. I expected to find higher activity associated with resources for migrating bats 

such as trees, water, and potential navigational features such as ridge lines. Then, in 

Chapter 3, I narrow the focus to assessing relative activity patterns along four major 

rivers within the same study area. Associations of bats with riparian areas in the prairies 

have previously been documented (e.g., Holloway and Barclay 2000), but I assessed the 

effectiveness of WTAZs for bats, I explored this relationship in terms of the distance 
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from the river at which increased bat activity is observed. I expected that bat activity 

would be higher closest to the rivers.  
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Chapter 2:  Geographic variation in migratory bat activity 

across southern Saskatchewan 

 

2.1 Introduction  

Concern over potential population-level declines of migratory bats has driven 

increased efforts in the last 15 years to better understand their migration biology, 

landscape-scale resource use, and how these components interact with increasing wind 

energy development (e.g., Cryan 2003, Baerwald and Barclay 2009, Hayes et al. 2015, 

Frick et al. 2017, Campbell and Vander Zanden 2020, Campbell et al. 2020, Friedenberg 

2020, Wieringa et al. 2021). In Canada and the United States, three species of migratory 

bats comprised nearly 80% of bat fatalities at wind energy facilities between 2000 and 

2011: the hoary bat (Lasiurus cinereus), the eastern red bat (L. borealis), and the silver-

haired bat (Lasionycteris noctivagans) (Arnett and Baerwald 2013). Recent reports from 

the southwestern United States include increasing numbers of Mexican free-tailed bat 

(Tadarida brasiliensis) fatalities, bringing the totals for the other three migratory species 

down to 72% of recorded fatalities (Allison 2018). The most recent estimate from the 

U.S. indicates that 30.8% of wind energy-related fatalities are hoary bats, eastern red 

bats represent 27.3 %, and 14.1% of fatalities are silver-haired bats (Allison and Butryn 

2020). 

Since these nocturnal and cryptic migratory species are difficult to study, data 

about population sizes and trends do not exist (Frick et al. 2017). However, we know that 

they are long-lived for mammals of their size and that they reproduce slowly (Barclay 
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and Harder 2003). Silver-haired bats and hoary bats can have twins, and red bats 

occasionally have up to four pups (Alberta Community Bat Program 2020). This means 

that fatality rates at wind energy facilities may mean that migratory bat populations are 

not sustainable.  

An estimated 450,000 to 880,000 bats / year were killed at wind energy facilities 

across Canada and the U.S. in the early 2010s (Cryan 2011, Smallwood 2013). This 

number has likely increased with concurrent growth in wind energy installations, 

potentially totaling over 1.72 million bat fatalities to date (Smallwood 2020). There is 

evidence of eastern red bat declines, such as Winhold et al.’s (2008) report that red bat 

captures in Michigan have declined by 52-58% over a 26-year period.  

A best estimate of hoary bat population size based on expert opinion suggests 

that if the initial (2014) hoary bat population was 2.5 million, there is a high risk of 

population decline or even extinction within the next 50 years (Frick et al. 2017). With 

projected wind energy capacity increase, a 50% population decline is likely, even with a 

50% reduction in fatalities. However, extinction risk by 2050 is reduced as long as the 

initial population was greater than 1 million (Friedenberg 2020).  

The arsenal of potential minimization strategies to reduce bat fatalities includes 

operational curtailment (i.e., increasing cut-in speed), deterrence during operation (e.g., 

ultrasonic acoustic deterrents, ultraviolet lighting), and pre-development siting (Allison 

2018, CanWEA et al. 2018).  

Avoiding fatalities altogether is an attractive option. This may be achievable by 

siting wind energy facilities away from important bat habitat or areas that concentrate 
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bats during the key risk period (i.e., autumn migration; Baerwald and Barclay 2011, 

Thompson et al. 2017). Avoidance of environmental impacts is always the preferred 

option in the mitigation hierarchy (Hanna et al. 2016). In theory, this also reduces the 

potential for lost revenue through curtailment or potentially costly technological 

solutions. However, impact avoidance through siting is complicated because we lack 

understanding of conditions that create a high risk of bat fatalities, including some basic 

components of migratory bat biology (Hayes et al. 2015, Allison 2018, Friedenberg 

2020, Wieringa et al. 2021).  

Several areas of basic  research feed into an overall better understanding of 

fatality risks associated with wind energy facilities. These include potential attraction to 

and interaction with wind turbines (Cryan and Barclay 2009, Cryan et al. 2014, Rydell et 

al. 2016), and habitat use by migratory bats during high risk periods, such as autumn 

migration (Hayes et al. 2015, Allison 2018).  

We know the general direction and timing of autumn migration and patterns of 

seasonal occupancy (Cryan 2003, Fleming and Eby 2003, Baerwald et al. 2014, Hayes et 

al. 2015, Campbell et al. 2020, Wieringa et al. 2021), but specifics of their routes elude 

us. In summer, hoary bats are found as far north Yukon and Northwest Territories 

(Slough et al. 2014, Wilson et al. 2014). They then move towards the southeastern and 

southwestern U.S. and into Mexico during winter months (Cryan 2003, Hayes et al. 

2015, Campbell and Vander Zanden 2020, Wieringa et al. 2021). Some sexual 

segregation is likely, with female hoary bats summering farther north than males 

(Baerwald and Barclay 2011, Hayes et al. 2015). Silver-haired bat summer observations 

extend into the boreal forest (Cryan 2003, Baerwald et al. 2014) and they overwinter 
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further south and towards the coasts in the U.S., with isolated populations remaining as 

far north as southern British Columbia (Cryan 2003, Wieringa et al. 2021). Although 

eastern red bats are mostly found in the eastern U.S. during summer months, their 

summer range appears to be expanding into western Canada and possibly as far as the 

Yukon (Solick et al. 2020a). Eastern red bats overwinter in the southeastern U.S. (Cryan 

2003, Campbell and Vander Zanden 2020, Wieringa et al. 2021). However, there are few 

data about the path taken between winter and summering grounds by these three 

migratory bat species.  

Wieringa et al. (2021) attempted to predict potential migration pathways from 

monthly occupancy. While final models for all three species show at least one potential 

autumn migration pathway emanating from the northern Great Plains, none are identified 

as highly likely routes (i.e., low density of least-cost-pathways from the model). The 

models predict that eastern red bats will travel south and east, the hoary bat pathway 

appears to head directly southward, and the silver-haired bat pathways trend southeast 

from the Rocky Mountains and southwest from Lake Winnipeg. However, these models 

were constructed from the Global Biodiversity Information Facility database, which has 

relatively few records from Canada. Thus, while these models are an important first step 

towards visualizing migration pathways, significant knowledge gaps remain which 

prevent the development of a true understanding of migratory behaviour.  

We are just beginning to understand components of navigation and resource use 

during migration. Recent advances relating to navigation suggest that at least some bats 

can sense magnetic fields, possibly linked to corneal sensitivity (Lindecke et al. 2021). 

This magnetoreception combined with internal compass calibration may allow migrating 
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bats to orient themselves on the landscape. Bats may use sunset light polarization (Greif 

et al. 2014), solar disk position (Lindecke 2019), or starlight (Childs and Buchler 1981) 

to aid internal compass calibration. Once oriented, we still do not understand how bats 

navigate along their migration route. There is speculation that some species do not 

follow a linear pathway, but “wander” as they migrate (Weller et al. 2016, McGuire 

2019). However, Weller et al. (2016) recaptured a migrating hoary bat near the initial 

capture location and another study on European migratory species suggest that there may 

be some site fidelity during migration (Giavi et al. 2014). This could mean that bats have 

stopover locations, possibly related to mating, during autumn migration (Cryan and 

Brown 2007).  

These stopover locations may be part of a larger spatial map composed of 

potential landmarks and other cues (e.g., olfactory gradients) along the migration route 

of each individual (Williams et al. 1966, Holland 2009, Toledo et al. 2020). Potential 

landmarks include rivers, ridge lines, forest edges, mountains, coastlines and other 

prominent landscape features (Serra-Cobo et al. 2000, Ahlén et al. 2009, Baerwald and 

Barclay 2009, Furmankiewicz and Kucharska 2009, Holland 2009, Popa-lisseanu and 

Voigt 2009, Lindecke et al. 2019a, Cortes and Gillam 2020, Baerwald et al. 2021). If 

migratory bats do use stopovers, it is not likely as a refueling point as it is for many birds 

(McGuire et al. 2014). Migratory bats likely forage during migration (Fleming and Eby 

2003, Reimer et al. 2010, Šuba et al. 2012). They travel at night and roost during the day 

(Baerwald and Barclay 2009). Migratory bats have been found in a wide variety of tree 

roosts in the prairies, including aspen, spruce, willow and oak (Willis and Brigham 2005, 
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Limpert et al. 2007, Walters et al. 2007, Klug et al. 2012, Bohn 2017). Thus, they need 

access to insects (food) and trees (roosts) during migration.  

Given the sparse amount of information regarding migratory bat movement at the 

northern edge of the Great Plains, I aimed to determine whether there are specific 

movement corridors through southern Saskatchewan during autumn migration, when the 

risk of interactions at wind energy facilities is greatest. This area is the eastern edge of 

Canadian portion of the Great Plains and marks the transition zone between grassland 

and forest vegetation. I hypothesized that migrating bats will concentrate flight in a non-

random pattern across the landscape of southern Saskatchewan. If migrating bats move 

in a non-random pattern, then I expected to detect differences in bat activity across the 

landscape. I further hypothesized that migrating bats will concentrate consistently along 

defined landscape features such as those commonly associated with bird migration. If 

bats concentrate along defined landscape features, then I expected greater bat activity 

along landscape features that provide resources, such as those that provide navigational 

guides, foraging opportunities, and roosting habitat. 

2.2 Methods 

2.2.1 Study area and sampling design 

I sampled bat activity using passive acoustic detectors during the migration 

season, between 12 July - 28 September in 2017 and 29 June - 7 October in 2018. 

Sampling sites were located across southern Saskatchewan by dividing it into a three-by-

three grid (Figure 2-1). I selected target zones for sampling in each of the nine grid cells 

which had both prominent landscape features and high wind potential (SaskPower 2009). 

The SaskPower map is confidential, but high wind potential areas align with wind speeds 
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at 80 m above ground level (a.g.l.) in the Canadian Wind Atlas (Government of Canada 

2016; Figure 2-2). Target zones were selected following two main criteria:  

a) Located within areas of high wind energy potential, following the confidential 

wind resource map provided by SaskPower (SaskPower 2009). Areas with wind 

speed greater than 7.0 m/s at 80 m a.g.l. were considered high wind potential. 

This criterion was selected to study bat migration activity in relation to areas 

likely to be associated with wind energy developments; and 

b) Within these areas of high wind potential, target zones were sited within or next 

to landscape features elevated above the surrounding areas (e.g., tops of plateaus, 

hilly areas, ridgelines). Within those target zones, acoustic sampling sites were 

located near water and at least one stand of trees (Figure 2-1).  
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Figure 2-1. Study Area in southern Saskatchewan. Red polygons are target zones of high 

wind potential at 80 m above ground level (SaskPower 2009). Black lines show the study 

area divided into nine grid cells (west - mid - east by north - mid - south). Orange dots 

are two acoustic sampling sites per grid cell (except the west-mid grid cell contained 

three sites in 2017, and the east-north cell contained two different site 1 locations in 

2017 and 2018).  
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Figure 2-2. Annual wind speed at 80 m above ground level (A) and 30 m above ground 

level (B) within nine grid cells in study area in southern Saskatchewan. Adapted from the 

Wind Atlas of Canada (Government of Canada 2016). Black lines show the study area 

divided into nine grid cells (west - mid - east by north - mid - south). Black dots 

represent two acoustic sampling sites per grid cell (except the west-mid grid cell 

contained three sites in 2017, and the east-north cell contained two different site 1 

locations in 2017 and 2018).  
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I further categorized the acoustic sampling sites by natural ecoregion within the 

province of Saskatchewan (Saskatchewan Conservation Data Centre 2018; Figure 2-3). 

The study area includes three natural ecoregions within the Prairie ecozone: mixed 

grassland, moist mixed grassland and aspen parkland.  
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Figure 2-3. Acoustic sampling sites by ecoregion of the Prairie Ecozone in southern 

Saskatchewan . Adapted from HabiSask (Saskatchewan Conservation Data Centre 

2018). Thickest black lines show the study area divided into nine grid cells (west - mid - 

east by north - mid - south). Orange dots are two acoustic sampling sites per grid cell 

(except the west-mid grid cell contained three sites in 2017, and the east-north cell 

contained two different site 1 locations in 2017 and 2018). Acoustic sampling sites are 

located in the mixed grasslands, moist mixed grassland and aspen parkland ecoregions.  
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I used nine Wildlife Acoustics Song Meter SM4BAT Full Spectrum bat detectors 

(hereafter, SM4s) for acoustic sampling.  

Within target zones in each grid cell, I rotated detectors between two replicate 

sampling sites. I deployed SM4s at each sampling site for approximately two weeks, 

though time between rotations varied between 11 and 42 nights. In 2017, I used 

rechargeable batteries, which lasted an average of 6 nights (range 4 - 35 nights). I 

switched to alkaline batteries in 2018, which allowed recording for 23 nights on average 

(range 11 - 42 nights). To avoid detection bias, I rotated microphones among detectors, 

and detectors among grid cells when logistically feasible given the available detectors 

and driving time between sites. I attached SM4s to a structure near ground level (e.g., on 

a fence post or tree), with an ultrasonic omnidirectional SMM-U1 microphone attached 

1-2 m above the ground (e.g., the top of a fence post or tree branch clear of vegetation) 

To secure the SM4 units from vandalism or theft, I did not elevate microphones further. 

Detectors were set to record frequencies between 16 - 96 kHz from sunset to sunrise 

(Table A-1).  

All procedures were approved by the University of Regina President’s 

Committee on Animal Care (AUP 17-05) and were conducted under permits 

18FW069/18AR069 issued by the Saskatchewan Ministry of Environment. 

 

2.2.2 Acoustic data preparation 

I processed files with Kaleidoscope Pro Version 4.5.5. Maximum file length was 

15 s, time expansion factor 1, division ratio 8. The signal parameters were 16-120 kHz, 
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1.5 to 30 ms, maximum of 500 ms intersyllable gap, and a minimum of three pulses. 

Species included in the Bats of North America 4.3.0 classifier, on the balanced accuracy 

setting, were Lasiurus cinereus, L. borealis, Lasionycteris noctivagans, Myotis lucifugus, 

M. septentrionalis, M. ciliolabrum, M. evotis, M. thysanodes, and Corynorhinus 

townsendii. Although the last two have not previously been detected in Saskatchewan, I 

included them because they have been recorded in Montana, just south of Saskatchewan 

(C. Lausen, pers. comm.).  

I manually vetted 11.2% of AUTO ID files (n = 4,394 out of 34,924 bat passes) 

to quantify the accuracy of Kaleidoscope Pro AUTO ID. I deemed at least three 

consecutive pulses less than or equal to one second apart as a bat pass (Reichert et al. 

2018). I used species groups to indicate bat passes without diagnostic search-phase calls 

or non-target species.: EPFU/LANO (either L. noctivagans or E. fuscus), 20K 

(characteristic frequency (Fc) around 20 kHz, either L. cinereus or L. noctivagans), 30K 

(Fc around 30 kHz, possibly L. cinereus, L. noctivagans, E. fuscus, or M. evotis), 40K 

(Fc around 40 kHz Myotis spp. or L. borealis), and MYSP (Myotis spp.). In files with 

multiple bats, I recorded unique species and/or at least two individuals of the same 

species (e.g., where overlapping calls made it difficult to distinguish total number of bats 

of the same species). Only 12.3% of the manually vetted calls contained more than one 

bat, and 5.0% of vetted files were not bats (e.g., Peromyscus or other rodents/insects).  

For non-vetted files, I accepted the AUTO ID if the match ratio was 0.6 or 

greater (number of pulses matching the AUTO ID result/number of pulses (Wildlife 

Acoustics Inc. 2020)). This likely under-represents the total number of bat passes, as it 

does not account for multiple bats per file. Other authors have used a cut-off match ratio 
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of 0.6 (Li et al. 2019, Springall et al. 2019) or 0.7 (Hunt 2017). To determine an 

appropriate cut-off for my data, I first vetted 1,000 files with a match ratio between 0.6 

and 0.8 (n = 957), then calculated agreement between AUTO ID and MANUAL ID. For 

match ratio 0.6-0.7, agreement was between 27%-84%, depending on species (the 27% 

was Myotis spp.). When the closest frequency “Unknown” category was added for each 

species, the percent match jumped to 42-85% (Table 2-1), but this did not improve 

substantially for a match ratio of 0.7-0.8 (46-87% match, or 56-96% match with 

unknowns; below). Therefore, I accepted AutoID with match ratio ≥ 0.6 for analysis. For 

the final data set (match ratio ≥ 0.6), the agreement between AUTO ID and MANUAL 

ID ranged from 47.9%-80.6% . For migratory species, agreement ranged from 50%-

80.6% (Table 2-1). 
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Table 2-1. Percent agreement between Auto ID and Manual ID for files with Match 

Ratio 0.6-1.0 

Species Group Match 

Ratio 

Range 

0.6-0.8 0.7-0.8 0.6-1.0 

LANO 
 

84.0 87.6 80.6 

LANO + 20K 
 

84.0 87.6 80.6 

LACI 
 

51.8 56.5 50.0 

LACI + 20K 
 

51.8 56.5 50.0 

EPFU 
 

82.1 85.7 61.7 

EPFU + 30K 
 

85.7 85.7 63.8 

LABO 
 

60.7 54.3 63.8 

LABO + 40K 
 

78.7 71.4 70.4 

MYSP 
 

27.0 46.2 47.9 

MYSP + 40K 
 

42.0 96.2 79.6 
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2.2.3 Statistical modeling 

I calculated average bat passes per night by species, grid cell, and year. For each 

migratory bat species group, and for all migratory species and species groups 

(EPFU/LANO, 20K, 30K, and 40K), I fit negative binomial generalized linear mixed 

models (GLMMs) to assess variation in mean nightly migratory bat activity across the 

study area, while accounting for overdispersion in the data. I used a log link function for 

positive fitted values. Model fitting was then repeated for each migratory bat species or 

species group (EPFU/LANO, LACI, LABO). Models were fit using program R version 

4.1.1 (R Core Team 2021), and package glmmTMB (Brooks et al. 2017). I assessed 

spatial variation in nightly migratory bat activity as either grid cell location or ecoregion. 

Models include a random effect of site. Additional covariates include year, day of year 

(continuous variable, where January 1 = 1), and an offset for the number of hours 

recorded per night (Table 2-2). For day of year, I assessed different polynomial 

structures for each species group to account for nonlinear variation in relative bat activity 

across the season. I further tested whether dispersion varied with day of year. I used 

Akaike’s information criterion (AIC) to select the top performing day of year structure 

and top model containing each spatial covariate. Marginal effects means were plotted 

with the R package ggeffects (Lüdecke 2018), and I conducted pairwise post hoc Tukey 

tests with the package multcomp (Hothorn et al. 2008). 
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Table 2-2. Model variables used in candidate models for bat activity across southern 

Saskatchewan 

Variable Description Abbreviation Type 

Day of Year Ordinal day of year (non-leap year) DOY Continuous 

Year Years (2017/2018) Year Categorical 

Site Two sites per grid cell* Site Categorical 

(Random effect) 

Grid cell Nine grid cells, numeric position (top 

to bottom, then left to right) 

Grid.num Categorical 

Ecoregion Ecoregion within Prairie Ecozone 

(Mixed grassland, moist mixed 

grassland, aspen parkland) 

Ecoregion Categorical 

Sensor 

hours 

Number of hours recorded per night 

(offset to account for partial nights) 

hours Continuous 

Dispersion 

model 

The dispersion either applied 

consistently to all model parameters 

(~1) or was allowed to vary with Day 

of Year (~DOY) 

~1 or ~DOY N/A 

*Total of 20 sites - one site in west-mid grid cell only in 2017, and one site in E-N grid cell changed locations between 2017/2018  
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2.3 Results 

I recorded a total of 91,374 potential bat passes over 227 detector nights in 2017 

and 629 detector nights in 2018. Of these, 25,620 were migratory bats or potential 

migratory bat species group passes. To be accepted as a migratory bat pass, files had a 

match ratio of ≥ 0.6 in Kaleidoscope Pro AutoID processing or be manually vetted. This 

brought the total migratory bat species/ species group passes down to 21,604. Migratory 

bat species identified included L. cinereus, L. borealis, and L. noctivagans (abbreviated 

as LACI, LABO, and LANO, respectively). Passes not identifiable to species were 

grouped to the nearest characteristic frequency (Fc) as follows: 20 kHz (20K), 30 kHz 

(30K), and 40 kHz (40K), and passes indistinguishable between L. noctivagans and E. 

fuscus (EPFU/LANO) (Table 2-3).  
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Table 2-3. Total migratory bat passes with match ratio ≥ 0.6 recorded in 2017 and 2018. 

Species groups include calls not readily identifiable to species with dominant 

frequencies of 20 kHz, 30 kHz, and 40 kHz. EPFU/LANO are L. noctivagans and calls 

indistinguishable between L. noctivagans and E. fuscus. LACI is L. cinereus and LABO 

is L. borealis.  

Species Group Total migratory bat passes 

LACI+LABO+EPFU/LANO+ 

20K+30K+40K 
21,604 

LACI 5,802 

LABO 7,019 

LANO 7,350 

EPFU/LANO 709 

  



29 

 

2.3.1 All migratory bats 

The top model explaining relative activity levels across the study area for all 

migratory bats included a random effect of site, and fixed effects of grid cell, year, day 

of year (a fourth order polynomial), and the offset for nightly recording hours. The 

dispersion component of the top model varied with day of year. The top model 

containing ecoregion was 15.3 AIC units below the top model with grid cell, so was not 

further assessed (Table 2-4).  
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Table 2-4. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

migratory bat activity across the study area in southern Saskatchewan. Migratory bat 

species included are L. cinereus, L. borealis, L. noctivagans, and call sequences 

unidentifiable to species with dominant frequencies of 20 kHz, 30 kHz, and 40 kHz. All 

conditional models include year and offset(log(hours)). All models include a 

random(intercept) effect of site. 

Spatial 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

Grid.num 4 ~DOY 6545.9 0.0 17 

Ecoregion 4 ~DOY 6561.1 15.3 

 

11 

Grid.num 4 ~1 6563.7 17.8 16 

Grid.num 3 ~1 6565.3 19.5 15 

None 4 ~DOY 6570.9 25.1 9 
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All migratory bats grouped (including species groups and individual migratory 

bat species) had significantly higher activity levels in grid cells in the eastern portion of 

the study area (grid cells 7,8,9) compared to grid cells in the mid (grid cells 4,5,6) and 

west positions (grid cells 1,2,3) (Table 2-5 and pairwise post hoc Tukey tests: p<0.05, 

Table A-2). Means for all migratory bats were 4 to 20-fold higher in the east compared 

to the west or mid-grid sites (Figure 2-4). Migratory bat activity in the northwest grid 

cell (1) was also significantly higher compared to adjacent grid cells (grid cells 2, 4; 

Figure 2-4). There was also an effect of year and day of year in the top model (Table 

2-5). 
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Table 2-5. Beta estimates and 95% confidence intervals of fixed effect covariates for the 

top model predicting relative migratory bat activity across the study area in southern 

Saskatchewan. Migratory bat species included are L. cinereus, L. borealis, L. 

noctivagans, and call sequences unidentifiable to species with dominant frequencies of 

20 kHz, 30 kHz, and 40 kHz. All models include a random(intercept) effect of site. 

Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Grid cell***     

Intercept 0.3952 -0.28 1.07 2.92E-10 

Grid cell - 2 (W-M) -2.9024 -3.80 -2.00 0.143092 

Grid cell - 3 (W-S) -0.7151 -1.67 0.24 0.000124 

Grid cell - 4 (M-N) -1.8507 -2.80 -0.91 0.024069 

Grid cell - 5 (M-M) -1.0936 -2.04 -0.14 0.381945 

Grid cell - 6 (M-S) -0.4183 -1.36 0.52 0.010865 

Grid cell - 7(E-N) 1.1435 0.26 2.02 0.799776 

Grid cell - 8 (E-M) 0.1218 -0.82 1.06 0.064543 

Grid cell - 9 (E-S) 0.8855 -0.05 1.82 <2.00E-

16 

DOY -26.4843 -29.74 -23.23 <2.00E-

16 

DOY2 -27.1208 -30.47 -23.77 3.78E-05 

DOY3 -7.428 -10.96 -3.90 0.198748 

DOY4 2.043 -1.07 5.16 0.019272 

Year(2018) -0.2347 -0.43 -0.04 2.92E-10 
                  *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

                **Bold indicates alpha probability <0.05 

***See Table 2-2 for covariate term definitions 
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Figure 2-4. Predicted migratory bat passes per night by grid location. Migratory bat 

species include: L. cinereus, L. borealis, L. noctivagans, and call sequences 

unidentifiable to species with dominant frequencies of 20 kHz, 30 kHz, and 40 kHz. Grid 

cells 1-3 are in the west, 4-6, are in the middle, and 7-9 are in the east. Predicted 

marginal effects means shown with 95% confidence intervals. 
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2.3.2  Silver-haired bats 

The top model explaining relative activity levels for the EPFU/LANO species 

group across the study area included a random effect of site, and fixed effects of grid 

cell, year, day of year (a fourth order polynomial), and the offset for nightly recording 

hours. The dispersion component of the top model varied with day of year (Table 2-6). 
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Table 2-6. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

silver-haired and big brown bat (EPFU/LANO species group) activity across the study 

area in southern Saskatchewan. All conditional models include year and 

offset(log(hours)). All models include a random(intercept) effect of site. 

Spatial 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

Grid.num 4 ~DOY 4613.5 0.0 17 

Ecoregion 4 ~DOY 4623.2 9.6 11 

None 4 ~DOY 4658.0 44.4 119 

Grid.num 3 ~1 4668.4 54.9 15 

Grid.num 4 ~1 4670.1 56.6 16 
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The EPFU/LANO species group had significantly higher activity levels in the 

grid cells in the eastern portion of the study area (grid cells 7,8,9) compared to grid cells 

in the mid (grid cells 4,5,6) and west positions (grid cells 1,2,3; Table 2-7 and pairwise 

post hoc Tukey tests: p<0.05, Table A-3). The effect size of the eastern grid cells on 

EPFU/LANO activity was two to four-fold higher in the east compared to the west or 

mid-grid sites (Figure 2-5). There was also an effect of year and day of year on the top 

model (Table 2-7). 
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Table 2-7. Beta estimates and 95% confidence intervals of fixed effect covariates for the 

top model predicting relative silver-haired and big brown bat (EPFU/LANO species 

group) bat activity across the study area in southern Saskatchewan. All conditional 

models include year and offset(log(hours)). All models include a random(intercept) 

effect of site. 

Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Grid cell***     

Intercept -1.98969 -2.51 -1.47 5.73E-14 

Grid cell - 2 (W-M) -0.98616 -1.67 -0.30 0.00495 

Grid cell - 3 (W-S) 0.07537 -0.63 0.78 0.83442 

Grid cell - 4 (M-N) -0.80994 -1.50 -0.12 0.02188 

Grid cell - 5 (M-M) -0.19252 -0.89 0.51 0.58969 

Grid cell - 6 (M-S) 0.19797 -0.49 0.88 0.57061 

Grid cell - 7(E-N) 3.31611 2.68 3.95 < 2e-16 

Grid cell - 8 (E-M) 1.97954 1.30 2.66 1.11E-08 

Grid cell - 9 (E-S) 3.44101 2.76 4.12 < 2e-16 

DOY -7.27745 -11.90 -2.65 0.00205 

DOY2 -28.9675 -33.45 -24.49 < 2e-16 

DOY3 -12.1842 -16.76 -7.61 1.76E-07 

DOY4 -0.33543 -3.94 3.27 0.85516 

Year(2018) -0.01211 -0.26 0.23 0.92222 
                *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

                **Bold indicates alpha probability <0.05 

***See Table 2-2 for covariate term definitions 
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Figure 2-5. Silver-haired bat (L. noctivagans) passes, and bat passes indistinguishable 

from big brown bats (E. fuscus) (EPFU/LANO species group) per night by grid location 

(west, mid-, east). There were two sites within each of nine grid cells across southern 

Saskatchewan. Predicted marginal effects means shown with 95% confidence intervals.  
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2.3.3 Hoary bats 

The top model explaining relative activity levels for hoary bats across the study 

area includes a random effect of site, and fixed effects of grid cell, year, day of year (a 

fourth order polynomial), and the offset for nightly recording hours. The dispersion 

component of the top model varied with day of year (Table 2-8).  
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Table 2-8. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

hoary bat activity across the study area in southern Saskatchewan. All conditional 

models include year and offset(log(hours)). All models include a random(intercept) 

effect of site. 

Spatial 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

Grid.num 4 ~DOY 3993.4 0.0 17 

Ecoregion 4 ~DOY 4003.2 9.8 11 

Grid.num 4 ~1 4005.5 1.1 16 

None 4 ~DOY 4016.7 12.9 9 

Grid.num 3 ~1 4008.0 14.6 15 
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Hoary bat activity was generally higher in the eastern grid cells, but there was 

also high hoary bat activity in the north- and southwestern grid cells (Figure 2-6).  

Pairwise comparisons on the effect of grid cell showed approximately 2.5 times 

greater effect size for higher hoary bat activity in the north and mid-eastern grid cells 

(7,8) compared to the middle (grid cells 4,5) and west positions (grid cells 2,3; Table 2-9 

and pairwise post hoc Tukey tests: p<0.05, Table A-4). However, hoary bat activity in 

the southeastern grid cell (9) did not differ from the southwestern (3) and mid-south (6) 

cells (Figure 2-6, Table 2-9 and pairwise post hoc Tukey tests: p>0.05, Table A-4). 

Unlike EPFU/LANO, hoary bat activity in the northwest (1) and southwest (3) corners of 

the study area did not differ from grid cells further east (4,6,7 or 9; Figure 2-6, Table 2-9 

and pairwise post hoc Tukey tests: p<0.05, Table A-4). There was also an effect of day 

of year in the top model (Table 2-8). 

  



42 

 

Table 2-9. Beta estimates and 95% confidence intervals of fixed effect covariates for the 

top model predicting relative hoary bat activity across the study area in southern 

Saskatchewan. All conditional models include year and offset(log(hours)). All models 

include a random(intercept) effect of site. 

Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Grid cell***     

Intercept -1.0166 -2.10 0.07 0.0667 

Grid cell - 2 (W-M) -3.567 -5.05 -2.09 2.38E-06 

Grid cell - 3 (W-S) -1.7296 -3.25 -0.21 0.026 

Grid cell - 4 (M-N) -2.0342 -3.57 -0.49 0.0096 

Grid cell - 5 (M-M) -0.2248 -1.73 1.28 0.77037 

Grid cell - 6 (M-S) 0.1829 -1.10 1.47 0.77987 

Grid cell - 7(E-N) 0.3866 -1.12 1.89 0.61511 

Grid cell - 8 (E-M) -0.1284 -1.64 1.39 0.86807 

Grid cell - 9 (E-S) -47.2206 -53.33 -41.11 < 2e-16 

DOY -33.8425 -40.50 -27.19 < 2e-16 

DOY2 -9.9808 -16.96 -3.00 0.00507 

DOY3 4.9106 -0.33 10.15 0.0662 

DOY4 -0.2896 -0.60 0.02 0.06658 

Year(2018) -1.0166 -2.10 0.07 0.0667 
                  *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

                **Bold indicates alpha probability <0.05 

***See Table 2-2 for covariate term definitions 
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Figure 2-6. . Hoary bat (L. cinereus) passes per night by grid location (west, mid-, east). 

There were two sites within each of nine grid cells across southern Saskatchewan. 

Predicted marginal effects means shown with 95% confidence intervals. 
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2.3.4 Eastern red bats 

The top model explaining relative activity levels for eastern red bats across the 

study area includes a random effect of site, and fixed effects of grid cell, year, day of 

year (a fourth order polynomial), and the offset for nightly recording hours (Table 2-10).  
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Table 2-10. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

eastern red bat activity across the study area in southern Saskatchewan. All conditional 

models include year and offset(log(hours)). All models include a random(intercept) 

effect of site. 

Spatial 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

Grid.num 4 ~DOY 3468.2 0.0 17 

Grid.num 4 ~1 3469.8 1.6 16 

Grid.num 3 ~DOY 3475.1 6.9 16 

Grid.num 3 ~1 3476.4 8.2 15 

None 4 ~DOY 3482.2 14.0 9 

Ecoregion 4 ~DOY 3485.0 16.8 11 
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Eastern red bat activity was highest in two grid cells in the northwest grid cell (1) 

and the northeast grid cell. The northwest grid cell (1) had significantly higher activity 

than other western grid cells (2,3) (Table 2-11, Figure 2-7, and pairwise post hoc Tukey 

tests p<0.05, Table A-5). The second peak activity area for red bats was the northeastern 

gird cell (7), which also had significantly higher activity compared to adjacent grid cells 

(4,8) (Table 2-11, Figure 2-7, pairwise post hoc Tukey tests p<0.05, Table A-5). 
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Table 2-11. Beta estimates and 95% confidence intervals and p-values of fixed effect 

covariates for the top models predicting relative eastern red bat activity across the study 

area in southern Saskatchewan. All conditional models include year and 

offset(log(hours)). All models include a random(intercept) effect of site. 

Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Grid cell***     

Intercept -0.5890 -1.71 0.53 0.304032 

Grid cell - 2 (W-M) -4.6176 -6.21 -3.02 1.34E-08 

Grid cell - 3 (W-S) -1.8906 -3.48 -0.30 0.019531 

Grid cell - 4 (M-N) -2.3386 -3.92 -0.76 0.003725 

Grid cell - 5 (M-M) -0.6375 -2.22 0.95 0.43078 

Grid cell - 6 (M-S) -0.9763 -2.54 0.58 0.220147 

Grid cell - 7(E-N) 0.4672 -1.00 1.93 0.531694 

Grid cell - 8 (E-M) -2.8346 -4.43 -1.24 0.000491 

Grid cell - 9 (E-S) -1.5309 -3.10 0.04 0.055905 

DOY -35.995 -43.41 -28.58 < 2e-16 

DOY2 -42.9366 -50.84 -35.03 < 2e-16 

DOY3 -10.955 -18.80 -3.11 0.006201 

DOY4 -9.6586 -16.21 -3.11 0.003866 

Year(2018) -0.4233 -0.72 -0.13 0.005303 
                  *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

                **Bold indicates alpha probability <0.05 

***See Table 2-2 for covariate term definitions 
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Figure 2-7. Eastern red bat (L. borealis) passes per night by grid location (west, mid-, 

east). There were two sites within each of nine grid cells across southern Saskatchewan. 

Predicted marginal effects means shown with 95% confidence intervals. 
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2.4 Discussion 

2.4.1 West-east trend and ecoregion associations 

Activity levels of all migratory bats taken together was greatest in the eastern 

portion of the province (Figure 2-4, Figure 2-5, Figure 2-6 and Figure 2-7), which 

supports my hypothesis that migratory bat activity is concentrated in areas that provide 

resources to migrating individuals. While migratory bats may use prominent landscape 

features as navigational guides during migration, we don’t have enough information to 

understand how and whether they are integrated into a cognitive map of their migratory 

route, but we know that access to roosting and foraging habitat are important during 

migration.  

The eastern portion of the province corresponds to the aspen parkland ecoregion 

(Figure 2-3). While ecoregion was not included in the top models predicting migratory 

bat activity, the eastern grid cells (7,8, and 9) are within the aspen parkland. There are no 

sites to the north of the study area within the aspen parkland. The eastward shift from 

moist mixed grassland to aspen parkland corresponds to an increase in aspen groves and 

surface water compared to the drier grassland ecoregions to the south and west 

(Canadian Plains Research Center 2005).  

All three migratory bat species preferentially roost in deciduous trees (Limpert et 

al. 2007, Baerwald and Barclay 2009, Klug et al. 2012). Hoary bats have also been found 

in spruce (Willis and Brigham 2005) and, on rare occasions, in shrubs during migration. 

However, these less suitable shrub roosts may increase their exposure to potential 

ground-level predators and may lack the necessary vertical drop required for take-off 

(Andrusiak 2008, Nanninga 2020). In the eastern U.S., red bats also showed a preference 
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for roosting in areas with mature deciduous forests, trees with ≥ 40 cm diameter at breast 

height (dbh), and access to edge habitats and open spaces like parks, golf courses, or 

open water (Limpert et al. 2007, Walters et al. 2007). Silver-haired bats use large, older 

deciduous trees with bark crevices or furrowed bark (Barclay et al. 1988, Crampton and 

Barclay 1998, Bohn 2017). Silver-haired bats may also be less selective during autumn 

migration: they have been found in live trees and manmade structures (McGuire et al. 

2012). 

These tree resources are much more widely available in the aspen parkland 

ecoregion in the eastern portion of the study area. A similar prairie to parkland (foothills) 

gradient is observed in Alberta, where Baerwald and Barclay (2009) found higher 

activity of hoary and silver-haired bats in the west along the foothills compared to more 

eastern prairie sites. It is possible that the Great Plains are less preferrable to migrating 

bats. Migratory bats spending the summer north of the Great Plains may preferentially 

skirt around the relatively tree and water-poor prairie ecozone while migrating. Further 

studies along the eastern and western edges of the Great Plains in the northern U.S. 

might help to clarify whether this pattern continues south of the Canada/U.S. border.  

Wieringa et al.’s (2021) recent estimation of the migratory pathways suggests 

potential migration routes for hoary bats going around and through the Great Plains, but 

their models show relatively low habitat suitability for hoary bats in the northern portion 

of the Great Plains during autumn. For eastern red bats, the models show no suitable 

autumn habitat in the Great Plains, and potential migration routes heading south and east 

from the Great Plains. For silver-haired bats, the models do show suitable habitat across 

the Great Plains in the autumn but predict migration routes heading south and west of 
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Lake Winnipeg, or south and east from the Rocky Mountains. However, the models were 

based on physical observations rather than acoustic data and did not contain a large 

number of observations from Canada.  

For an insectivorous bat species in Europe (Nyctalus leisleri), Ferreira et al. 

(2015) found that proximity to roosts (~ 3.5 km) increased bat fatality risk at a wind 

energy facilities. Thompson et al. (2017) also found that fatalities at wind energy 

facilities decreased with increasing grassland cover within 1 km. At a broader scale (25 

km), fatality risk has also been correlated with distance to forest (the inverse of 

grassland), as well as proportion of water and cropland (Baerwald 2018). This suggests 

that the broad landscape-level trends in bat activity observed here could relate to 

potential for fatalities at wind energy facilities.  

2.4.2 Eastern Red bats  

While mean Eastern red bat activity was higher in the eastern grid cells and aspen 

parkland (Figure 2-7), a large portion of this activity was driven by site 2 of the 

northeastern grid cell. The high activity this site requires additional study. It’s possible 

that this site is closer the eastern red bat core range (Cryan 2003, Wieringa et al. 2021). 

The site is also on a relatively large lake, which could provide good foraging habitat over 

the open water, where red bats have been shown to forage (Limpert et al. 2007, Walters 

et al. 2007).  

Unlike other migratory bat species, eastern red bats also had relatively high 

activity in the northwestern grid cell (grid cell 1; Figure 2-7). The sites in this grid cell 

are within 30 km of Lake Diefenbaker, a relatively large lake with open water. However, 

grid cells 4 and 5 also have lakes at similar distances form sampling sites. Additional 
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sampling in the surrounding area of grid cell 1 may help to identify resources or 

landscape features at a finer scale that are important to migrating eastern red bats.  

2.4.3 Conclusions 

While bats may occasionally be found in potentially sub-optimal roosts during 

migration, my results show that the greatest migratory bat activity is occurring in areas 

with higher concentrations of trees and water, such as the aspen parkland ecoregion of 

the prairies. Additional broad-scale acoustic studies south of the Canada/U.S. border 

would help to fill in the gaps in potential migration pathway mapping across the Great 

Plains.  

Knowing that these resources are particularly important for migrating bats, 

natural resource managers and wind energy planners can use that to their advantage in 

planning both habitat protection and wind energy development. This could include 

maintaining or even enhancing movement corridors or sufficient patches of suitable 

migratory bat habitat along the edges of the Great Plains. Planting hedgerows with 

deciduous trees likely to provide suitable day-roost sites for bats are one possible 

enhancement action. The idea of migration corridors has previously been successfully 

applied for other species, such as the Yellowstone to Yukon corridor for grizzly bears 

and other wildlife (Elmeligi 2008), or transboundary habitat restoration for monarch 

butterflies (Semmens et al. 2017). 

Wind energy planners may avoid areas of high bat activity by siting future wind 

energy facilities preferentially in the mixed grassland and moist mixed grassland 

ecoregions. This recommendation should be undertaken with caution until we better 
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understand how and at what scale bats are attracted to turbines (Cryan and Barclay 2009, 

Baerwald 2018).  

Maintaining adequate habitat free from wind energy facility-related risks is 

important as migratory bat populations face risks not only from wind energy facilities, 

but also habitat loss due to land conversion for agriculture or other industries, climate 

change leading to increased droughts, increased wildfires and insect population declines 

(Law and Blakey 2021, Smith et al. 2021).  
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Chapter 3:  Major river corridor movement patterns 

3.1 Introduction  

Many animals undertake seasonal movements over long distances, including 

whales, turtles, various fish species (e.g., bluefin tuna), bird species, monarch butterflies, 

ungulates (e.g. deer, caribou), equines (e.g. zebra), and bats (Wheat et al. 2017, Alerstam 

and Bäckman 2018, Merkle et al. 2019). Motivation for long-distance seasonal migration 

is thought to be linked to predictable patterns of resource availability (Wheat et al. 2017), 

such as winter food and water scarcity at high latitudes or competition for food or other 

resources during mid-low latitude dry seasons. Migration allows animals to avoid 

unfavourable conditions and access spatially disparate resources during critical life 

stages like reproduction and rearing young (Wheat et al. 2017).  

Connectivity between seasonal destinations is critical for a successful migration. 

For many animals, river valleys are thought to provide spatial linkages across 

landscapes. During migration, these corridors provide access to water and foraging 

habitat and refuges from some anthropogenic disturbance (Czochański and Wiśniewski 

2018). They provide a variety of things to different migrants, such as: stopover habitat 

for migrating birds (Finch and Yong 2000), topographic guides for migrating bison 

(Bruggeman et al. 2007), and travel corridors for frogs (Pilliod et al. 2002).  

For bats that spend their summers in the northern Great Plains, there are abundant 

insects and roosting habitat during spring and summer months (Fleming and Eby 2003), 

but unfavourable climatic conditions in the winter. In southern temperate latitudes, there 

may be decreased food availability in the drier season (Fleming and Eby 2003). While 
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many bat species overwinter at northern latitudes and hibernate in temperature-buffered 

shelters (Klüg-Baerwald et al. 2016), three species that summer in this region migrate 

south for the northern winter. These migratory tree-dependent bats are either long-

distance or partial migrants: the hoary bat (Lasiurus cinereus), the eastern red bat (L. 

borealis), and the silver-haired bat (Lasionycteris noctivagans) (e.g., Cryan 2003, 

Baerwald et al. 2014, Hayes et al. 2015, Wieringa et al. 2021). Long-distance migrants 

travel over 500 km between summer and winter ranges. Partial migrants may also travel 

these long distances, but some portions of their population may actually be sedentary or 

regional migrants (Fleming and Eby 2003). For this study, though silver-haired bats may 

be partial migrants with some populations overwintering at northern latitudes (e.g., 

British Columbia) (Cryan 2003), they are included with the long-distance migrants. 

Bats have the advantage of powered flight as their method of movement, much 

like birds. However, our understanding of their navigational abilities and external factors 

influencing migration routes for these mammals is limited (Holland 2009). Long-

distance movements between areas of seasonal resource abundance require both a map 

and compass (Kramer 1953 cited in Holland 2009). The map component is how the 

animal determines location relative to its destination, and the compass component 

determines the direction of flight needed to get there (Holland 2009). There is evidence 

that at least some bat species can form a cognitive map (Harten et al. 2020, Toledo et al. 

2020), but the actual extent of this capability is unknown.  

In terms of navigation, some species appear to have a magnetic sense, which may 

be linked to corneal sensitivity (Holland et al. 2008, Lindecke et al. 2021). If bats can 

sense location within the magnetic field, their “compass” likely requires latitudinal 
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calibration (Lindecke 2019). Different bat species probably have different ways of 

calibrating the magnetic compass, including sunset light polarization (Greif et al. 2014), 

solar disk position (Lindecke 2019), and starlight (Childs and Buchler 1981). This 

calibration appears to be learned during the first migration (Lindecke et al. 2019b) when 

young bats must learn the route to take. However, there is no evidence that young learn 

migration routes from their mothers (Baerwald and Barclay 2016). Egyptian fruit bat 

(Rousettus aegyptiacus) pups use exploratory flights to gradually expand their familiar 

home range (Toledo et al. 2020), though it is unknown how migratory species add visual 

landmarks to their migration route.  

Once the initial map and compass are calibrated, other sensory cues likely help 

the bat navigate, but it is unlikely to be echolocation. Echolocation, even using low 

frequencies, has a maximum range of ~20 - 50 m (Kick 1982, Stilz and Schnitzler 2012). 

Hoary bats, for example, can fly over 60 km in a night (Weller et al. 2016) and may not 

constantly use echolocation (Corcoran and Weller 2018). Beyond a familiar range, bats 

must rely on other senses for positional information (Williams et al. 1966, Toledo et al. 

2020). Harten et al. (2020) suggested that Egyptian fruit bats mainly use vision to assist 

their map-based navigation, and we know that big brown bats (Eptesicus fuscus) can 

perceive distant phenomena such as starlight and post-sunset glow (Buchler and Childs 

1982). However, we don’t know the distance at which bats can perceive landmarks such 

as river corridors or ridgelines during migration.  

River corridors may well serve as visual anchors or even directional guidelines 

for migratory movement using visual or auditory cues (Furmankiewicz and Kucharska 
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2009, Cortes and Gillam 2020). It is still unclear whether bats follow rivers as linear 

features like coastlines or highways (Harten et al. 2020).  

Besides their potential role in navigation, riparian areas provide habitat for 

insectivorous bats in the prairies. They provide bats with access to trees for day-roosting, 

as most of the trees and large shrubs are found in these prairie riparian zones (Holloway 

and Barclay 2000). Prairie rivers also concentrate prey (Holloway and Barclay 2000, 

Nelson and Gillam 2020). Energy reserves need to be built up for long-distance 

movements (Alerstam and Bäckman 2018). For bats, this is likely ongoing during 

migration (Reimer et al. 2010, Šuba et al. 2012) rather than relying on extended 

stopovers to refuel (McGuire et al. 2014). This means that access to food and roosting 

sources en route are important throughout migration.  

3.1.1 Wind turbine avoidance zones and bat fatalities at wind energy facilities 

Thus, a 5 km buffer around major river valleys is included in the Wind Turbine 

Avoidance Zones (hereafter, WTAZ; Saskatchewan Ministry of Environment 2017a). 

Bats are a critical guild for wind energy planners to consider. An estimated 

47,400 bats were killed annually at Canadian wind energy facilities, based on the 

installed capacity as of December 2013 (Zimmerling and Francis 2016). However, 

migratory bats may cross multiple borders (Cryan 2003) and thus, continental fatality 

estimates are the more appropriate metric. Estimates for Canada and the United States 

from the early 2010s varies from 450,000 bat fatalities/year (Cryan 2011) to 880,000 bat 

fatalities/year (Smallwood 2013). Projected increases in capacity by 2030 leads to a 

revised estimate of 166,000 bat fatalities/year in Canada (Zimmerling and Francis 2016). 

There is no current update for the U.S. annual fatality rate, but there was a median value 
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of 3.0 bat fatalities/MW generated/year in 2020 (Allison and Butryn 2020). With 118 

GW of installed capacity in 2020 (U.S. Energy Information Administration 2021), that 

would mean 354, 000 bats are killed annually across the United States. Smallwood 

(2020) estimated that 1.72 million bats have been killed at U.S wind energy facilities as 

of 2019, but that is likely an under-estimation due to inconsistencies in search intervals 

for carcasses.  

Across Canada and the United States, the three species of migratory tree-

dependent bats made up nearly 80% of bat fatalities at wind energy facilities from 2000 

to 2011(Arnett and Baerwald 2013), with the majority occurring during autumn 

migration (Arnett et al. 2008, Allison and Butryn 2020). Hoary bats represented 38% of 

fatalities (Arnett and Baerwald 2013). Depending on the initial hoary bat population size, 

population modelling projects severe population decline, or even extinction, before the 

year 2050 due to the estimated fatalities at wind energy-related facilities (Friedenberg 

2020).  

In addition to operational curtailment, new but promising mitigation technologies 

could help decrease fatality rates (e.g., Cryan 2020, Weaver et al. 2020, CanWEA et al. 

2018). However, the ideal way to reduce bat fatalities is to site wind energy facilities in 

areas where there are fewer migrating bats are available to be killed. This requires an 

understanding of migratory bat behaviour in relation to the distribution of wind energy 

facilities (CanWEA et al. 2018). Two hypotheses relating to these behaviours are: first, 

that bats may be attracted to operating wind energy facilities (Cryan and Barclay 2009, 

Solick et al. 2020b), and second that fatality rates may be correlated to landscape 

features, such as distance to forest and proportion of water, at a broad scale (i.e., 25 km) 
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(Baerwald 2018). Understanding these behaviours and areas that may concentrate 

migrating bats could help wind energy planners reduce overall bat fatalities at wind 

energy facilities. 

For these reasons, my purpose was to determine if migratory bat activity during 

autumn is concentrated along major river corridors included in the WTAZs 

(Saskatchewan Ministry of Environment 2017a). I hypothesized that migrating bats 

would concentrate flight activity within river corridors where food, water, and roosting 

habitat are abundant. If bats concentrate flight activity along river corridors, then I 

expected bat activity, measured as recorded echolocation calls per detector-night, to be 

greater within the riparian zone and that activity will decrease with increasing distance 

from the river.  

3.2 Methods 

3.2.1 Study area and sampling design 

I conducted the study within the 5 km buffer of four major river corridors in the 

southern third of Saskatchewan: the Frenchman River, the South Saskatchewan River, 

the Qu’Appelle River and the Assiniboine River (Figure 3-1). The 5 km buffer 

corresponds to the WTAZs, set by the Saskatchewan Ministry of Environment (2017a), 

which encompass landscape features considered to be sensitive or essential wildlife 

habitat (Saskatchewan Ministry of Environment 2017c). The study area was within five 

natural ecoregions from the Cypress Uplands to the Boreal Transition Ecoregions 

(Figure 3-2; Canadian Plains Research Center 2005).  
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Figure 3-1. Study area showing four major rivers with Wind Turbine Avoidance Zones (5 

km buffer) (adapted from Saskatchewan Ministry of Environment 2017). Red squares are 

two transect locations per river, with detectors placed at 0, 1, 3 and 5 km from the river. 

The Frenchman River transect 1 was different in 2018 and 2019 (F1A and F1B).  
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Figure 3-2. Study area showing four major rivers (5 km buffer) within natural 

ecoregions of Saskatchewan (Canadian Plains Research Center 2005). Red squares are 

two transect locations per river, with detectors placed at 0, 1, 3 and 5 km from the river. 

The Frenchman River transect 1 was different in 2018 and 2019 (F1A and F1B).  
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To assess levels of bat activity within these buffers, I used sixteen Wildlife 

Acoustics Song Meter SM2BAT-192X2 full-spectrum bat detectors (hereafter, SM2s) in 

four simultaneously recording transects. I randomly generated two transect locations 

along the river centerline for each river, one from each half of the river shapefile length. 

I placed transects at the closest accessible point to the randomly generated river location. 

Accessible locations included those ≤ 1 km from a road, with no steep terrain. Transects 

were established perpendicular to the river, with SM2s located as close as possible to the 

riparian zone (0 km), and at 1 km, 3 km and 5 km from the river. If access to selected 

sites was not granted by the landowner, the maximum acceptable deviation from a 

straight line transect was 800 m (the width of one quarter section in the township grid 

survey system). If that was not possible, another randomly generated km point for a 

transect was generated.  

In 2018, access permission was granted for only two SM2 detector locations (0 

and 1 km) at transect one on the Frenchman River. A new, complete transect was 

established in 2019 at another point along the river (Figure 3-1).  

To correspond with the autumn migration period (Lausen et al. 2010) I deployed 

SM2s from 30 July - 6 October in 2018 and 8 July - 6 October in 2019. Detectors were 

deployed on each transect for approximately two weeks, although occasionally, the time 

between transect rotations was longer (maximum of 37 nights). Depending on battery 

life, detectors recorded from 5 - 15 nights (mean = 11) per deployment. I alternated 

between the two transects on each river for subsequent deployments. To avoid detection 

bias, I rotated microphones among detectors, and detectors among distances from the 

river and among transects, as much as was logistically feasible.  
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At each deployment location, I placed SMX-U1 omnidirectional ultrasonic 

microphones 1-2 m off the ground, attached to a fence post or tree branch clear of 

vegetation. To secure the SM2 units from vandalism or theft, I did not elevate 

microphones further. I set the SM2s to record frequencies from 16 - 96 kHz (Table A) 

from sunset to sunrise each night. I calibrated detectors at the beginning of each season 

for sensitivity following Wildlife Acoustics specifications, followed by a quick system 

test (listened to instantaneous recording) before each deployment. Detection range varies 

with relative humidity, echolocation frequency, distance to the bat, and individual 

microphone signal-to-noise ratio (SNR). Approximate detection distances range from 20 

m (40 kHz echolocation calls) to 34 m (20 kHz calls), assuming 0 dB SNR for a bat 

calling at a sound pressure level of 94 dB at 20°C and 50% relative humidity (Agranat 

2014). 

All procedures were approved by the University of Regina President’s 

Committee on Animal Care (AUP 17-05) and were conducted under permits 

18FW069/18AR069 issued by the Saskatchewan Ministry of Environment. 

 

3.2.2 Acoustic data preparation 

I processed files with Kaleidoscope Pro Version 4.5.5. Maximum file length was 

15 s, time expansion factor 1, division ratio 8. The signal parameters were 16-120 kHz, 

1.5 to 30 ms, maximum of 500 ms intersyllable gap, and a minimum of three pulses. 

Species included in the Bats of North America 4.3.0 classifier, on the balanced accuracy 

setting, were Lasiurus cinereus, L. borealis, Lasionycteris noctivagans, Myotis lucifugus, 

M. septentrionalis, M. ciliolabrum, M. evotis, M. thysanodes, and Corynorhinus 
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townsendii. Although the last two have not previously been detected in Saskatchewan, I 

included them because they have been recorded south of the study area in Montana (pers. 

comm, C.L. Lausen).  

I manually vetted 10% of AUTO ID files (n = 3,240 out of 29,977 bat passes) to 

quantify the accuracy of Kaleidoscope AUTO ID for my dataset. I deemed at least three 

consecutive pulses less than or equal to one second apart as a bat pass (Reichert et al. 

2018). I used species groups to indicate bat passes without diagnostic search-phase calls 

or non-target species: EPFU/LANO (either E. fuscus or L. noctivagans, which are 

acoustically similar), 20K (short for unknown characteristic frequency (Fc) around 20 

kHz, either L. cinereus or L. noctivagans), 30K (Fc around 30 kHz, possibly L. cinereus, 

L. noctivagans, E. fuscus, or M. evotis), 40K (Fc around 40 kHz Myotis spp. or L. 

borealis), and MYSP (Myotis spp.). In files with multiple bats, I recorded unique species 

and/or at least two individuals of the same species (e.g., where overlapping calls made it 

difficult to distinguish total number of bats of the same species). Only 7.5% of the 

manually vetted calls contained more than one bat, and 2% of vetted files were not bats 

(e.g., Peromyscus or other rodents/insects).  

For non-vetted files, I accepted the AUTO ID if the match ratio was 0.6 or 

greater (number of pulses matching the AUTO ID result/number of pulses (Wildlife 

Acoustics Inc. 2020)). This likely under-represents the total number of bat passes, as it 

does not account for multiple bats per file. Other researchers have used a cut-off match 

ratio of 0.6 (Li et al. 2019, Springall et al. 2019) or 0.7 (Hunt 2017). To determine an 

appropriate cut-off for my data, I first vetted 10% of the files with a match ratio between 

0.6 and 0.8 (n = 1581), then calculated agreement between AUTO ID and MANUAL ID. 
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For match ratio 0.6-0.7, agreement was between 68%-95%, depending on species. When 

the closest frequency “Unknown” category was added for each species, the percent 

match jumped to 77-97% (Table 3-1), but this did not improve substantially for a match 

ratio of 0.7-0.8 (67-96% match, or 78-98% match with unknowns; Table 3-1). Therefore, 

I accepted an AutoID with match ratio ≥ 0.6 for my analysis. For the final data set 

(match ratio ≥ 0.6), the agreement between AUTO ID and MANUAL ID ranged from 

59.5% -78.4% (Table 3-1). 
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Table 3-1. Percent agreement between Auto ID and Manual ID for files with Match 

Ratio 0.6-1.0 

Species Group Match 

Ratio 

Range 

0.6-0.8 0.7-0.8 0.6-1.0 

LANO   94.8 96.3 78.4 

LANO + 20K 
 

96.81 97.65 79.5 

LACI   70.2 76.1 59.5 

LACI + UNLN20 
 

76.6 78.26 62.2 

EPFU   95.3 96.4 70.2 

EPFU + 30K 
 

95.26 96.4 70.5 

LABO   68.8 71.4 59.6 

LABO + 40K 
 

90 88.1 84 

MYSP   71.6 67.4 71.0 

MYSP + 40K 
 

94.9 94.07 87 
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3.2.3 Transect categorization by vegetation type 

I categorized the transects based on available habitat surrounding the river, 

similar to Holloway and Barclay (2000). “Grassland” rivers have little to no tree cover 

beyond the riparian zone, and within the riparian zone tree cover is absent or patchy. All 

Frenchman River (near Val Marie (F1A), Climax (F1B), and Ravenscrag (F2)) transects 

had shrubby vegetation in the riparian area, and pasture/prairie beyond that. The 

Qu’Appelle transect near Disley (Q1) had < 50 m of tree patches in the riparian area, and 

some patchy trees out to 250 m. The Riverhurst transect on the South Saskatchewan 

River (S1) has a riparian area with 45 m of shrubby vegetation, then some patchy trees 

interspersed with trailers out to 450 m.  

“Treed” rivers either have a continuous band of trees extending at least 250 m 

from the river or a large continuous band of trees going up the wide river valley. At 

Saskatoon (S2), the east bank has continuous trees 250 m up the bank and the west bank 

has continuous trees for up to 650 m from the river’s edge. On the Assiniboine River, the 

transect near Kamsack (A1) has a cultivated floodplain, but then continuous trees up a 

500 m gently sloping valley. The second Qu’Appelle River transect near Esterhazy (Q2) 

is similar to A1, in that the floodplain is cultivated, followed by a 2.5 km treed climb out 

of a sloping valley. Finally, the transect closest to Preeceville on the Assiniboine River 

(A2) had bands of trees up to 300 m on either bank, with many small lakes and large 

patches of trees in the surrounding area.  

3.2.4 Statistical modeling 

 I calculated average bat passes per night by species, river transect, and year. I ran 

models for each migratory bat species group (LACI, EPFU/LANO, and LABO) and for 



68 

 

all migratory bat passes (included LACI, EPFU/LANO, LABO, 20K, 30K and 40K 

categories). I fit negative binomial generalized linear mixed models (GLMMs) to assess 

variation in mean nightly migratory bat activity across the study area, while accounting 

for overdispersion in the data. I used a log link function for positive fitted values. Models 

were fit using program R version 4.1.1 (R Core Team 2021), and package glmmTMB 

(Brooks et al. 2017). Given that the landscape surrounding each transect differed along 

spatial gradients, I tested two possible parameters (River and Ecoregion) and a null 

spatial component to see which best explained geographic spatial variation in bat 

activity. I also assessed the effect of vegetation type with and without the spatial 

covariates. Models include a random effect of site. Additional covariates include year, 

day of year (continuous variable, where January 1 = 1), and an offset for the number of 

hours recorded per night (Table 3-2). For day of year, I assessed different polynomial 

structures for each species group to account for nonlinear variation in relative bat activity 

across the season. I further tested whether dispersion varied with day of year, and 

whether the random effect of transect varied with Distance (random slope). I used 

Akaike’s information criterion (AIC) to select the top performing day of year structure 

and top model containing each spatial covariate. Marginal effects means were plotted 

with the R package ggeffects (Lüdecke 2018), and I conducted pairwise post hoc Tukey 

tests with the package multcomp (Hothorn et al. 2008). 
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Table 3-2. Model variables used in candidate models for relative bat activity within 5 km 

of four rivers across southern Saskatchewan (Frenchman, South Saskatchewan, 

Qu’Appelle, and Assiniboine).  

Variable Description Abbreviation Type 

Day of Year Ordinal day of year (non-leap year) DOY Continuous 

Year Years (2018/2019) Year Categorical 

Transect Two transects per river Transect Categorical 

(Random effect) 

Distance Detector distance perpendicular to the 

river (0, 1, 3, 5 km) 

Distance Categorical 

River Four major rives in southern 

Saskatchewan 

River Categorical 

Ecoregion Ecoregion within Prairie Ecozone 

(Cypress Upland, mixed grassland, 

moist mixed grassland, aspen 

parkland, boreal transition) 

Ecoregion Categorical 

Vegetation Type of vegetation surrounding the 

river at each transect location 

(grassland or treed) 

Vegetation Categorical 

Sensor 

hours 

Number of hours recorded per night 

(offset to account for partial nights) 

hours Continuous 

Dispersion 

model 

The dispersion either applied 

consistently to all model parameters 

(~1) or was allowed to vary with Day 

of Year (~DOY) 

~1 or ~DOY N/A 
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3.3 Results 

I collected 391 detector nights of data in 2018, and 1,269 detector nights in 2019. 

Kaleidoscope Pro identified 168,866 recordings to species. Of these, 18,182 were 

migratory bats or species group passes with a match ratio of ≥ 0.6. Migratory bats 

recorded included L. cinereus (LACI), L. borealis (LABO), and L. noctivagans (LANO). 

Species groups included: passes not identifiable to species at or near 20 kHz (20K), 30 

kHz (30K), and 40 kHz (40K), and passes indistinguishable between E. fuscus and L. 

noctivagans and (EPFU/LANO) (Table 3-3).  
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Table 3-3. Total migratory bat passes with match ratio ≥ 0.6 recorded in 2018 and 2019. 

Species groups include calls not readily identifiable to species with dominant 

frequencies of 20 kHz, 30 kHz, and 40 kHz. EPFU/LANO are L. noctivagans and calls 

indistinguishable between L. noctivagans and E. fuscus. LACI is L. cinereus and LABO 

is L. borealis.  

Species Group Total migratory bat passes 

All migratory bats 

(LACI+LABO+EPFU/LANO+ 

20K+UKN30+UKN40) 

18,182 

LACI 3,783 

LABO 2,593 

LANO 10,335 

EPFU/LANO 1,139 
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3.3.1 All migratory bats 

The top model explaining relative activity levels for all migratory bats along the 

5 km transects from the four rivers of the study area included a random effect of transect, 

and fixed effects for distance from the river, ecoregion, year, day of year (a fourth order 

polynomial), and the offset for nightly recording hours. The dispersion component of the 

top model varied with day of year (Table 3-4). The ΔAIC between top models containing 

ecoregion and surrounding vegetation type components differed by only 0.5, and the top 

model containing River was within 2.1 AIC units of the top model. All three were 

selected for further analysis (Table 3-4). Marginal effects of the ecoregion covariate on 

bat activity were assessed from the top model containing ecoregion, the top model 

containing both ecoregion and vegetation covariates was used to assess the marginal 

effects of the vegetation type covariate, and the top model containing river was used to 

assess the marginal effects of the river covariate (Table 3-4 and Table 3-5).  
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Table 3-4. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

migratory bat activity at four rivers in southern Saskatchewan (Frenchman, South 

Saskatchewan, Qu’Appelle, and Assiniboine). Migratory bat species included are L. 

cinereus, L. borealis, L. noctivagans, and call sequences unidentifiable to species with 

dominant frequencies of 20 kHz, 30 kHz, and 40 kHz. All conditional models include 

Distance, year and offset(log(hours)). All models include a random(intercept) effect of 

transect. 

Spatial 

Covariate 

Vegetation 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

Ecoregion None 4 ~DOY 8256.6 0.0 16 

Ecoregion Vegetation 4 ~DOY 8257.1 0.5 17 

River Vegetation 4 ~DOY 8258.7 2.1 16 

River None 4 ~DOY 8259.4 2.8 15 

None Vegetation 3 ~DOY 8260.5 3.9 12 

 

Table 3-5. Beta estimates and 95% confidence and p-values intervals of fixed effect 

covariates for the top models predicting relative migratory bat activity at four rivers in 

southern Saskatchewan (Frenchman, South Saskatchewan, Qu’Appelle, and 

Assiniboine). Migratory bat species included are L. cinereus, L. borealis, L. noctivagans, 

and call sequences unidentifiable to species with dominant frequencies of 20 kHz, 30 

kHz, and 40 kHz. All models include a random(intercept) effect of transect. 

Variables Estimate Lower 

CI* 

Upper 

CI 

Pr(>|z|)** 

Ecoregion***     

Intercept 433.82807 91.06 776.60 0.01312 

Distance - 1 -1.19798 -1.39 -1.01 < 2e-16 

Distance - 3 -1.4931 -1.70 -1.29 < 2e-16 

Distance - 5 -2.12397 -2.31 -1.94 < 2e-16 

DOY1 -38.6532 -42.53 -34.78 < 2e-16 

DOY2 -42.83416 -46.79 -38.88 < 2e-16 

DOY3 5.02365 0.80 9.25 0.01985 

DOY4 2.525 -1.06 6.11 0.16735 

Year -0.21415 -0.38 -0.04 0.01344 

Ecoregion - Boreal Transition -0.56084 -1.74 0.62 0.35168 
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Variables Estimate Lower 

CI* 

Upper 

CI 

Pr(>|z|)** 

Ecoregion - Cypress Upland -2.26944 -3.63 -0.91 0.00109 

Ecoregion - Mixed Grassland -3.53799 -4.78 -2.30 2.37E-08 

Ecoregion - Moist Mixed Grassland -1.05154 -2.17 0.07 0.06519 

Ecoregion + Vegetation**     

Intercept 445.4167 101.85 788.99 0.011054 

Distance - 1 -1.49402 -1.63 -1.36 < 2e-16 

Distance - 3 0.28393 0.15 0.42 4.77E-05 

Distance - 5 -0.27637 -0.41 -0.14 6.11E-05 

DOY1 -38.7224 -42.61 -34.84 < 2e-16 

DOY2 -42.8295 -46.79 -38.87 < 2e-16 

DOY3 4.84589 0.60 9.09 0.025393 

DOY4 2.61759 -0.97 6.21 0.152691 

Year -0.22084 -0.39 -0.05 0.010995 

Ecoregion - Boreal Transition -0.56122 -1.63 0.51 0.303702 

Ecoregion - Cypress Upland -1.56238 -3.20 0.07 0.061304 

Ecoregion - Mixed Grassland -2.84283 -4.41 -1.28 0.000362 

Ecoregion - Moist Mixed Grassland -0.57886 -1.82 0.66 0.360799 

Vegetation - Treed 0.71195 -0.37 1.79 0.196391 

River + Vegetation**     

Intercept 426.76549 84.39 769.14 0.0146 

Distance - 1 -1.48631 -1.62 -1.35 < 2e-16 

Distance - 3 0.28177 0.14 0.42 5.41E-05 

Distance - 5 -0.2777 -0.41 -0.14 5.59E-05 

DOY1 -38.79998 -42.68 -34.92 < 2e-16 

DOY2 -42.75357 -46.71 -38.80 < 2e-16 

DOY3 5.17531 0.95 9.40 0.0163 

DOY4 2.65547 -0.93 6.24 0.1469 

Year -0.21202 -0.38 -0.04 0.0143 

River - Frenchman -1.48242 -3.00 0.03 0.0549 

River - Qu’Appelle 0.0293 -1.20 1.26 0.9629 

River - S. Saskatchewan 0.51619 -0.72 1.75 0.4132 

Vegetation - Treed 1.00096 -0.11 2.11 0.0772 
       *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

      **Bold indicates alpha probability <0.05 

   ***See Table 3-2 for covariate term definitions 
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Relative migratory bat activity was three times greater close to the river (0 km) 

compared to activity at 1 km, and activity continued to decrease out to 5 km. All 

pairwise comparisons of bat activity between distances from the river were significant 

(Figure 3-3, Table 3-5 and post hoc Tukey tests, p <0.05, Table A-7).  
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Figure 3-3. Predicted migratory bat passes per night as a function of distance from four 

rivers combined (Assiniboine, Frenchman, Qu’Appelle, South Saskatchewan) for 2018 

and 2019. Migratory bat species included are L. cinereus, L. borealis, L. noctivagans, 

and call sequences unidentifiable to species with dominant frequencies of 20 kHz, 30 

kHz, and 40 kHz. Predicted marginal effects means with 95% confidence intervals.  
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Relative migratory bat activity was significantly higher in the aspen parkland 

ecoregion compared to either cypress upland (nearly ten-fold increase) or mixed 

grassland ecoregions (nearly thirty-five times). In the moist mixed grassland ecoregion, 

relative migratory bat activity was twelve times higher than migratory bat activity in the 

mixed grassland ecoregion. The boreal transition ecozone relative migratory bat activity 

was significantly higher than migratory bat activity in cypress upland or mixed grassland 

ecoregions (Figure 3-4, Table 3-5 and post hoc Tukey tests, p <0.05, Table A-8).  
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Figure 3-4. Predicted Migratory bat passes per by ecoregion as a function of distance 

from four rivers in Saskatchewan (RA =Assiniboine, RF =Frenchman, RQ =Qu’Appelle, 

RS= South Saskatchewan) in 2018 and 2019. Migratory bat species included are L. 

cinereus, L. borealis, L. noctivagans, and call sequences unidentifiable to species with 

dominant frequencies of 20 kHz, 30 kHz, and 40 kHz. Predicted marginal effects means 

shown with 95% confidence intervals.  
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In the top model containing River as the spatial covariate, differences in 

migratory bat activity among rivers were not significantly different, except for the 

difference in activity at the South Saskatchewan versus the Frenchman River (Figure 

3-5, Table 3-5 and post hoc Tukey tests, p <0.05, Table A-9).  
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Figure 3-5. Predicted Migratory bat passes per night as a function of distance from four 

rivers in Saskatchewan (RA =Assiniboine, RF =Frenchman, RQ =Qu’Appelle, RS= 

South Saskatchewan) in 2018 and 2019. Migratory bat species included are L. cinereus, 

L. borealis, L. noctivagans, and call sequences unidentifiable to species with dominant 

frequencies of 20 kHz, 30 kHz, and 40 kHz. Predicted marginal effects means shown with 

95% confidence intervals.  
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Differences in relative migratory bat activity between rivers surrounded by 

different vegetation types were not statistically significant in any of the top models 

(Figure 3-6, Table 3-5 and post hoc Tukey tests, p >0.05, Table A-10). 

  



82 

 

 

 

 

 

 

 

 

Figure 3-6. Predicted migratory bat passes per night in 2018 and 2019 with distance 

from four rivers in Saskatchewan grouped by type of vegetation surrounding the river 

valley (Grassland transects = Frenchman 1 and 2, Qu’Appelle 1, and South 

Saskatchewan 1. Treed transects = South Saskatchewan 2, Qu’Appelle 2, and 

Assiniboine 1 and 2). Migratory bat species included are L. cinereus, L. borealis, L. 

noctivagans, and call sequences unidentifiable to species with dominant frequencies of 

20 kHz, 30 kHz, and 40 kHz. Predicted marginal effects means shown with 95% 

confidence intervals. 
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3.3.2 Silver-haired bats 

The top model explaining relative activity levels for the EPFU/LANO species 

group along 5 km transects from the four rivers of the study area includes a random 

effect of transect, and fixed effects for distance from the river (ordered factor with four 

levels: 0, 1, 3, and 5 km), ecoregion, vegetation type, year, day of year (a fourth order 

polynomial), and the offset for nightly recording hours. The dispersion component of the 

top model varied with day of year. The top model containing River was 5.4 AIC units 

below the top model and not assessed further (Table 3-6 and Table 3-7). 
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Table 3-6. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

silver-haired and big brown bat (EPFU/LANO species group) activity at four rivers in 

southern Saskatchewan (Frenchman, South Saskatchewan, Qu’Appelle, and Assiniboine. 

All conditional models include Distance, year and offset(log(hours)). All models include 

a random(intercept) effect of transect. 

Spatial 

Covariate 

Vegetation 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

Ecoregion Vegetation 4 ~DOY 6566.2 0.0 17 

None Vegetation 3 ~DOY 6569.3 3.1 12 

River Vegetation 4 ~DOY 6571.6 5.4 16 

Ecoregion None 4 ~DOY 6575.5 9.3 16 

None Vegetation 4 ~DOY 6579.4 13.2 15 

 

Table 3-7. Beta estimates and 95% confidence and p-values intervals of fixed effect 

covariates for the top models predicting relative silver-haired and big brown bat 

(EPFU/LANO species group) activity at four rivers in southern Saskatchewan 

(Frenchman, South Saskatchewan, Qu’Appelle, and Assiniboine). All models include a 

random(intercept) effect of transect. 

Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Ecoregion+ Vegetation***     

Intercept 634.0111 252.67 1015.35 0.00112 

Distance - 1 -0.954 -1.17 -0.74 < 2e-16 

Distance - 3 -1.3692 -1.60 -1.14 < 2e-16 

Distance - 5 -1.7965 -2.01 -1.58 < 2e-16 

DOY1 -34.3761 -39.83 -28.92 < 2e-16 

DOY2 -52.0126 -57.79 -46.23 < 2e-16 

DOY3 3.8418 -1.95 9.63 0.1934 

DOY4 -1.0723 -5.88 3.74 0.66214 

Year -0.3144 -0.50 -0.13 0.00111 

Ecoregion - Boreal Transition -0.7132 -1.33 -0.10 0.02303 

Ecoregion - Cypress Upland -1.0825 -2.04 -0.13 0.02654 

Ecoregion - Mixed Grassland -2.3571 -3.35 -1.36 3.23E-06 

Ecoregion - Moist Mixed Grassland -0.5736 -1.30 0.15 0.12122 
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Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Vegetation - Treed 1.8133 1.16 2.46 4.55E-08 

Null spatial covariate + Vegetation**     

Intercept 571.4896 187.71 955.27 0.003516 

Distance - 1 -1.28663 -1.44 -1.13 < 2e-16 

Distance - 3 0.26551 0.11 0.42 0.000747 

Distance - 5 -0.12946 -0.28 0.02 0.098698 

DOY1 -34.1517 -39.54 -28.76 < 2e-16 

DOY2 -51.4817 -56.29 -46.67 < 2e-16 

DOY3 5.3619 0.08 10.65 0.046813 

Year -0.2846 -0.47 -0.09 0.003345 

Vegetation - Treed 2.57436 1.68 3.47 2.00E-08 
          *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

      **Bold indicates alpha probability <0.05 

   ***See Table 3-2 for covariate term definitions 
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Relative activity of EPFU/LANO species group bats was five times higher at the 

river (0 km) than at 1 km, and dropped again by half by 3 km, and halved again by 5 km 

(Figure 3-7). Pairwise comparisons of differences among EPFU/LANO bat activity were 

significant among all distances (Figure 3-7 and post hoc Tukey tests, p <0.05, Table 

A-11). 
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Figure 3-7. Silver-haired bat (L. noctivagans)/big brown bat (E. fuscus) species group 

passes per night as a function of distance from four rivers combined (Assiniboine, 

Frenchman, Qu’Appelle, South Saskatchewan) for 2018 and 2019. Predicted marginal 

effects means shown with 95% confidence intervals. 
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EPFU/LANO activity in the mixed grassland ecoregion was significantly lower 

than all other ecoregions (aspen parkland, boreal transition, cypress upland, and moist 

mixed grassland. Although EPFU/LANO activity in the aspen parkland was at least 

twice as high as other ecoregions, no other differences in EPFU/LANO activity were 

significant among ecoregions (Figure 3-8, Table 3-7 and post hoc Tukey tests, p <0.05, 

Table A-12 and Table A-11). 
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Figure 3-8. Silver-haired bat (L. noctivagans)/big brown bat (E. fuscus) species group 

passes per night by ecoregion as a function of distance from four rivers in Saskatchewan 

(Assiniboine, Frenchman, Qu’Appelle, South Saskatchewan) in 2018 and 2019. 

Predicted marginal effects means shown with 95% confidence intervals. 

  



90 

 

Rivers surrounded by treed vegetation had five times more EPFU/LANO activity 

at the river compared to rivers surrounded by grassland vegetation. EPFU/LANO activity 

at treed rivers was greater than the activity at grassland rivers out to 5 km. The difference 

between EPFU/LANO activity at treed and grassland rivers was significantly different 

(Figure 3-9, Table 3-5 and post hoc Tukey tests p<0.05, Table A-13). 
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Figure 3-9. Silver-haired bat (L. noctivagans)/big brown bat (E. fuscus) species group 

passes per night in 2018 and 2019 with distance from four rivers in Saskatchewan 

grouped by type of vegetation surrounding the river valley (Grassland transects = 

Frenchman 1 and 2, Qu’Appelle 1, and South Saskatchewan 1. Treed transects = South 

Saskatchewan 2, Qu’Appelle 2, and Assiniboine 1 and 2). Predicted marginal effects 

means shown with 95% confidence intervals. 
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3.3.3 Hoary bats 

The top model explaining relative activity levels for hoary bats along 5 km 

transects from the four rivers of the study area includes a random effect of transect, and 

fixed effects for distance from the river (ordered factor with four levels: 0, 1, 3, and 5 

km), ecoregion, year, day of year (a fourth order polynomial), and the offset for nightly 

recording hours. The dispersion component of the top model varied with day of year 

(Table 3-4). The ΔAIC between top models containing ecoregion and River components 

differed by 10.5 AIC units, so it was not further assessed (Table 3-8 and Table). 

  



93 

 

Table 3-8. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

hoary bat activity at four rivers in southern Saskatchewan (Frenchman, South 

Saskatchewan, Qu’Appelle, and Assiniboine). All conditional models include Distance, 

year and offset(log(hours)). All models include a random(intercept) effect of transect. 

Spatial 

Covariate 

Vegetation 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

Ecoregion Vegetation 4 ~DOY 5072.4 0.0 17 

Ecoregion Vegetation 3 ~DOY 5075.9 3.5 16 

Ecoregion None 4 ~DOY 5076.4 4.0 16 

River Vegetation 4 ~DOY 5082.8 10.4 16 

River None 4 ~DOY 5082.9 10.5 15 

None Vegetation 3 ~DOY 5085.8 13.4 12 

Table 3-9. Beta estimates and 95% confidence and p-values intervals of fixed effect 

covariates for the top models predicting relative hoary bat activity at four rivers in 

southern Saskatchewan (Frenchman, South Saskatchewan, Qu’Appelle, and 

Assiniboine). All models include a random(intercept) effect of transect. 

Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Ecoregion+ Vegetation***     

Intercept 28.60849 -413.45 470.67 0.89907 

Distance - 1 -1.27228 -1.52 -1.02 < 2e-16 

Distance - 3 -1.7429 -2.02 -1.46 < 2e-16 

Distance - 5 -2.45138 -2.72 -2.18 < 2e-16 

DOY1 -44.1458 -49.67 -38.63 < 2e-16 

DOY2 -25.417 -30.78 -20.05 < 2e-16 

DOY3 6.849739 1.26 12.44 0.01635 

DOY4 5.591077 0.80 10.38 0.02222 

Year -0.01461 -0.23 0.20 0.89593 

Ecoregion - Boreal Transition 0.154614 -0.17 0.48 0.35004 

Ecoregion - Cypress Upland -0.43318 -0.95 0.09 0.1034 

Ecoregion - Mixed Grassland -1.97488 -2.70 -1.25 9.29E-08 

Ecoregion - Moist Mixed Grassland 0.007051 -0.41 0.42 0.97346 

Vegetation - Treed 0.602402 0.22 0.98 0.00197 
        *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

      **Bold indicates alpha probability <0.05 

   ***See Table 3-2 for covariate term definitions  
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Hoary bat activity was significantly higher close to the river (0 km). Hoary bat 

activity dropped 4.5 times lower at 1 km, then down by half again at both 3 km and 5 

km, respectively. All differences among distances were significant at the 0.05 alpha level 

(Figure 3-10, Table 3-9 and post hoc Tukey tests p<0.05, Table A-14). 
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Figure 3-10. Hoary bat (L. cinereus) passes per night as a function of distance from four 

rivers combined (Assiniboine, Frenchman, Qu’Appelle, South Saskatchewan) for 2018 

and 2019. Predicted marginal effects means shown with 95% confidence intervals. 
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When averaged across distances, predicted mean hoary bat activity for all 

ecoregions was less than one pass per night. Hoary bat activity was greatest along rivers 

in the aspen parkland, boreal transition, and moist mixed grassland ecoregions. 

Differences among these three ecoregions were not significant. The lowest hoary bat 

activity was along rivers in the mixed grassland ecoregion, at six times less activity than 

predicted for the aspen parkland, boreal transition or moist mixed grassland. However, 

activity at the transect near Ravenscrag in the Cypress Upland ecoregion, was four times 

greater than hoary bat activity near Climax in the mixed grassland ecoregion (Figure 

3-11, Table 3-9 and post hoc Tukey tests p<0.05, Table A-15). 
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Figure 3-11. Hoary bat (L. cinereus) passes per night by ecoregion as a function of 

distance from four rivers in Saskatchewan (Assiniboine, Frenchman, Qu’Appelle, South 

Saskatchewan) in 2018 and 2019. Predicted marginal effects means shown with 95% 

confidence intervals. 
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Rivers surrounded by treed vegetation had nearly two times more hoary bat 

activity compared to rivers surrounded by grassland vegetation. Hoary bat activity at 

treed rivers was greater than the activity at grassland rivers out to 5 km. The difference 

between hoary activity at treed and grassland rivers was significantly different (Figure 

3-12, Table 3-9 and post hoc Tukey test p<0.05 Table A-16). 
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Figure 3-12. Hoary bat (L. cinereus) passes per night in 2018 and 2019 with distance 

from four rivers in Saskatchewan grouped by type of vegetation surrounding the river 

valley (Grassland transects = Frenchman 1 and 2, Qu’Appelle 1, and South 

Saskatchewan 1. Treed transects = South Saskatchewan 2, Qu’Appelle 2, and 

Assiniboine 1 and 2). Predicted marginal effects means shown with 95% confidence 

intervals. 
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3.3.4 Eastern red bats 

The top model explaining relative activity levels for eastern red bats along 5 km 

transects from the four rivers of the study area includes a random effect of transect, and 

fixed effects for distance from the river (ordered factor with four levels: 0, 1, 3, and 5 

km), river, year, day of year (a fourth order polynomial), and the offset for nightly 

recording hours. The dispersion component of the top model varied with day of year 

(Table 3-4). The ΔAIC between top models containing river and ecoregion components 

differed by 2.4 AIC units, so the two top models were further assessed (Table 3-10 and 

Table 3-11). 
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Table 3-10. Top five and null generalized linear mixed models, Akaike’s information 

criterion(AIC), model rankings (ΔAIC), and model covariates for predicting relative 

eastern red bat activity at four rivers in southern Saskatchewan (Frenchman, South 

Saskatchewan, Qu’Appelle, and Assiniboine). All conditional models include Distance, 

year and offset(log(hours)). All models include a random(intercept) effect of transect. 

Spatial 

Covariate 

Vegetation 

Covariate 

Day of 

Year 

polynomial 

level 

Dispersion 

Model 

AIC ΔAIC df 

River Vegetation 4 ~DOY 2826.1 0.0 16 

Ecoregion Vegetation 4 ~DOY 2828.5 2.4 17 

River None 4 ~DOY 2828.5 2.5 15 

Ecoregion None 4 ~DOY 2830.9 4.9 16 

River None 3 ~DOY 2831.0 5.0 14 

None Vegetation 3 ~DOY 2831.0 5.0 11 

 

Table 3-11. Beta estimates and 95% confidence and p-values intervals of fixed effect 

covariates for the top models predicting relative eastern red bat activity at four rivers in 

southern Saskatchewan (Frenchman, South Saskatchewan, Qu’Appelle, and 

Assiniboine). All models include a random(intercept) effect of transect. 

Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

River + Vegetation***     

Intercept -289.898 -942.13 362.34 0.383676 

Distance - 1 -1.0513 -1.40 -0.70 4.48E-09 

Distance - 3 -1.2889 -1.66 -0.92 6.05E-12 

Distance - 5 -1.7211 -2.11 -1.33 < 2e-16 

DOY1 -28.7916 -38.43 -19.15 4.79E-09 

DOY2 -42.9898 -52.47 -33.51 < 2e-16 

DOY3 11.703 2.59 20.82 0.011841 

DOY4 8.439 0.80 16.08 0.030395 

Year 0.1436 -0.18 0.47 0.383814 

River - Frenchman -4.232 -6.37 -2.10 0.000102 

River - Qu’Appelle -1.5148 -3.23 0.20 0.082711 

River - S. Saskatchewan -0.6388 -2.38 1.10 0.471648 

Vegetation - Treed -1.9344 -3.48 -0.39 0.014211 
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Variables Estimate Lower 

CI* 

Upper 

CI* 

Pr(>|z|)** 

Ecoregion+ Vegetation**     

Intercept -296.738 -950.33 356.86 0.37355 

Distance - 1 -1.0539 -1.41 -0.70 4.19E-09 

Distance - 3 -1.294 -1.66 -0.93 5.39E-12 

Distance - 5 -1.7336 -2.13 -1.34 < 2e-16 

DOY1 -28.834 -38.51 -19.15 5.29E-09 

DOY2 -42.9921 -52.51 -33.48 < 2e-16 

DOY3 11.4267 2.25 20.60 0.01467 

DOY4 8.6819 1.01 16.35 0.02657 

Year 0.1469 -0.18 0.47 0.37385 

Ecoregion - Boreal Transition 0.6236 -1.31 2.55 0.52636 

Ecoregion - Cypress Upland -4.2726 -7.26 -1.28 0.0051 

Ecoregion - Mixed Grassland -4.0417 -6.90 -1.18 0.00564 

Ecoregion - Moist Mixed Grassland -0.9742 -3.24 1.29 0.39952 

Vegetation - Treed -2.4528 -4.43 -0.48 0.01482 
        *CI = Confidence Interval (Lower = 2.5%, Upper = 97.5%) 

      **Bold indicates alpha probability <0.05 

   ***See Table 3-2 for covariate term definitions 
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Eastern red bat activity was significantly higher closest to the river (0 km) than 

all other distances. Activity was nearly three times higher at the river compared to 1 km. 

Activity at 1 km was double the activity at 5 km from rivers, which was also 

significantly different (Figure 3-13, Table 3-11 and post hoc Tukey tests p<0.05, Table 

A-17). 
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Figure 3-13. Eastern red bat (L. borealis) passes per night as a function of distance from 

four rivers combined (Assiniboine, Frenchman, Qu’Appelle, South Saskatchewan) for 

2018 and 2019. Predicted marginal effects means shown with 95% confidence intervals. 
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Eastern red bat activity was highest at river transects in the boreal transition 

ecoregion (along the Assiniboine River). Although eastern red bat activity in the boreal 

transition ecoregion was nearly double the predicted activity for aspen parkland river 

transects, this difference was not significant. Predicted mean eastern red bat activity at 

both aspen parkland and boreal transition river transects was significantly higher than 

eastern red bat activity at river transects located in the Cypress uplands and Mixed 

Grasslands. Eastern red bat activity at the mixed grassland and Cypress uplands river 

transects were also significantly lower than activity at transects located in the moist 

mixed grasslands ecoregion (Figure 3-14, Table 3-11 and post hoc Tukey tests p<0.05, 

Table A-18). 
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Figure 3-14. Eastern red bat (L. borealis) passes per night by ecoregion as a function of 

distance from four rivers in Saskatchewan (Assiniboine, Frenchman, Qu’Appelle, South 

Saskatchewan) in 2018 and 2019. Predicted marginal effects means shown with 95% 

confidence intervals. 
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Eastern red bat activity was highest along transects on the Assiniboine River, and 

lowest at transects on the Frenchman River. Eastern red bat activity at the Frenchman 

River was significantly lower than activity at all other rivers (Figure 3-15, Table 3-11 

and post hoc Tukey tests p<0.05 Table A-19). At the sites closest to the river (0 km), 

eastern red bat activity was twice that recorded at the river (0 km) along the South 

Saskatchewan River Transects, four times the activity recorded at the Qu’Appelle River, 

and nearly 70 times the eastern red bat activity at the Frenchman River. Roughly this 

same relationships among the rivers existed for bat activity recorded at 1 km, 3 km and 5 

km (Figure 3-15). 
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Figure 3-15. Eastern red bat (L. borealis) passes per night as a function of distance from 

four rivers in Saskatchewan (Assiniboine, Frenchman, Qu’Appelle, South Saskatchewan) 

in 2018 and 2019. Predicted marginal effects means shown with 95% confidence 

intervals. 
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Eastern red bat activity was higher at river transects surrounded by grassland 

vegetation compared to river transects surrounded by treed vegetation. Closest to the 

river (0 km), mean eastern red bat activity at grassland rivers was nearly fifteen times 

greater than activity at treed rivers. By 5 km from the river, there was still a predicted 

five-fold increase in red bat activity at grassland rivers compared to activity at treed 

rivers (Figure 3-16, Table 3-11 and post hoc Tukey tests p<0.05, Table A-20).  
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Figure 3-16. Eastern red bat (L. borealis) passes per night in 2018 and 2019 with 

distance from four rivers in Saskatchewan grouped by type of vegetation surrounding the 

river valley (Grassland transects = Frenchman 1 and 2, Qu’Appelle 1, and South 

Saskatchewan 1. Treed transects = South Saskatchewan 2, Qu’Appelle 2, and 

Assiniboine 1 and 2). Predicted marginal effects means shown with 95% confidence 

intervals. 
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3.4 Discussion 

As hypothesized, I found that overall migratory bat activity was greatest within 

the riparian area (0 km) of the four major rivers assessed within Saskatchewan’s Prairie 

ecozone. The greatest drop-off in activity with distance from the river occurred within 1 

km of the river (Figure 3-3, Figure 3-7, Figure 3-10 and Figure 3-13). This finding is 

consistent with the idea that access to trees and water are important for migrating bats 

(Holloway and Barclay 2000, Baerwald and Barclay 2009).  

Despite activity for all migratory bat species being low at 5 km, activity does not 

drop off to zero beyond 1 km from rivers. This could be consistent with the idea that bats 

“wander” during migration rather than follow rivers directly (Weller et al. 2016, 

McGuire 2019, Cortes and Gillam 2020, Clerc and McGuire 2021). A GPS-tagged male 

hoary bat did not move in a linear direction during autumn (Weller et al. 2016), but 

travelled a circuitous route to and from the original and final capture location. Similar 

wandering movement patterns have been suggested based on data for silver-haired and 

red bats using MOTUS towers (McGuire 2019). Cortes and Gillam (2020) also found 

little support for directional movements following a river corridor during migration. 

Wandering patterns over a diffuse area containing access to resources may be aided by 

bats’ ability to feed en-route as they migrate (Reimer et al. 2010). Further, energy saved 

by using daily torpor during migration may decrease the need to rely on localized 

nutrient-dense stopover locations (Clerc and McGuire 2021). While bats may not be 

strictly limiting their migration activity to within 1 km of rivers, their activity is 

concentrated in that riparian buffer zone, which does support the idea that migratory bats 

are taking advantage of the concentration of resources in those areas.  



112 

 

For all migratory bat species and species groups assessed, activity was generally 

highest in the aspen parkland and boreal transition ecoregions, and lowest in the mixed 

grassland ecoregion (Figure 3-4, Figure 3-8, Figure 3-11, and Figure 3-14). This again 

supports the idea that access to trees and water are important for migrating bats. The 

amount of aspen cover increases heading north and east in the province, as the ecoregion 

changes from mixed grassland to aspen parkland and then boreal transition (Canadian 

Plains Research Center 2006). The amount of available surface water outside of river 

corridors, such as lakes and wetlands, also increases in the aspen parkland and boreal 

transition ecoregions compared to the mixed grassland and cypress upland ecoregions 

(Canadian Plains Research Center 2005).  

For hoary bats and silver-haired bats, there was also a difference in activity 

between the transect in the cypress uplands (at the Frenchman River near Ravenscrag) 

and mixed grassland ecoregion (at the Frenchman River near Climax and Val Marie 

pasture) transects (Figure 3-8 and Figure 3-11). The Frenchman River riparian area near 

Ravenscrag only supports tall shrubs. Hoary bat activity beyond the riparian area at this 

transect was generally quite low (predicted mean < 5 hoary bat passes/night, and < 5 

EPFU/LANO passes per night). There were small stands of trees in the gullies of 

tributaries heading towards a plateau that increases 150 m in elevation over 5 km above 

the river. Otherwise, the landscape surrounding the river at Ravenscrag is mostly 

agricultural. It is possible that hoary and silver-haired bats migrating past Ravenscrag are 

coming from or going to the Cypress Hills, an “island forest” rising 430 m above the 

prairie, approximately 50 km to the northwest. A local population of hoary and silver-



113 

 

haired bats spend summers at Cypress Hills, as evidenced by consistent captures of 

reproductive females over the last 20 years (Green et al. 2020).  

While reproductive hoary bats have a preference for using tall trees as roosts 

(Willis and Brigham 2005, Klug et al. 2012), hoary bats have occasionally been found in 

less suitable shrubs as day roosts during migration (Andrusiak 2008, Nanninga 2020 

unpubl.). There were lots of tall shrubs in the pastures immediately surround the river at 

the Ravenscrag transect, which could potentially serve as temporary roosts for hoary 

bats. However, time signatures of hoary bat passes at the 0 km detector were not 

concentrated at dawn or dusk, suggesting that they were more likely commuting or 

foraging over the area.  

Unlike ecoregion, river was a strong predictor of bat activity for all migratory 

bats combined, and for eastern red bats alone. For all migratory bats, the South 

Saskatchewan River had higher migratory bat activity than the Frenchman River (Figure 

3-5). For eastern red bats, the Assiniboine River had higher migratory bat activity than 

the Frenchman River (Figure 3-15). The lower bat activity at the Frenchman River is 

likely tied to the same reasons described above for rivers in the mixed grasslands 

ecoregion: low availability of water and tree (or shrub) resources beyond the riparian 

zone.  

For all species groups, except for eastern red bats, activity was higher at rivers 

surrounded by treed vegetation when compared to rivers surrounded by grassland 

vegetation (Figure 3-6, Figure 3-9, and Figure 3-12). For eastern red bats, river was a 

strong predictor of their activity (Figure 3-15) with rivers in generally treed areas (e.g., 

Assiniboine and Qu’Appelle Rivers) having greater activity than the Frenchman River. 
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When the effect of river is set to zero, the partial effect of grassland vegetation type 

shown for red bats (Figure 3-16) may reflect the higher activity at the grassland river site 

near Riverhurst when compared to the more treed site near Saskatoon. For the trend seen 

for all migratory bats and for hoary and silver-haired bats, Williams et al. (2006) also 

found higher activity in riparian woodlands compared to other types of riparian habitat. 

In addition to roosts and water for bats, treed areas provide more insect habitat and 

shelter from the wind, which are also important for bats (Holloway and Barclay 2000).  

For highly mobile bats, including migratory species, landscape-scale habitat 

metrics may be more important than local-scale habitat characteristics. Small patches of 

suitable habitat become increasingly important when the surrounding landscape matrix is 

mostly poor in resources, such as agriculturally-dominated landscapes. When the 

surrounding landscape contains a higher degree of potential habitat patches, the 

importance of any one patch decreases (Fuentes-Montemayor et al. 2013). If water and 

trees are important for silver-haired and hoary bats during the migration season, then the 

importance of the river valley itself would be much more important if the surrounding 

landscape had sparse water and/or tree availability. 

Eastern red bats, on the other hand, showed higher activity at rivers surrounded 

by grassland vegetation. The difference was the starkest in the riparian area (0 km, 

Figure 3-16). This trend is likely driven by the South Saskatchewan River transect near 

Riverhurst. Compared to other grassland rivers, eastern red bat activity at the transect 

near Riverhurst had an unusually high number of red bat passes. Peak activity at this 

transect (i.e., > 20 bat passes/night) occurred during mid-August in 2018, and from early 
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August to mid-September in 2019. The landscape features around Riverhurst that red 

bats might be selecting are unclear. 

Red bats have been observed migrating over open water, such as the Atlantic 

ocean (Hatch et al. 2013). Limpert et al. (2007) found that red bats selected roosts in 

areas that had open water, streams or wetland areas within 1.5 km. The South 

Saskatchewan River is dammed near Riverhurst, creating a large open water area (Lake 

Diefenbaker). However, the South Saskatchewan River is also wide and slow-moving at 

the transect site near Saskatoon (Figure 3-1).  

At least in the eastern U.S., red bats preferred to roost in areas with mature 

deciduous forests and trees with ≥ 40 cm diameter at breast height (dbh), and access to 

edge habitats and open spaces like parks, golf courses, or open water (Limpert et al. 

2007, Walters et al. 2007). At Riverhurst, there is a treed riparian area with summer 

cabins and trailer sites near the river. By 1 km from the river, the terrain is an elevated 

plateau covered with irrigated cropland. This is similar to the terrain near Saskatoon, 

though there are more aspen stands and treed residential lots near Saskatoon.  

Landscape context does not offer a clear indication of why red bat activity is 

higher at this particular location. Perhaps mist-netting studies around Riverhurst, or 

further acoustic sampling in the spring would uncover whether that area is being used 

just during migration, or as summer breeding habitat.  

3.4.1 Conclusion 

Overall, I found that the riparian area is important for the three species of 

migratory bats in the Prairie ecozone of Saskatchewan. At a broad landscape scale, 
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migratory bat activity is greater near rivers in the aspen parkland and boreal transition 

ecoregions compared to rivers in the mixed grassland ecoregion. From a management 

perspective, buffer distances for bats around rivers, such as Wind Turbine Avoidance 

Zones, may depend on the surrounding landscape characteristics. In the mixed grassland 

ecoregion, it may be helpful for managers and wind energy planners to ensure that 

buffers encompass resources for migrating bats. Further work could be done around 

grassland rivers to assess the importance of tree stands in surrounding agricultural areas, 

in addition to resources located within 1 km of rivers. Longer-term and spring studies 

around Riverhurst are needed to clarify eastern red bat activity patterns at this location.  

Within the Aspen Parkland, while bats do use the riparian areas, they are still 

active out to at least 5 km. Foraging or edge habitats beyond the riparian area may also 

be important at a localized scale.  

Siting assessment for wind energy facilities should consider a multi-scale 

approach to assessing landscape matrix interactions for migratory bat habitat. 

Management should not be based solely on the needs of a single species, or on the 

apparent needs of a species at a localized spatial scale only (Froidevaux et al. 2021).  

As wind energy continues to expand, I suggest that, with respect to river 

corridors, mixed grassland areas may be preferrable for wind energy development 

compared to sites within the Aspen Parkland or Boreal Transition ecoregions. However, 

the area within 1 km of those rivers is a key area to protect for migrating bats in the 

autumn.  
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Chapter 4:  Summary 

 

4.1 Discussion and general conclusions 

At a broad landscape-scale, I found that bat activity varied from west to east 

(Chap 2), with higher bat activity in the aspen parkland ecoregion of eastern 

Saskatchewan. At a finer scale, bat activity was concentrated within 1 km of the four 

major rivers assessed in Chapter 3. Note that measured activity rates are not directly 

comparable between chapters due to differences in detector systems, so I only discuss 

broad trends here. Both trends highlight the importance of access to resources such as 

trees and water (and associated insects) during migration for the hoary bat, the eastern 

red bat and the silver-haired bat (Holloway and Barclay 2000, Baerwald and Barclay 

2009, Nelson and Gillam 2020). All three migratory species found in Saskatchewan 

preferentially roost in deciduous trees (or spruce for hoary bats; Willis and Brigham 

2005, Limpert et al. 2007, Baerwald and Barclay 2009, Klug et al. 2012), which are 

more widely available in the aspen parkland than the mixed grassland ecoregion to the 

west. In those areas surrounded by grasslands, the river valleys often concentrate trees, 

or at last tall shrubs and water.  

Migratory bat activity in the grassland ecoregions was not, however, zero. These 

grassland areas may be less preferred but are not necessarily a complete barrier to bat 

migration movement. Since bats are able to fly considerable distances in one night, this 

may allow them to “leap-frog” between resource patches (such as river corridors) as they 

migrate. In addition, while bat activity was still concentrated in the aspen parkland river 
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valleys near the water, it did not drop off completely at 5 km. These two observations fit 

with the proposed idea of “wandering migration” (Weller et al. 2016, McGuire 2019). As 

suggested by Clerc and McGuire (2021), since bats do not necessarily require specific 

stopover locations, the path taken between summer breeding, mating sites, and winter 

habitat may not be a defined “route”. The reliance on habitat with adequate roosting, 

foraging and water resources observed in this study indicates that perhaps we should 

define broad areas of concentration along suitable bat habitat gradients. Like corridors 

designed for grizzlies (Y2Y; Elmeligi 2008) or butterflies (Semmens et al. 2017), general 

migratory corridors for bats could be defined and protected. These corridors could ensure 

continuous access to suitable trees, water sources, and insect populations associated with 

healthy ecosystems spanning the areas between summer breeding grounds, areas used for 

mating and winter habitats. Defining these types of corridors has already begun in the 

United States, as shown by Wieringa et al. (2021). 

To reduce the risk of population declines and/or extinction, wind energy 

developers should plan new facilities outside of these suitable migratory bat habitat 

corridors, siting potential new facilities in areas dominated by grasslands. Land 

managers could designate wind turbine avoidance zones in areas with a high 

concentration of suitable bat habitat, such as river corridors (in mixed grassland and 

other ecoregions), and treed habitat at the eastern (aspen parkland) and western 

(foothills) edges of the prairies (Baerwald and Barclay 2009).  
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4.2 Conservation and management recommendations  

Robinson et al. (2009) advocate for a multi-functional ecosystem approach to 

conservation, integrating land use planning across broad spatial scales. Wind energy is a 

critical component of carbon emission reduction strategies (Canadian Renewable Energy 

Association 2021) aimed at limiting anthropogenic climate change. However, as with 

any human development, there are environmental impacts. Incorporating migratory bat 

habitat requirements to wind energy planning at multiple spatial scales may help to 

preserve these species on the landscape, and thus, broader ecosystem function.  

For riparian areas, this may mean flexible buffers around rivers and potentially 

other water features, especially in a grassland or agricultural landscape matrix with little 

tree cover. Available resources for migrating bats, such as those provided by riparian 

areas, may act as navigational guides or otherwise important habitat “stepping stones” 

for migrating bats (Robinson et al. 2009, Cortes and Gillam 2020).  

At a broader landscape scale, further studies to refine knowledge of bat migration 

routes, possibly along the edges of the Great Plains, may also help wind energy planners. 

Locating future wind energy facilities away from areas that concentrate migrating bats 

may help to keep both wind turbines and migratory bats on the landscape over the long 

term.  
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Appendices 

Table A-1: Settings for SM4Bat-FS detectors with SMM-U1 microphones.  

Data Field Setting 

Sunrise/Sunset Solar 

Time zone UTC-6 

Gain 12 dB 

Filter 16 kHz 

Sample Rate 192 kHz 

Min. duration 1.5 s 

Max. duration 500 ms 

Min. 

frequency 

16 kHz 

Trigger level 12 dB 

Trigger 

window 

3 s 

Max length 15 s 

 

Table A-2: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of grid cells for all migratory bat species. Migratory bat 

species included are L. cinereus, L. borealis, L. noctivagans, and call sequences 

unidentifiable to species with dominant frequencies of 20 kHz, 30 kHz, and 40 kHz. 

First 

Grid Cell 

Second Grid 

Cell 

Estimate Std. 

Error 

z value Pr(>|z|)* 

2 1 -2.9024 0.4605 -6.303 < 0.001 

3 1 -0.7151 0.4883 -1.464 0.87167 

4 1 -1.8507 0.4822 -3.838 0.00377 
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First 

Grid Cell 

Second Grid 

Cell 

Estimate Std. 

Error 

z value Pr(>|z|)* 

5 1 -1.0936 0.4847 -2.256 0.36823 

6 1 -0.4183 0.4784 -0.874 0.99425 

7 1 1.1435 0.4489 2.547 0.20958 

8 1 0.1218 0.4801 0.254 1 

9 1 0.8855 0.4791 1.848 0.64904 

3 2 2.1873 0.4709 4.645 < 0.001 

4 2 1.0517 0.4645 2.264 0.36402 

5 2 1.8088 0.4687 3.86 0.00369 

6 2 2.4841 0.4633 5.362 < 0.001 

7 2 4.0458 0.4307 9.394 < 0.001 

8 2 3.0241 0.4653 6.499 < 0.001 

9 2 3.7879 0.4639 8.166 < 0.001 

4 3 -1.1356 0.4929 -2.304 0.33887 

5 3 -0.3785 0.4954 -0.764 0.99775 

6 3 0.2968 0.4904 0.605 0.99959 

7 3 1.8586 0.462 4.023 0.00182 

8 3 0.8369 0.493 1.698 0.74771 

9 3 1.6006 0.4909 3.26 0.03042 

5 4 0.7571 0.4898 1.546 0.8331 

6 4 1.4324 0.4851 2.953 0.07615 

7 4 2.9942 0.4535 6.602 < 0.001 

8 4 1.9725 0.4856 4.062 0.00158 

9 4 2.7362 0.4847 5.646 < 0.001 

6 5 0.6753 0.4874 1.386 0.90324 

7 5 2.2371 0.4552 4.914 < 0.001 

8 5 1.2154 0.489 2.485 0.23817 

9 5 1.9791 0.4866 4.067 0.00165 

7 6 1.5617 0.4527 3.45 0.01605 

8 6 0.54 0.4831 1.118 0.97167 

9 6 1.3038 0.4819 2.706 0.14524 

8 7 -1.0217 0.4518 -2.261 0.36451 

9 7 -0.2579 0.4502 -0.573 0.99972 

9 8 0.7638 0.4824 1.583 0.81387 
   *Bold indicates significant at the alpha = 0.05 level 
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Table A-3: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of grid cells for silver-haired and big brown bat 

(EPFU/LANO species group). 

First 

Grid Cell 

Second Grid 

Cell 

Estimate Std. 

Error 

z value Pr(>|z|)* 

2 1 -0.98616 0.35095 -2.81 0.1115 

3 1 0.07537 0.36057 0.209 1 

4 1 -0.80994 0.3533 -2.292 0.3455 

5 1 -0.19252 0.35699 -0.539 0.9998 

6 1 0.19797 0.34905 0.567 0.9997 

7 1 3.31611 0.32323 10.259 <0.001 

8 1 1.97954 0.34648 5.713 <0.001 

9 1 3.44101 0.3466 9.928 <0.001 

3 2 1.06154 0.36253 2.928 0.082 

4 2 0.17622 0.35575 0.495 0.9999 

5 2 0.79364 0.35646 2.226 0.3866 

6 2 1.18413 0.35327 3.352 0.0224 

7 2 4.30227 0.33173 12.969 <0.001 

8 2 2.9657 0.35797 8.285 <0.001 

9 2 4.42717 0.35698 12.402 <0.001 

4 3 -0.88532 0.36618 -2.418 0.2734 

5 3 -0.2679 0.36855 -0.727 0.9984 

6 3 0.1226 0.361 0.34 1 

7 3 3.24074 0.34589 9.369 <0.001 

8 3 1.90416 0.36593 5.204 <0.001 

9 3 3.36564 0.36772 9.153 <0.001 

5 4 0.61742 0.36289 1.701 0.7448 

6 4 1.00791 0.35559 2.835 0.1054 

7 4 4.12606 0.33297 12.392 <0.001 

8 4 2.78948 0.35381 7.884 <0.001 

9 4 4.25096 0.35586 11.945 <0.001 

6 5 0.39049 0.35987 1.085 0.9763 

7 5 3.50864 0.33847 10.366 <0.001 

8 5 2.17206 0.36331 5.978 <0.001 

9 5 3.63353 0.363 10.01 <0.001 

7 6 3.11814 0.3318 9.398 <0.001 

8 6 1.78157 0.35122 5.073 <0.001 

9 6 3.24304 0.3536 9.172 <0.001 

8 7 -1.33657 0.3128 -4.273 <0.001 

9 7 0.1249 0.3096 0.403 1 

9 8 1.46147 0.33336 4.384 <0.001 
    *Bold indicates significant at the alpha = 0.05 level 
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Table A-4: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of grid cells for hoary bats. 

First 

Grid Cell 

Second Grid 

Cell 

Estimate Std. 

Error 

z value Pr(>|z|)* 

2 1 -3.5636 0.7147 -4.986 <0.01 

3 1 -0.4484 0.7433 -0.603 0.9996 

4 1 -1.7252 0.7301 -2.363 0.3042 

5 1 -2.0346 0.739 -2.753 0.1295 

6 1 -0.2326 0.7229 -0.322 1 

7 1 0.6399 0.6801 0.941 0.9906 

8 1 0.3856 0.7215 0.534 0.9998 

9 1 -0.1266 0.7258 -0.174 1 

3 2 3.1151 0.735 4.238 <0.01 

4 2 1.8384 0.7221 2.546 0.2096 

5 2 1.5289 0.7313 2.091 0.4793 

6 2 3.331 0.7185 4.636 <0.01 

7 2 4.2035 0.6739 6.237 <0.01 

8 2 3.9492 0.7177 5.502 <0.01 

9 2 3.437 0.7199 4.774 <0.01 

4 3 -1.2768 0.749 -1.705 0.7435 

5 3 -1.5862 0.7583 -2.092 0.4782 

6 3 0.2159 0.7441 0.29 1 

7 3 1.0883 0.7036 1.547 0.8331 

8 3 0.834 0.7472 1.116 0.9719 

9 3 0.3218 0.7464 0.431 1 

5 4 -0.3094 0.7459 -0.415 1 

6 4 1.4927 0.7333 2.036 0.5176 

7 4 2.3651 0.6894 3.431 0.0172 

8 4 2.1108 0.7332 2.879 0.0935 

9 4 1.5986 0.7347 2.176 0.4211 

6 5 1.8021 0.7419 2.429 0.2679 

7 5 2.6745 0.6995 3.823 <0.01 

8 5 2.4202 0.7421 3.262 0.0309 

9 5 1.908 0.7438 2.565 0.2012 

7 6 0.8724 0.6861 1.272 0.9395 

8 6 0.6182 0.7279 0.849 0.9953 

9 6 0.106 0.7294 0.145 1 

8 7 -0.2543 0.6843 -0.372 1 

9 7 -0.7665 0.6867 -1.116 0.9719 

9 8 -0.5122 0.7297 -0.702 0.9988 
    *Bold indicates significant at the alpha = 0.05 level 
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Table A-5: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of grid cells for eastern red bats. 

First 

Grid Cell 

Second Grid 

Cell 

Estimate Std. 

Error 

z value Pr(>|z|)* 

2 1 -4.6176 0.8128 -5.681 <0.01 

3 1 -1.8906 0.8096 -2.335 0.3199 

4 1 -2.3386 0.8062 -2.901 0.0885 

5 1 -0.6375 0.8091 -0.788 0.9972 

6 1 -0.9763 0.7962 -1.226 0.9508 

7 1 0.4672 0.7471 0.625 0.9995 

8 1 -2.8346 0.8132 -3.486 0.0142 

9 1 -1.5309 0.8008 -1.912 0.6047 

3 2 2.727 0.8286 3.291 0.0274 

4 2 2.279 0.822 2.773 0.1231 

5 2 3.9801 0.8264 4.816 <0.01 

6 2 3.6413 0.817 4.457 <0.01 

7 2 5.0848 0.7623 6.671 <0.01 

8 2 1.783 0.8296 2.149 0.4392 

9 2 3.0867 0.8187 3.77 <0.01 

4 3 -0.4479 0.8215 -0.545 0.9998 

5 3 1.2531 0.8242 1.52 0.846 

6 3 0.9144 0.8136 1.124 0.9707 

7 3 2.3578 0.7644 3.085 0.0522 

8 3 -0.944 0.8293 -1.138 0.9683 

9 3 0.3597 0.8164 0.441 1 

5 4 1.7011 0.8187 2.078 0.488 

6 4 1.3623 0.8104 1.681 0.7578 

7 4 2.8058 0.7555 3.714 <0.01 

8 4 -0.496 0.8225 -0.603 0.9996 

9 4 0.8077 0.8118 0.995 0.9864 

6 5 -0.3388 0.8133 -0.417 1 

7 5 1.1047 0.7572 1.459 0.8741 

8 5 -2.1971 0.8239 -2.667 0.1595 

9 5 -0.8934 0.8114 -1.101 0.9742 

7 6 1.4435 0.7507 1.923 0.597 

8 6 -1.8583 0.8172 -2.274 0.3572 

9 6 -0.5546 0.8044 -0.689 0.9989 

8 7 -3.3018 0.7635 -4.325 <0.01 

9 7 -1.9981 0.7509 -2.661 0.1617 

9 8 1.3037 0.8177 1.594 0.8076 
    *Bold indicates significant at the alpha = 0.05 level 
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Table A-6: Settings for SM2BAT 192X2 detectors with SMX-U1 microphones.  

Data Field Setting 

Dig HPF L fs/12 

LPF L off 

Trg Lvl L 12 SNR 

Trg win L 3 

max length 15 

Bits 16 

Div Ratio 16 

Nap -1 

Sample Rate 192000 

Channels Mono-L 

File Format WAV 

Jumpers 
 

bias off 

HPF 1 kHz 

Gain 12 

DO - until 

loop 

At SSET-

000:00:00 

 
DO 
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Data Field Setting 

 
RECORD 

01:00:00 

 
GOTO LINE 02 

00X 

 
UNTSRIS 

+00:00:00 

 
GOTO LINE 01 

00X 

 

Table A-7: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of distances from the river for all migratory bats. 

Migratory bat species included are L. cinereus, L. borealis, L. noctivagans, and call 

sequences unidentifiable to species with dominant frequencies of 20 kHz, 30 kHz, and 40 

kHz. 

First 

Distance 

(km) 

Second 

Distance 

(km) 

Estimate Std. 

Error 

z value Pr(>|z|)* 

1 0 -1.19798 0.09769 -12.263 <0.001 

3 0 -1.4931 0.10456 -14.279 <0.001 

5 0 -2.12397 0.09631 -22.053 <0.001 

3 1 -0.29512 0.09937 -2.97 0.0156 

5 1 -0.92599 0.09435 -9.814 <0.001 

5 3 -0.63087 0.09629 -6.552 <0.001 
    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-8: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of ecoregions within the study area for all migratory bats. 

Migratory bat species included are L. cinereus, L. borealis, L. noctivagans, and call 

sequences unidentifiable to species with dominant frequencies of 20 kHz, 30 kHz, and 40 

kHz. 
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First 

Ecoregion 

Second 

Ecoregion 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Boreal 

Transition 

Aspen 

Parkland 

-0.5608 0.6022 -0.931 0.88216 

Cypress 

Upland 

Aspen 

Parkland 

-2.2694 0.695 -3.265 0.00942 

Mixed 

Grassland 

Aspen 

Parkland 

-3.538 0.6337 -5.583 < 0.001 

Moist 

Mixed 

Grassland 

Aspen 

Parkland 

-1.0515 0.5703 -1.844 0.34226 

Cypress 

Upland 

Boreal 

Transition 

-1.7086 0.6009 -2.844 0.03503 

Mixed 

Grassland 

Boreal 

Transition 

-2.9771 0.5284 -5.635 < 0.001 

Moist 

Mixed 

Grassland 

Boreal 

Transition 

-0.4907 0.4506 -1.089 0.80848 

Mixed 

Grassland 

Cypress 

Upland 

-1.2685 0.6288 -2.017 0.25234 

Moist 

Mixed 

Grassland 

Cypress 

Upland 

1.2179 0.5656 2.153 0.19341 

Moist 

Mixed 

Grassland 

Mixed 

Grassland 

2.4864 0.4874 5.101 < 0.001 

    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-9: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of rivers assessed within the study area for all migratory 

bats. Migratory bat species included are L. cinereus, L. borealis, L. noctivagans, and 

call sequences unidentifiable to species with dominant frequencies of 20 kHz, 30 kHz, 

and 40 kHz. 

First River Second 

River 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Frenchman Assiniboine -1.48242 0.77234 -1.919 0.21545 

Qu'Appelle Assiniboine 0.02931 0.62963 0.047 0.99996 

S. Saskatchewan Assiniboine 0.51619 0.63077 0.818 0.84254 

Qu'Appelle Frenchman 1.51173 0.60027 2.518 0.05573 

S. Saskatchewan Frenchman 1.99861 0.59791 3.343 0.00427 

S. Saskatchewan Qu'Appelle 0.48688 0.56499 0.862 0.82093 
    *Bold indicates significant at the alpha = 0.05 level 
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Table A-10: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between surrounding vegetation types of rivers assessed within the study 

area for all migratory bats. Migratory bat species included are L. cinereus, L. borealis, 

L. noctivagans, and call sequences unidentifiable to species with dominant frequencies 

of 20 kHz, 30 kHz, and 40 kHz. 

First 

Vegetation 

Type 

Second 

Vegetation 

Type 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Treed Grassland 1.0010 0.5665 1.767 0.0772 
    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-11: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of distances from the river for silver-haired and big 

brown bat (EPFU/LANO species group). 

First 

Distance 

(km) 

Second 

Distance 

(km) 

Estimate Std. 

Error 

z value Pr(>|z|)* 

1 0 -0.954 0.1085 -8.791 < 0.001 

3 0 -1.3692 0.1162 -11.785 < 0.001 

5 0 -1.7965 0.1099 -16.34 < 0.001 

3 1 -0.4152 0.1128 -3.682 0.00129 

5 1 -0.8425 0.1089 -7.734 < 0.001 

5 3 -0.4273 0.1119 -3.819 < 0.001 
    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-12: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of ecoregions within the study area for silver-haired and 

big brown bat (EPFU/LANO species group). 

First 

Ecoregion 

Second 

Ecoregion 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Boreal 

Transition 

Aspen 

Parkland 

-0.7132 0.3138 -2.273 0.14018 

Cypress 

Upland 

Aspen 

Parkland 

-1.0825 0.488 -2.218 0.15784 

Mixed 

Grassland 

Aspen 

Parkland 

-2.3571 0.5063 -4.656 < 0.001 
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First 

Ecoregion 

Second 

Ecoregion 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Moist 

Mixed 

Grassland 

Aspen 

Parkland 

-0.5736 0.3701 -1.55 0.50338 

Cypress 

Upland 

Boreal 

Transition 

-0.3694 0.4504 -0.82 0.91583 

Mixed 

Grassland 

Boreal 

Transition 

-1.644 0.4697 -3.5 0.00386 

Moist 

Mixed 

Grassland 

Boreal 

Transition 

0.1396 0.3199 0.436 0.99143 

Mixed 

Grassland 

Cypress 

Upland 

-1.2746 0.3834 -3.325 0.00712 

Moist 

Mixed 

Grassland 

Cypress 

Upland 

0.509 0.3155 1.613 0.46244 

Moist 

Mixed 

Grassland 

Mixed 

Grassland 

1.7836 0.3442 5.181 < 0.001 

    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-13: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between surrounding vegetation types of rivers assessed within the study 

area for silver-haired and big brown bat (EPFU/LANO species group). 

First 

Vegetation 

Type 

Second 

Vegetation 

Type 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Treed Grassland 1.8133 0.3316 5.468 4.55e-08 
    *Bold indicates significant at the alpha = 0.05 level 
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Table A-14: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of distances from the river for hoary bats. 

First 

Distance 

(km) 

Second 

Distance 

(km) 

Estimate Std. 

Error 

z value Pr(>|z|)* 

1 0 -1.2723 0.1275 -9.981 <1e-04 

3 0 -1.7429 0.1438 -12.12 <1e-04 

5 0 -2.4514 0.137 -17.896 <1e-04 

3 1 -0.4706 0.1278 -3.682 0.0012 

5 1 -1.1791 0.1212 -9.725 <1e-04 

5 3 -0.7085 0.1249 -5.673 <1e-04 
    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-15: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of ecoregions within the study area hoary bats. 

First 

Ecoregion 

Second 

Ecoregion 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Boreal 

Transition 

Aspen 

Parkland 

0.154614 0.165449 0.935 0.8667 

Cypress 

Upland 

Aspen 

Parkland 

-0.433181 0.265987 -1.629 0.4428 

Mixed 

Grassland 

Aspen 

Parkland 

-1.974881 0.369818 -5.34 <0.001 

Moist 

Mixed 

Grassland 

Aspen 

Parkland 

0.007051 0.211959 0.033 1 

Cypress 

Upland 

Boreal 

Transition 

-0.587795 0.244914 -2.4 0.1003 

Mixed 

Grassland 

Boreal 

Transition 

-2.129495 0.353341 -6.027 <0.001 

Moist 

Mixed 

Grassland 

Boreal 

Transition 

-0.147563 0.184125 -0.801 0.9192 

Mixed 

Grassland 

Cypress 

Upland 

-1.5417 0.287318 -5.366 <0.001 

Moist 

Mixed 

Grassland 

Cypress 

Upland 

0.440232 0.161543 2.725 0.0433 

Moist 

Mixed 

Grassland 

Mixed 

Grassland 

1.981932 0.298784 6.633 <0.001 

    *Bold indicates significant at the alpha = 0.05 level 
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Table A-16: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between surrounding vegetation types of rivers assessed within the study 

area for hoary bats. 

First 

Vegetation 

Type 

Second 

Vegetation 

Type 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Treed Grassland 0.6024 0.1947 3.094 0.00197 
    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-17: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of distances from the river for eastern red bats. 

First 

Distance 

(km) 

Second 

Distance 

(km) 

Estimate Std. 

Error 

z value Pr(>|z|)* 

1 0 -1.0513 0.1792 -5.866 < 0.001 

3 0 -1.2889 0.1874 -6.878 < 0.001 

5 0 -1.7211 0.1999 -8.609 < 0.001 

3 1 -0.2377 0.1845 -1.288 0.5696 

5 1 -0.6698 0.2026 -3.306 0.00495 

5 3 -0.4322 0.2019 -2.141 0.13995 
    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-18: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of ecoregions within the study area eastern red bats. 

First 

Ecoregion 

Second 

Ecoregion 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Boreal 

Transition 

Aspen 

Parkland 

0.6236 0.9842 0.634 0.96573 

Cypress 

Upland 

Aspen 

Parkland 

-4.2726 1.5257 -2.8 0.03665 

Mixed 

Grassland 

Aspen 

Parkland 

-4.0417 1.4603 -2.768 0.04025 

Moist 

Mixed 

Grassland 

Aspen 

Parkland 

-0.9742 1.1564 -0.842 0.90788 
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First 

Ecoregion 

Second 

Ecoregion 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Cypress 

Upland 

Boreal 

Transition 

-4.8962 1.416 -3.458 0.00448 

Mixed 

Grassland 

Boreal 

Transition 

-4.6653 1.3453 -3.468 0.00428 

Moist 

Mixed 

Grassland 

Boreal 

Transition 

-1.5978 1.0063 -1.588 0.47838 

Mixed 

Grassland 

Cypress 

Upland 

0.2309 1.0647 0.217 0.99944 

Moist 

Mixed 

Grassland 

Cypress 

Upland 

3.2984 0.9958 3.312 0.0074 

Moist 

Mixed 

Grassland 

Mixed 

Grassland 

3.0675 0.8891 3.45 0.00465 

    *Bold indicates significant at the alpha = 0.05 level 

 

Table A-19: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between pairs of rivers assessed within the study area for eastern red 

bats. 

First River Second 

River 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Frenchman Assiniboine -4.232 1.0892 -3.885 <0.001 

Qu'Appelle Assiniboine -1.5148 0.873 -1.735 0.29998 

S. Saskatchewan Assiniboine -0.6388 0.8874 -0.72 0.88668 

Qu'Appelle Frenchman 2.7172 0.8556 3.176 0.00816 

S. Saskatchewan Frenchman 3.5932 0.8459 4.248 <0.001 

S. Saskatchewan Qu'Appelle 0.876 0.7922 1.106 0.68059 
    *Bold indicates significant at the alpha = 0.05 level 

Table A-20: Post hoc multiple comparisons of means (Tukey contrasts) of predicted 

relative activity between surrounding vegetation types of rivers assessed within the study 

area for eastern red bats. 

First 

Vegetation 

Type 

Second 

Vegetation 

Type 

Estimate Std. 

Error 

z value Pr(>|z|)* 

Treed Grassland -1.9344 0.7889 -2.452 0.0142 
    *Bold indicates significant at the alpha = 0.05 level 
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