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ABSTRACT  
   

As white-nose syndrome (WNS) spreads across North America, generating 

baseline data on bats hibernating outside of the affected area is critical. To illustrate, 

despite the imminent arrival of Pseudogymnoascus destructans (Pd) to Arizona (AZ), 

little is known about bat hibernation in the Southwest. With the current amount of 

information, if Pd spreads throughout the state, detection of cases would be limited, and 

severity of disease and magnitude of mortality impossible to accurately estimate. Thus, 

my study monitored hibernating bats in AZ to increase knowledge and investigate 

potential WNS impacts on these populations. Utilizing passive acoustic monitoring, 

internal cave surveys, environmental monitoring, and thermal imaging, my study 

quantified microclimate preferences, hibernation lengths, hibernation behaviors, 

population dynamics, and species compositions of bats hibernating in three north-central 

AZ caves. Hibernation lasted between 104 and 162 days, from late October through mid-

March, during which time bats (primarily Corynorhinus townsendii and Myotis species) 

roosted at locations with an average of 4.7ºC (range = -0.2ºC – 12.1ºC), 59.6% relative 

humidity (range = 39.6% - 75.9%), and 0.4 kPa water vapor pressure deficit (range = 0.2 

kPa – 0.8 kPa). A maximum of 40 individuals were observed in any hibernacula and 

clustering behavior occurred in only 4.1% of torpid bats. Bats selected cold and dry roost 

sites within caves. Results suggest Pd could proliferate on some bats hibernating in 

colder areas of AZ hibernacula, yet the range of observed roost humidities was lower 

than optimal for Pd growth. Hibernation length in north-central AZ is longer than 

predicted for Myotis species at similar latitudes and may be long enough to pose over-

winter survival risks if WNS emerges in AZ populations. Yet, a natural tendency for mid-
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winter activity, which I observed by multiple species, may allow for foraging 

opportunities and water replenishment, and therefore promote survival in bats utilizing 

these arid and cold habitats in winter. Additionally, the relatively solitary behaviors I 

observed, including virtually no clustering activity and a maximum of 40 bats per 

hibernacula, may keep rates of Pd transmission low in these Southwest bat populations. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Arid-adapted bats 

Arid climates are characterized by extreme temperatures and dry conditions that 

often have predictable wet seasons with unpredictable precipitation (Whitford & Wade, 

2002). Wildlife inhabiting dryland ecosystems contend with sparse resources, dramatic 

temperature extremes, and persistently dry surroundings (Prăvălie, 2016). Despite these 

challenges and difficulties, dryland ecosystems maintain high biodiversity (Maestre et al., 

2012). Wildlife living in arid environments require evolutionary adjustments that enable 

their survival. Yet, these environments are understudied, and the extent of adaptations 

that facilitate survival of wildlife in dryland habitats remains largely unknown (Maestre 

et al., 2012). 

Small mammals with high surface area to volume ratios may face increased 

evaporative water loss and challenges to maintain suitable body temperatures as 

compared with larger-bodied species (Altringham, 2011; Speakman & Thomas, 2003). 

Despite this, many small mammals have adapted to live in arid regions worldwide. Bats 

represent a group of small mammals with behavioral and physiological adaptations that 

are beneficial to living in drylands and their diversity in these ecosystems can be quite 

high (e.g., Strong, 2010).  

Because bats are nocturnal, their activity is constrained to periods without direct 

solar radiation, reducing evaporative water loss (Carpenter, 1969; Herreid & Schmidt-

Nielsen, 1966). Some arid-adapted bats can survive extended periods of time without free 

water (Geluso, 1978) by concentrating their urine (Carpenter, 1969). But experiments on 
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three desert-dwelling species of bats revealed that insectivorous bats cannot obtain water 

from their diets alone and must utilize additional water resources (Carpenter, 1969). The 

ability to fly to sources of free water is likely a contributing factor to the success of bats 

in arid regions (Carpenter, 1969). Globally, both higher aspect ratio and wing loading 

(i.e., more efficient, speedier flight) are prevalent in arid-adapted bats (Conenna et al., 

2021), which may reduce energy expenditure while accessing scattered water resources. 

When water or food resources are limited and ambient temperatures exceed or fall 

below thermoregulatory zones, bats either migrate to find more suitable conditions 

(Altringham, 2011) or enter torpor (Altringham, 2011; Speakman & Thomas, 2003). 

Torpor reduces total evaporative water loss (Ben-Hamo et al., 2013; Carpenter, 1969; 

Herreid & Schmidt-Nielsen, 1966) and bats may use short-term torpor during summer, 

known as aestivation, to reduce the effects of water loss in high heat (Geiser et al., 2019). 

Bats can also use prolonged deep torpor in winter (i.e., hibernate) when temperatures are 

low and food resources are limited (Altringham, 2011; Speakman & Thomas, 2003).  

Hibernation presents bats with challenges related to water loss. Hibernation is 

composed of bouts of torpor, interrupted by arousals during which bats drink water 

(Perry, 2013; Thomas & Geiser, 1997; Whiting et al., 2021), feed (e.g., Hope & Jones, 

2012; O’Farrell & Bradley, 1970), and mate, among other activities (see Boyles et al., 

2006). Herreid and Schmidt-Nielsen (1966) estimated that Eptesicus fuscus loses 2% of 

its body mass in water each day of hibernation and should limit torpor bouts to one to two 

days maximum if adaptations that reduce evaporative water loss (EWL) do not exist. Yet, 

Brack Jr. and Twente (1985) and Twente et al. (1985) observed E. fuscus torpor bouts 
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lasting up to 72 days, although the majority lasted between seven and 25 days. This 

suggests that physiological adaptations to limit water loss during hibernation must exist.  

EWL is the combination of cutaneous water loss (CWL) and water loss via 

external respiration. Of the species studied, CWL makes up a larger proportion of EWL 

in hibernating bats than expected when compared to CWL in similarly sized rodents 

(Herreid & Schmidt-Nielsen, 1966; Klüg-Baerwald & Brigham, 2017). Based on the 

same species, EWL is high in bats roosting in arid conditions, relative to bats in more 

humid environments (Klüg-Baerwald & Brigham, 2017). Yet, when measured under the 

same dry conditions, arid-adapted bats have reduced EWL compared to bats of the same 

species that are humid-adapted (Klüg-Baerwald & Brigham, 2017). To this end, a thicker 

stratum corneum may reduce CWL and allow bats in arid climates to escape high rates of 

CWL and EWL (Klüg-Baerwald & Brigham, 2017). 

Bat Hibernation in Arizona 

Arizona is part of the American southwest with 52 ecoregions identified across 

the 295,254 km2 state, ranging from desert lowlands to subalpine habitats (Griffith et al. 

2014). The aridity index (the ratio of precipitation to evapotranspiration) ranges from 

0.05 to 0.3, classifying Arizona as hyper-arid to arid statewide across all ecoregions 

(Zomer et al., 2022). Arizona is topographically diverse, with elevations ranging from 21 

to 3,851 meters above sea level. In the summer, temperatures can reach up to 50ºC at 

lower elevations. At higher elevations, average low temperatures in winter reach -10ºC. 

Daily temperature can fluctuate 50-60ºC, especially in winter when humidity is lower 

(University of Arizona, n.d.). The unique geography of Arizona encompasses over 2,400 

documented caves (Arizona Cave Survey, 2017).  
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Across the state, there are 28 species of bats (A. McIntire, pers. comm.), and up to 

24 species remain in Arizona year-round (Adams, 2003), although not all these bats 

hibernate. With harsh winters at higher elevations, a large diversity of hibernating 

species, and ample subterranean habitat, Arizona is a potential hotspot for bat 

hibernation. Yet, little research has been conducted to quantify bat hibernation behavior, 

ecology, and physiology in the state. Presented here are the results of a comprehensive 

literature review on bat hibernation in Arizona, including information regarding the 

ecological and physiological factors influencing bat overwintering strategies in an arid 

southwestern region. Understanding the distribution and specific habitat requirements of 

hibernating bats in Arizona is imperative for managing imperiled species and addressing 

threats posed by climate change, habitat alteration, and novel diseases. By synthesizing 

results from existing research, this review aims to highlight knowledge gaps and potential 

management and conservation challenges. 

More than 50 years before I conducted this review, Hoffmeister (1970) reported 

the distribution of Arizona bats in summer and winter. Hoffmeister estimated that 

Corynorhinus townsendii, Eptesicus fuscus, Parastrellus hesperus, Myotis californicus, 

and M. thysanodes (among others) were found statewide in summer but only inhabited 

areas south of the Mogollon rim in winter. Cockrum et al. (1996) corroborated the 

presence of M. thysanodes, M. californicus, P. hesperus, E. fuscus, and C. townsendii 

south of the Mogollon Rim during winter (November-March) in Mohave County, 

Arizona, as well as M. yumanensis, M. volans, and M. ciliolabrum. Yet, Cockrum et al. 

(1996) predicted that Antrozous pallidus, among others, hibernated at higher elevations 

on the Colorado Plateau, where conditions may be more favorable for hibernation. If 
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correct, this would expand the known range of some bat species during winter. 

Hoffmeister (1970) acknowledged that “insufficient investigation” by many researchers 

in his collaborative study may have resulted in a lack of winter observations, and winter 

ranges may be more widespread than he reported. 

In southern Arizona, Hayward (1961) observed M. velifer hibernating at high 

elevations, which was estimated to be the northern extent of their hibernating range. M. 

velifer was found roosting at cave temperatures between 3ºC and 11ºC. Roosting position 

was related to ambient temperature and bats shifted from fully exposed when cave 

temperatures were ~10ºC to inconspicuous and in rock crevices as temperatures dropped 

to 4-5ºC. These bats did not cluster, and at the time of publication, there were no reports 

of large clusters of bats during winter in any part of Arizona. 

Cross (1965) expected P. hesperus to hibernate in southern Arizona based on low 

levels of activity during winter. On warmer winter days, Cross (1965) observed P. 

hesperus activity at dusk, indicating their presence in winter, but he recorded no direct 

observations of hibernating P. hesperus in this part of the state. Hayward (1961) also 

observed active M. velifer in winter and he predicted they were foraging. 

In 2013 and 2014, 128 caves and mines across Arizona were surveyed for 

suitability as hibernacula and presence of torpid bats by the Arizona Game and Fish 

Department and Bat Conservation International (Corbett et al., 2017). Results revealed 

small groups of C. townsendii, E. fuscus, M. californicus/ciliolabrum, M. thysanodes, M. 

velifer, and P. hesperus hibernating across Arizona, roosting solitarily between 3ºC and 

13ºC. These observations represent the earliest published observations of these species 

hibernating north of the Mogollon Rim. While it is plausible that this indicates a range 
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expansion over the past five decades since Hoffmeister (1970) published his range maps, 

it is more probable that increased research efforts simply revealed the presence of these 

species during winter in northern Arizona. 

Pérez et al. (2020) closely studied several caves on the Colorado Plateau, north of 

the Mogollon rim, that were identified by Corbett et al. (2017) as hibernacula. This was 

the first published study to use repeated cave surveys to systematically survey and 

monitor hibernating bats for their behaviors and ecological requirements. Pérez et al. 

(2020) found small groups (n≤23) of C. townsendii, E. fuscus, P. hesperus, and Myotis 

spp. hibernating throughout winter, and most individuals roosted solitarily. Hibernating 

bats roosted in caves between 6.2ºC and 17.6ºC, however, the authors of this work 

readily acknowledge that more accurate measurements of roost temperatures and 

humidities were needed (M.S. Moore, pers. comm.).  

Several cave and mine surveys completed by the Arizona Game and Fish 

Department revealed hibernating colonies of C. townsendii (range: 1-39 individuals) 

across sites in southeastern and southwestern Arizona (Schmidt, 1995; Tim K. Snow, 

1996, 1998). Site elevations ranged from 1,370 m to nearly 2,200 m in elevation.  

This review of bat hibernation in Arizona reveals several key findings. Groups of 

hibernating bats in this state are characterized by relatively small sizes (<40 individuals). 

Notably, there appears to be no considerable amount of clustering behavior expressed, 

which hints at a dispersed distribution across numerous roost sites in both the northern 

and southern regions of Arizona. Additionally, Arizona bats tend to hibernate at 

temperatures below 13ºC. But, despite prior research on hibernation, substantial gaps 

persist in our understanding of bat hibernation ecology, behavior, and physiology in 
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Arizona. Specifically, what is the geographical extent of hibernation in the state? How 

does hibernation differ on a latitudinal gradient and across different elevations of 

Arizona? Are there notable differences in hibernation ecology between species? Are 

these findings indicative of all hibernating bats in Arizona? And how does bat 

hibernation ecology in Arizona compare to what has been observed in adjacent states and 

other regions of North America?  

Further investigations into population dynamics, geographical distribution, and 

roost preferences are crucial for guiding effective monitoring initiatives that target 

hibernating bat communities. Quantifying microclimate preferences and physiological 

responses during hibernation will enhance our understanding of the adaptive strategies 

employed by bats in arid environments. This knowledge is essential for assessing their 

vulnerability to threats like white-nose syndrome and the ecological consequences of 

climate and human-driven habitat changes.  

White-nose Syndrome 

White-nose syndrome (WNS) is a fungal epizootic that has caused significant 

impacts on the ecology and conservation of some cavernicolous bats (see Hoyt et al., 

2021). WNS has resulted in >90% declines in populations in three affected species (M. 

septentrionalis, M. lucifugus, and Perimyotis subflavus; Cheng et al., 2021), over six 

million deaths (Coleman, 2015), and local extinctions (Frick et al., 2010, 2015, 2016; 

Langwig et al., 2012). WNS is caused by the fungus Pseudogymnoascus destructans (Pd, 

formerly Geomyces destructans; Gargas et al., 2009; Lorch et al., 2011; Minnis & 

Lindner, 2013) and is characterized by white, fuzzy fungal growth on the ears, muzzle, 

and wings of infected bats (Blehert et al., 2009). Based on phylogenetic analyses of Pd, 



  8 

isolates, and experimental inoculations of naïve bats, WNS was most likely introduced 

into North America from Eurasia (Puechmaille et al., 2011; Warnecke et al., 2012). In 

contrast to North American bats, Eurasian bats colonized by Pd do not suffer similar rates 

of mortality (Wibbelt et al., 2013). Instead, possibly due to coevolution between host and 

pathogen, bats in Eurasia exhibit external characteristics of WNS with confirmed 

colonization of Pd but without the pathogenesis seen in North America (Bandouchova et 

al., 2018; Puechmaille et al., 2010).  

Since its discovery in 2006 near Albany, New York (Blehert et al., 2009), WNS 

has spread in all directions and now occurs in 40 states and eight Canadian provinces. To 

date, there are no confirmed cases of WNS in Arizona, but the pathogen is presumed 

present in California and confirmed in New Mexico, where disease has been observed in 

some hibernating M. velifer. Pd was first detected in northwestern Arizona in 2019, but at 

levels too low to confirm and warrant placement on the official spread map (U.S. 

National Park Service, 2019). To date, no clinical manifestations of WNS have been 

observed in Arizona.   

During an active WNS infection, Pd invades the skin of bats during hibernation 

and secretes destructin-1, a collagen-degrading enzyme (O’Donoghue et al., 2015). 

Fungal hyphae erode bat wing epithelia, fill hair follicles, and invade connective tissue, 

creating lesions on wings and other skin membranes (Meteyer et al., 2009). Lesions are 

associated with a suite of physiological issues for infected bats, including some systemic 

immune responses (Moore et al., 2011, 2013), local inflammatory response at the site of 

infection (Field et al., 2015), increased evaporative water loss (Cryan et al., 2013; 

McGuire et al., 2017; Willis et al., 2011) and increased metabolic rate (McGuire et al., 
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2017; Verant et al., 2014). Higher rates of evaporative water loss and metabolic rate are 

correlated with increased frequency of arousals from torpor (Reeder et al., 2012; 

Warnecke et al., 2012), resulting in the premature depletion of fat reserves, which may be 

a primary cause of death from WNS (Blehert et al., 2009; Meteyer et al., 2009). 

Associated immune responses may not clear Pd infections and the energy required to 

mount an immune response may also deplete fat stores prematurely (Moore et al., 2013). 

WNS-associated mortality is highest during late hibernation and may begin roughly 85 

days after exposure (Langwig et al., 2012; Lorch et al., 2011; Reeder et al., 2012). If 

WNS-infected bats survive hibernation they may exhibit an immune reconstitution 

inflammatory syndrome, which may compound wing damage developed during 

hibernation (Meteyer et al., 2012). 

Genetic sequencing at eight loci supports a clonal expansion of Pd in North 

America (Rajkumar et al., 2011). Whole-genome sequencing of Pd shows that 100% of 

isolates from North America contained the MAT1-1 locus, completely lacking the 

MAT1-2 locus mating type necessary for a sexual phase to occur (Drees et al., 2017). 

While Pd appears to reproduce primarily by asexual conidia in North America, Palmer et 

al. (2014) discovered the heterothallic, sexual reproductive phase in Europe. Both mating 

types were isolated from soil in Europe (Palmer et al., 2014) providing evidence that a 

sexual stage is possible. Due to recombination during sexual phases, unique and more 

pathogenic strains could arise in North America, which could evade host defenses and 

lead to even greater impacts on hibernating bats (Minnis & Lindner, 2013). Yet, it is also 

possible that recombination could lead to less pathogenic strains of Pd, a trait that could 

increase in the Pd population through genetic drift if other linked traits are advantageous. 
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Pd is a cold-loving fungus that grows between 3ºC and 20ºC (Blehert et al., 

2009). Optimal conditions for proliferation include temperatures between 12ºC and 16ºC 

(Verant et al., 2012) and high relative humidity (Marroquin et al., 2017). These 

conditions overlap with conditions selected by many species of bat during hibernation 

(Altringham, 2011; Haase et al., 2021). Pd is saprotrophic (Reynolds et al., 2015) and can 

persist in cave sediments without the presence of bat hosts (Hoyt et al., 2015; Lorch et al., 

2013). Bats are the primary vector of Pd through bat-to-bat and bat-to-cave transfer 

(Lorch et al., 2011; Warnecke et al., 2012), and colony size and clustering behaviors are 

positively related to transmission rates (Langwig et al., 2012). Due to Pd’s persistence in 

hibernacula without bats (Hoyt et al., 2015; Lorch et al., 2013), bats may be reinfected 

upon entering hibernation through cave-to-bat transfer of spores. Campbell et al. (2020) 

discovered that conidia of Pd can survive for up to 180 days at elevated temperatures on 

bat fur, well above its optimal growth temperature. This has implications for long-term 

survival of Pd within hibernacula, between seasons, and especially across large 

geographic areas as bats disperse. Some bats may travel several hundred kilometers 

between hibernacula and summer roosts (e.g., Davis & Hitchcock, 1965), aiding spread 

of Pd. Some migratory bats have been confirmed with Pd present on their body surfaces 

(i.e., positive for exposure) without showing cutaneous invasion diagnostic of WNS (i.e., 

negative for infection; White-Nose Syndrome, n.d.). These species apparently serve as 

spreaders of Pd without being impacted themselves (Bernard et al., 2015). Additionally, 

it is likely that infected cave sediments are spread between caves by human recreational 

activities (e.g., cave sediments on shoes) and contribute to the spread of WNS (Reynolds 

et al., 2015).  
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WNS is confirmed in 12 species of bats, including E. fuscus, M. velifer, M. leibii, 

M. thysanodes, M. grisescens, M. sodalis, M. lucifugus, M. volans, M. septentrionalis, M. 

evotis, P. subflavus, and M. yumanensis. Pd has been detected on an additional eight 

species, without diagnostic symptoms of WNS. These species include Lasiurus borealis, 

Tadarida brasiliensis, C. rafinesquii, Lasionycteris noctivagans, C. townsendii, C. 

townsendii virginianus, C. townsendii ingens, and M. ciliolabrum. Based on research in 

eastern populations, some species of bats are more resistant to WNS than others either 

physiologically, behaviorally, or both (Frank et al., 2014; Moore et al., 2018). For 

example, under experimental conditions, E. fuscus increased torpor bout length in 

response to a WNS infection and showed a less pathogenic infection compared to M. 

lucifugus, in which hibernation behavior did not change (Moore et al., 2018). Despite 

similar rates of exposure, resistant bats may exhibit lower mortality (Cheng et al., 2021). 

Current information on hibernating bats in the Southwest is insufficient to determine 

which species will be exposed to Pd and which of those are likely to exhibit WNS 

symptoms and mortality (But see: Haase et al., 2021). Research on WNS has been an 

interdisciplinary effort (Bure & Moore, 2019), and collaboration between entities should 

continue in understudied parts of North America to address additional conservation 

concerns.  

Additional Pressures 

In addition to emerging infectious diseases, climate change may also pose a 

significant threat to bats, especially in arid environments. Current climate models for the 

southwestern United States predict these areas will become drier, with less precipitation, 

and exhibit warmer winters and more extreme weather events (Archer & Predick, 2008). 
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Festa et al. (2023) found that climate change may force species to adapt to new 

conditions, cause migrations to more suitable conditions elsewhere, or cause extreme 

contractions in species ranges. Examples of climate change induced range shifts have 

already been observed (e.g., Lundy et al., 2010). In bats, Ancillotto et al. (2016) observed 

a significant range expansion northward in just four decades for the Pipistrellus kuhlii. 

Modeling results indicated that the increase in winter temperatures, an effect of climate 

change, was the primary driver of range shifts (Ancillotto et al., 2016). If, as projected, 

winters in the southwestern United States become warmer and drier, hibernating bats may 

experience impacts as they seek climates more suitable for hibernation. However, warmer 

winters could also lead to increased insect activity and potentially benefit bats, although 

the effects of climate change on insects varies geographically and may have already 

caused significant declines in insect abundance in the Southwest (Harvey et al., 2023). 

Delineating the current geographic distributions of species and monitoring of bats across 

all seasons should be prioritized to predict and assess the effects of climate change on 

bats in arid climates in the coming decades.  

Additionally, it is possible that climate change will directly affect the climate and 

ecology of subterranean habitats of which many cavernicolous bats depend (Vaccarelli et 

al., 2023). This may lead to changes in temperature and humidity within these sites, 

changing the availability of habitat for both native and invasive organisms (Vaccarelli et 

al., 2023). Yet, there is little data quantifying changes in subterranean features and 

organisms and additional monitoring of underground habitats should be prioritized.    

Bats also face many pressures related to human expansion. Worldwide, bats face 

the substantial challenge of habitat modification, by logging, agricultural expansion, and 
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urban development (Frick et al., 2020). Additionally, there is the possibility of reverse 

zoonotic transmission of infections from humans to bats, as exemplified by Sars-CoV-2 

(Olival et al., 2020). Human recreational or purposefully destructive activity within caves 

during sensitive times of year for bats (i.e., hibernation, maternity roosting) is also 

recognized as a significant threat to bats (Mickleburgh et al., 2002). 

Effective management of Arizona's bats becomes a formidable challenge when 

there is a lack of comprehensive knowledge on these species. If managers aim to protect 

roosting habitats using measures like seasonal or total cave/mine closures, it is imperative 

to identify and understand which sites are critical for hibernating bats and which sites are 

not utilized. This requires robust scientific research and monitoring programs to 

determine the ecological requirements of each species. Prioritizing monitoring efforts and 

conducting research to assess species abundance and distribution is essential to ensure 

that management efforts are effectively targeted towards colonies and species most in 

need. Our current understanding of Arizona bat distributions during winter is inadequate 

for detecting potential range shifts of hibernating bat species within the state. 

Additionally, there is presently no established baseline for the hibernation physiology, 

ecology, and behavior of Arizona bats under natural conditions, against which changes in 

hibernating colonies can be discerned and management plans be scientifically designed 

and implemented. 
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CHAPTER 2 

BAT HIBERNATION BEHAVIOR, ECOLOGY, AND PHYSIOLOGY IN ARIZONA 

Introduction 

Bats expend considerable amounts of energy to survive overwintering in habitats 

with low ambient temperatures (Altringham, 2011; Speakman & Thomas, 2003). Body 

heat is easily lost to the environment by small mammals, such as many North American 

insectivorous bats, that have high surface area to volume ratios (Altringham, 2011; 

Speakman & Thomas, 2003). During winter, energy demands of maintaining a constant 

body temperature above ambient temperature exceeds energy intake, due to the lack of 

available food and low ambient temperatures in temperate regions during winter (Stawski 

et al., 2014). Survival is achieved by migrating to warmer climates (Altringham, 2011), 

entering torpor (Altringham, 2011; Speakman & Thomas, 2003), or utilizing a mixture of 

these strategies (Auteri, 2022). 

Hibernation is defined by long bouts of torpor with periodic arousals (Geiser and 

Ruf, 1995). It is an adaptive strategy when ambient temperatures are low and food 

resources are limited (Geiser, 2013). In temperate regions, bats generally enter 

hibernation in late October and emerge in April (e.g., Johnson et al., 2017; Lesiński, 

1986) although hibernation varies widely on a latitudinal gradient (Perry, 2013) and can 

last as long as eight months in some northern populations (e.g., Norquay & Willis, 2014). 

Survival through winter depends primarily on the amount of energy stored before winter, 

how much energy is consumed throughout winter (particularly during arousals), and the 

duration of time along which ambient temperatures are low (Humphries et al., 2002). 
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During hibernation, bat metabolism is reduced to 1-5% of basal metabolic rate 

(Geiser, 2013), allowing body temperatures to fall within 1-2ºC of ambient temperatures 

(Altringham, 2011; Webb et al., 1996). Low metabolic rates reduce total water loss and 

promote energy conservation (Ben-Hamo et al., 2013). Despite it being adaptive to keep 

arousals throughout the winter to a minimum, healthy bats arouse every 10-20 days 

(Geiser & Ruf, 1995; Thomas et al., 1990) to drink water ( Perry, 2013; Thomas & 

Geiser, 1997; Whiting et al., 2021) and perform other tasks (see Boyles et al., 2006), 

though there is considerable species-specific variation in torpor bout length (e.g., Jackson 

et al., 2022). 

North American hibernating bats face environmental challenges during winter and 

are now faced with a novel infectious disease, white-nose syndrome (WNS). WNS, a 

fungal epizootic, poses additional survival risks for many species of cavernicolous, 

hibernating bats across the continent and has already caused more than six million deaths 

(Coleman, 2015). 90% population declines have occurred in three hibernating bat species 

(M. septentrionalis, M. lucifugus, and Perimyotis subflavus; Cheng et al., 2021) leading 

to local extinctions in some species (Frick et al., 2010, 2015, 2016; Langwig et al., 2012). 

Pseudogymnoascus destructans (Pd, formerly Geomyces destructans; Gargas et 

al., 2009; Lorch et al., 2011; Minnis & Lindner, 2013) the causal agent of WNS, is a 

cold-loving fungus that grows between 3ºC and 20ºC (Blehert et al., 2009), optimally 

between 12 and 16ºC (Verant et al., 2012) and at high relative humidities (Marroquin et 

al., 2017). Pd invades the skin of bats during hibernation, creating lesions on wings and 

other skin membranes (Meteyer et al., 2009). It increases the frequency of arousals in 

hibernating bats leading to premature depletion of energy stores (Reeder et al., 2012; 
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Warnecke et al., 2012). WNS-associated mortality is highest during late hibernation and 

may begin roughly 85 days after exposure in some species (Langwig et al., 2012; Lorch 

et al., 2011; Reeder et al., 2012). Bats are the primary vectors of WNS through bat-to-bat 

and bat-to-cave transfer (Lorch et al., 2011; Warnecke et al., 2012), and larger colonies 

and clustering behaviors are positively related to transmission rates (Langwig et al., 

2012). Since the discovery of WNS near Albany, NY in 2006, WNS has spread in all 

directions and now occurs in 40 states and eight Canadian provinces.  

Knowledge on bat hibernation ecology and physiology in North America is based 

mostly on Eastern and Northern hibernating populations, and there is a noticeable 

knowledge gap on bat hibernation traits in the Southwest (Weller et al., 2018). My study 

was conducted in Arizona (AZ) which is considered hyper-arid to arid statewide (Zomer 

et al., 2022). Arizona is topographically diverse, and conditions at lower elevations and 

latitudes in AZ can exceed 50ºC in summer while higher latitudes can remain below 0ºC 

during winter months (Hammer, 2006). Twenty-eight species of bats are present in 

Arizona (A. McIntire, pers. comm.), with up to 24 species as year-round residents 

(Adams, 2003). Colonies of hibernating C. townsendii, Myotis spp., Parastrellus 

hesperus, and E. fuscus have been documented in the northern and southern reaches of 

the state (Corbett et al., 2017; Hayward, 1961; Pérez et al., 2020), although bat behavior 

and physiology during hibernation in AZ is still largely unknown. To date, there are no 

confirmed cases of WNS in AZ, but the pathogen’s presence and some mortality is 

confirmed in several surrounding states (White-Nose Syndrome, 2023). The U.S. Fish 

and Wildlife Service recognizes and funds priority research as part of the National 

Response to WNS. Currently, the priority list includes “research to produce critical 
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knowledge relevant to management decisions and actions for hibernating bats” (White-

nose Syndrome Research for Conservation Grants, 2021). Because WNS is spreading 

across North America, Weller et al. (2018) described the need for characterizing bat 

hibernacula in the West as urgent. 

Like bat hibernation ecology, the majority of information about WNS and its 

effects on bats is based on limited species primarily studied in a laboratory setting or in 

eastern North America. It remains unclear how bats hibernating in arid environments will 

respond to Pd and WNS. Thus, my study addresses knowledge gaps and generates a 

baseline dataset of bat hibernation traits in AZ to understand the natural behavior, 

ecology, and physiology of bats in AZ, explore adaptations that bats in AZ may express 

to hibernate successfully in arid environments, and assess what risk WNS may pose to 

dryland hibernating bats. Specifically, I set out to 1) quantify the relative abundance of 

bats in hibernacula, the diversity of species observed, and document hibernating bat 

behavior (i.e., clustering activity, roosting behavior) across hibernacula, 2) estimate 

torpid body temperatures and the tendency for hibernating bats to arouse upon non-tactile 

disturbance, 3) analyze microclimate selection tendencies, 4) estimate total hibernation 

length and winter activity for bats in north-central AZ, and 5) explore these observed 

hibernation traits in the context of WNS to identify risk factors for bats hibernating in 

AZ. This dataset provides a baseline that can be used to help detect changes in abundance 

of bats hibernating in AZ. My findings increase our understanding of bat hibernation in 

arid environments and contribute to broader conservation efforts, with potential 

implications related to hibernating bats in other dryland ecosystems.  
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Methods 

Study Area 

This study was conducted in north-central Arizona (AZ), north of the Mogollon 

Rim (Figure 1). I repeatedly surveyed three main hibernation sites (hibernacula) within 

85 km of Flagstaff, AZ and separated by an average of 94 km. All sites are considered 

arid by Zomer et al. (2022). Sites were selected from a Bat Conservation International 

report indicating presence of bats in winter (Corbett et al., 2017) and accessibility, using 

off-road vehicles, for most of the hibernation period. Research was conducted over five 

years between 2018 and 2023. Initial protocols were generated in 2018-2019 (Year 1) and 

2019-2020 (Year 2) when each site was monitored between August and April and colony 

size, species composition, and roosting behaviors were documented (Pérez et al., 2020). 

Due to a moratorium on bat research during the outbreak of Sars-CoV-2 and a gap in 

funding, no data were collected during the 2020-2021 field season (Year 3). Research 

resumed in Year 4 (2021-2022) and a final year of data collection took place in Year 5 

(2022-2023). Cave names are omitted to protect sensitive hibernating bat colonies. 

Cave 1 is 1626 meters above sea level (asl) and in the Conifer Woodlands and 

Savannas ecoregion (Griffith et al., 2014), dominated by pinyon (Pinus spp.) and juniper 

(Juniperus spp.). Typical annual precipitation is between 500-635 mm. It is a single-

opening, limestone cave consisting of several large rooms and tall ceilings reaching a 

maximum height of 3.8 m. The cave is used by javelina, pack rats, rattlesnakes, and large 

carnivores. Cave 1 is located on gated private land, so it receives little human 

disturbance.  
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Cave 2 is in the Coconino National Forest at 2264 meters asl. It is in a transition 

zone between Montane Coniferous Forest and Montane and Subalpine Grasslands 

(Griffith et al., 2014) dominated by ponderosa pine (Pinus ponderosa) and mixed grass 

species with typical annual precipitation between 500-635 mm. This site is a basalt lava 

tube with three single-entrance passages, the longest one being 274 meters in length 

(Corbett et al., 2017). Ceiling heights range from 0.5 meters to 4 meters. This is a 

publicly accessible site used by recreationists primarily in summer. The forest road 

leading to this cave is usually closed in winter and appears to receive very little use 

during that time.   

Cave 3 is partially on Hopi Tribal land and partially on Arizona State Trust land 

at 1733 meters asl. Located in the Northeast Arizona Shrub-Grassland ecoregion (Griffith 

et al., 2014), this site is dominated by several grass species, is mostly devoid of trees, and 

is grazed by livestock. Typical annual precipitation is between 130-250 mm. Cave 3 is a 

fissure running 313 m long and up to 9 m deep (Corbett et al., 2017). Some sections of 

the cave are fully exposed (i.e., no ceiling). Cave 3 connects to a nearby cave through a 

small opening that was not surveyed. This is an easily accessible site without off-road 

vehicles and may receive some human disturbance, especially for rockhounding. This site 

is also used by nesting ravens and mountain lions (M.S. Moore, pers. comm.). 

Caves 4-12 were additional caves that I surveyed one to three times to assess the 

presence of bats during hibernation across a larger geographic area within AZ. I surveyed 

caves 4-6 in February 2022. Caves 4-6 are in the Coconino National Forest and in the 

Montane Coniferous Forest (Griffith et al., 2014) above 2100 meters asl. Cave 4 is a 

relatively shallow basalt lava cave with a single large opening and daylight throughout 
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the entire cave. Cave 5 is a small, single opening cave, with a two-meter vertical 

scramble, into a single room with a max height of ~3 meters. Cave 6 is a shallow, single-

opening lava cave with a max height of ~1.5 meters. Caves 4-6 are challenging to access 

in the winter and most likely receive little human disturbance year-round.  

I added Caves 7-12 to our surveys in Year 5. Cave 7 is in the Prescott National 

Forest at 1922 meters asl in the Mogollon Transition Conifer Forests ecoregion (Griffith 

et al., 2014). This single-entrance site is easily accessible from paved roads and receives 

heavy human visitation. Cave 7 heights range from 1 meter to ~7 meters. Caves 8-10 are 

in the Coconino National Forest at 2100 meters asl. They are all within 4.8 km of Cave 2, 

are single-opening basalt lava tubes, and are in the Montane Coniferous Forest ecoregion 

(Griffith et al., 2014). During the winter, Caves 8-10 are only accessible via backcountry 

skis and receive little to no human disturbance during these months. Cave 11 is in the 

Coronado National Forest at 1555 meters asl in the Lower Madrean Woodlands 

ecoregion (Griffith et al., 2014). Cave 12 is in the Miller Peak Wilderness Area at 2045 

meters asl in a Madrean Pine-Oak and Mixed Conifer Forest (Griffith et al., 2014).  

Data Collection 

Internal Cave Surveys. To quantify hibernating colony size, species 

composition, and hibernation behavior in three focal caves, I conducted monthly internal 

cave surveys at Caves 1-3 between October 2021 and March 2022, except in December 

2021. In Year 5, I surveyed these sites in November 2022, January 2023, and February 

2023 (Supplementary Material Appendix A; Table A1). Because of time constraints from 

backcountry skiing and snowshoeing to Cave 2 as well as weather concerns in January 

2023, there was only time to do maintenance checks on equipment and a full survey was 
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not completed. I conducted additional reconnaissance internal surveys at Caves 4-6 once 

during hibernation in Year 4, at Caves 7-10 once during hibernation in Year 5, and at 

Caves 11 and 12 once during late hibernation/early emergence in Year 5. Because Caves 

11-12 were surveyed after our defined hibernation period, data from these two sites are 

not included. Teams consisted of two to six people who were trained in data collection 

techniques to limit disturbance to roosting bats (Supplementary material Appendix C, 

Figure C1). We used a double-observer technique to ensure at least two people would 

examine all accessible sections of each cave (Supplementary material Appendix C, 

Figure C2). During surveys, two observers would begin the survey on opposite cave 

walls, looking for bats with a headlamp and handheld light from ground level to the 

ceiling, behind and within cave features. At the end of each room, the two observers 

would switch walls and make a return trip using the same approach, always looking for 

bats in the same manner on the opposite wall from the other observer. This technique was 

repeated in every room, and all accessible surfaces of caves were surveyed by at least two 

people. We counted the number of individual roosting bats and used photography to 

record and confirm species identifications. To avoid altering the behaviors of roosting 

bats, we did not handle bats and did not collect morphometric measurements. For this 

reason, some bats, especially Myotis, were only identified to the genus level.  

I recorded locations of each roosting bat on cave maps. I measured cluster size at 

each roosting individual by quantifying the number of bats that were in direct contact 

with the focal individual. I quantified the roost height from the floor directly below each 

roost location using a laser distance tool (GLM165-40; ±0.16 cm; Robert Bosch Tool 

Corporation; Farmington Hills, MI). Roost position was recorded on a binned scale from 
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1-4. Position 1 was used for a fully exposed bat. Position 2 corresponded to a bat partially 

concealed in a cave feature (i.e., crack, cup, etc.) with >50% of the bat exposed. In 

position 3, <50% of the bat was exposed and position 4 was used when less than 10% of 

the bat was exposed (i.e., only an ear was visible; Figure 2).  

My team followed all WNS decontamination protocols set forth by the United 

States Fish and Wildlife Service to prevent the potential spread of Pd between caves 

(White-Nose Syndrome Disease Management Working Group, 2020). Additionally, 

following recommendations set forth by the Arizona Game and Fish Department to 

reduce the risk of transmitting SAR-CoV-2 to bats, each crew member was vaccinated 

against SARS-CoV-2, PCR tests through Arizona State University were used one to two 

days prior to each survey, and we used rapid antigen tests prior to entering each site. 

Crew members that tested positive for SARS-CoV-2 did not attend field trips. All crew 

members wore N95 masks while in caves. 

Thermal Imaging. The temperature of the ventral surface of a bat is highly 

correlated with internal bat body temperature (Audet & Fenton, 1988), so thermal 

imaging of bat body surfaces was collected to estimate torpid bat body temperature (Tsk; 

Supplementary material Appendix C, Figure C8-9). Thermal images were captured for 

each roosting bat using a FLIR T540 thermal camera (Teledyne; Wilsonville, OR, ±2°C) 

beginning in November 2021. For the first several surveys, still images were taken of 

each roosting bat. Beginning in January 2022, I used a video setting to record each bat in 

thermal mode and visual mode for at least 30 seconds to ensure the highest quality image 

for extracting temperature data. Images and videos were collected as quickly as possible 
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after locating each bat (typically within the first minute) to record roosting Tsk prior to 

disturbance that may have occurred due to our presence.  

To estimate the tendency of bats hibernating in AZ to arouse upon non-tactile 

disturbance, repeated images of each bat were collected opportunistically (i.e., not along 

a specific time course) several times throughout each survey in Year 4. Typically, I 

reimaged each bat within one hour of the preceding image to assess changes in Tsk in 

response to our presence. Subsequent images collected at individual bats spanned up to 

360 minutes following the first image. In Year 5, I did not estimate the tendency for bats 

to arouse upon non-tactile disturbance, so a single thermal video of each roosting bat was 

collected to increase survey efficiency and reduce time spent in hibernacula. 

Microclimate Conditions. To explore microclimate preferences, I measured 

environmental conditions at bat roost sites and throughout each cave system. At each 

roosting bat, I measured the temperature of the cave wall within 10 cm of each bat using 

a Fluke thermometer (62 Max Mini Infrared Thermometer, ±1.0°C, Everett, WA) and 

recorded the relative humidity as close to each roosting bat as possible. In Year 4 (2021-

2022), humidity was recorded using a Kestrel 3000 (±1.0% relative humidity; ±0.4°C; 

±1.04-1.66% wind speed, Boothwyn, PA) which was hung from cave features and left 

undisturbed near the roosting bats (0.1 meters-4 meters) for 1-10 minutes while the 

relative humidity measurement stabilized. Due to low airflow and extremely cold 

temperatures in caves, it is possible the Kestrel 3000 did not stabilize during the recorded 

time but recorded skewed relative humidity in Year 4. Upon discovering the skewed data, 

a validation study was launched. Two Kestrel 3000s, one Kestrel 5200 Professional 

(±2.0% relative humidity; ±0.5°C; ±3% wind speed, Boothwyn, PA), and one HOBO 
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data logger (model U23-001A; ±0.2°C; ±2.5% from 10% to 90% RH, Onset Computer 

Corporation, Bourne, MA) were attached to a single telescoping pole (Supplementary 

material Appendix C, Figure C3). This apparatus measured relative humidity adjacent to 

roosting bats for five minutes. The HOBO logger recorded every five seconds during this 

time, and relative humidity from the three Kestrels was recorded manually at the end of 

the five-minute period. Statistical analyses revealed significantly different relative 

humidities between the Kestrels and the HOBO data logger in most cases (Kruskal-

Wallis Cave 1: H=0.31, df=4, p<0.01; Cave 3: H=0.43, df=4, p<0.01), further supporting 

the assumption that relative humidity data recorded using the Kestrel 3000 in Year 4 was 

skewed to report significantly lower humidity readings. To increase accuracy and 

consistency in our humidity measurements, I only used a HOBO data logger in Year 5 

(2022-2023). The HOBO logger was positioned horizontally and attached to the end of a 

telescoping pole, then held within 0.5 m of each roosting bat for five consecutive minutes 

all the while recording relative humidity every 10 seconds. The final relative humidity 

recording of the five-minute period was used for analysis.  

I deployed nine battery-powered HOBO data loggers (HOBO model U23-001A; 

±0.2°C; ±2.5% from 10% to 90% RH; Onset Computer Corporation, MA) in Caves 1-3 

in December 2021. Loggers were set to record temperature and relative humidity every 

15 minutes. One logger was placed outside of each cave in the shade near acoustic 

monitors to collect external conditions. Five additional loggers were deployed in Cave 2 

in January 2023 to increase coverage of cave conditions. Data was downloaded in June 

2022 and November 2022, and loggers were immediately redeployed. I collected internal 

loggers from each site in February 2023 and external loggers in May 2023. Loggers were 
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randomly dispersed through each cave system to cover the range of available cave 

conditions. They were placed horizontally in cave features, obscured by rocks, and 

camouflaged using dark foam that did not cover the sensor (Supplementary material 

Appendix C, Figure C4). Placements ranged from 0.35 m to 6.29 m from the floor. I 

positioned loggers in areas where roosting bats had been observed and additional 

locations that were within reach. The external logger at Cave 2 went missing and was 

never recovered, so external condition data from the 2021-2022 winter was not collected; 

however, it was replaced in June 2022, and I successfully recorded external conditions 

during Year 5.  

In Year 5, I deployed HOBO loggers in six additional caves to gather conditions 

of other caves that may be used as hibernacula (Figure 1). Loggers in Caves 7, 8, 9, and 

10 were deployed in January 2023 and collected in May 2023. Loggers in Caves 11 and 

12 were deployed in March 2023. These loggers were also placed horizontally, 

camouflaged using dark foam that did not cover the sensor, but were set to record 

temperature and relative humidity every two hours.  

Additional climatic variables (precipitation, barometric pressure, etc.) were 

downloaded from the National Oceanic Atmospheric Association weather station closest 

to each site (https://www.ncei.noaa.gov/cdo-web/). Daily moon phase data was accessed 

from The Astronomical Applications Department of the U.S. Naval Observatory 

(https://aa.usno.navy.mil/data/MoonFraction).  

Acoustic Monitoring. Passive acoustic monitoring was conducted at each site 

using Wildlife Acoustics SM4FS automated recording units (ARU) and an omni-

directional SMM-U2 microphone (Maynard, MA). Calls were recorded in full spectrum. 
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One detector was placed outside each of Caves 1-3 within 20 m of cave entrances, as in 

Bernard & McCracken (2017). I attached microphones to telescoping poles, which were 

secured to trees or stabilized with rebar (Supplementary material Appendix C, Figure C5-

7). Microphones were at least two meters above ground level in low clutter areas. ARUs 

used 128 GB SD cards (SanDisk Ultra Plus, 130 MB/s, Milpitas, CA) and were powered 

using rechargeable D-batteries (Powerex Rechargeable D NiMH Batteries, 1.2V, 10,000 

mAh) until solar panels (Faunatech 20-watt solar panel connected to 12V 7 Ah SLA 

battery) were deployed in December 2021. Solar panels were south facing, mounted to 

trees at Caves 1 and 2 and on the ground at Cave 3, and secured with steel cables and 

padlocks. Cave 3 had solar panel malfunctions in May 2022 and November 2023, so 

instead I used rechargeable D-batteries at this site, which were replaced every two weeks. 

ARUs recorded calls nightly from September 2021 through May 2022 and from 

September 2022 through May 2023, starting 30 minutes before sunset and ending 30 

minutes after sunrise. ARUs were launched with the following settings: Gain: 12dB, 16K; 

High Filter: OFF; Sample Rate: 256kHz; Min Duration: 1.5ms; Max Duration: None; 

Min Trigger Freq: 7kHz; Trigger Level: 12dB; Trigger Window: 2; Seconds Max Length: 

15; Seconds Compression: None.  

Analysis 

I performed all data analysis using R version 4.2.1 (R Core Team, 2022) and R 

Studio (RStudio Team, 2020). All data were non-normally distributed, determined using 

a Shapiro-Wilk test for normality (p<0.05) and transformations did not improve 

normality, so I proceeded with non-parametric tests. 
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Hibernating Bat Group Size, Species Composition, and Behavior. Chi-squared 

tests compared species composition and colony sizes using data from Years 1-5 (2018-

2023). I analyzed roost characteristics (roost height from floor, cluster size, and roost 

position) and tested for differences between species and caves using the Kruskal-Wallis 

H-test, followed by Dunn’s Multiple Comparison post hoc test to check for specific pair-

wise differences. These analyses only included data from Years 4 and 5 since survey 

personnel were consistent across both years and my protocol was solidified and refined 

by this time.  

Torpid Body Temperature and Tendency to Arouse. Thermal image 

processing was completed in FLIR Thermal Studio (version 1.9.66). I estimated Tsk from 

each video using the scale bar provided in the video, and determined if the roosting bat’s 

Tsk was above ambient by more than ~1ºC or normothermic (~35ºC). For bats imaged 

repeatedly in Year 4, Tsk was estimated from each video and compared to subsequent 

videos collected over the course of the survey. For each repeatedly imaged bat, I 

determined if Tsk increased by more than 1ºC over the course of the survey, and if it did, I 

examined the data further to determine if the bat reached normothermic body 

temperatures and/or returned to temperatures representative of torpor. Species-specific 

tendencies were not evaluated because image quality differed between C. townsendii, 

roosting exposed, and Myotis spp., which often roosted in obscured positions. 

Microclimate Selection. To assess microclimate selection, I used data from 

January and February of Year 5 only (2023), which included data from two internal 

surveys at each of Caves 1 and 3, one internal survey in February 2023 at Cave 2, and 

continuous cave condition data at each site. Year 4 data was not used due to Kestrel 3000 
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malfunctions. Based on our acoustic monitoring efforts that estimated hibernation length 

using bat nightly activity at each site, I assumed data collected in January and February 

were accurate representations of bat hibernation microclimate selections at these sites.  

 Relative humidity can be misleading regarding evaporative water loss from 

hibernating bats (Kurta, 2014), so I converted relative humidity to absolute humidity and 

water vapor pressure deficit. Water vapor pressure deficit was determined by taking the 

difference between the measured saturated vapor pressure (calculated based on relative 

humidity) and the measured actual vapor pressure (calculated using the recorded 

temperature). For comparisons between bat roost condition and available cave conditions 

from 24 hours prior to a survey, hourly recordings per logger were used since daily 

variance per logger was wide in some cases. In other analyses (i.e., comparisons between 

caves and years), daily average recordings were used. Days where loggers were placed or 

retrieved were excluded from analysis. 

Data from each month was analyzed separately because conditions varied 

significantly between months (Kruskal-Wallis df=1, p<0.01), and this allowed us to avoid 

problems related to pseudo-replication of bat observations. Sites were combined for 

analysis to assess bat selection of conditions on the larger geographic scale and were 

analyzed separately to assess site-specific patterns. For each month, only a subset of the 

HOBO data was used. Bats arouse periodically and may relocate within hibernacula 

every one to 25 days (e.g., Brack Jr. and Twente 1985), though arousal patterns have not 

been described for these specific groups of hibernating bats. Thus, hourly recordings per 

logger spanning a 24-hour period from one day, five days, 10 days, 20 days, and 25 days 

preceding each survey date were each tested against bat roost conditions to account for 
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the conditions that existed when bats may have selected a particular roost location and 

entered torpor. Cave conditions varied significantly across all data collected one, five, 10, 

15, 20, and 25 days prior to each survey (Kruskal-Wallis df=1, p<0.01). However, 

available cave condition and bat roost condition distributions were significantly different 

regardless of which 24-hour period was used (Kolmogrov Smirnov df=1, p<0.05). 

Presumably, bat roost conditions vary over time similarly to cave condition variation over 

time, so I present differences using cave conditions from the 24-hour period preceding 

each bat survey, which were most reflective of conditions at the time I observed bats. 

Nonparametric tests were used for all analyses because most data were non-

normally distributed (Shapiro-Wilks p<0.05) and transformations did not improve 

distributions. A two-sample Kolmogorov-Smirnov test was used to directly compare the 

distribution of measured bat roost conditions, including temperature, relative humidity, 

absolute humidity, and water vapor pressure deficit, to available cave conditions within 

each cave. I analyzed all species together and separately tested for species-specific 

preferences. Significantly different distributions (p<0.05) indicated a non-random 

distribution of bats across available conditions. A nonsignificant result indicated bats 

were randomly dispersed across the available cave conditions, with no evidence of 

selecting for specific temperature and humidities. 

Interspecific roost differences within caves, intraspecific roost differences 

between caves, and differences in cave conditions between sites, months, and 24-hour 

HOBO sampling periods were tested using the Kruskal-Wallis H-test, followed by 

Dunn’s Multiple Comparison post hoc test. Comparisons of species preferences between 

sites were performed with C. townsendii and Myotis spp., which had sufficient sample 
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sizes to make meaningful comparisons. A significance of less than p=0.05 indicated 

significantly different conditions between groups. 

Acoustic Analysis and Hibernation Length. All bat acoustic calls were 

processed using SonoBat (version 4.4.5; Szewczak 2017). Files containing characteristic 

bat pulses were automatically determined as bat-call files by Sonobat software. Several 

species of bats in Arizona echolocate at frequencies ~8 kHz, so I evaluated all calls 5 kHz 

and above. I used the Northern-Arizona auto-classifier with an acceptable call quality 

threshold of 0.50 and a decision threshold of 0.90 within each call sequence. All calls 

characterized as bat calls by Sonobat were then manually vetted by evaluating each call’s 

sonogram against reference files for Arizona species. I confirmed that all included calls 

met characteristic bat call criteria (i.e., no birds, insects, etc.). Species presence per 

recording night at each site was determined to evaluate species-specific differences in 

hibernation length and winter activity.   

Due to ambiguity in Myotis spp. acoustic signatures, I grouped calls from this 

genus into the “50 kHz Myotis” group (characteristic frequency above 48 kHz) and the 

“40 kHz Myotis” group (characteristic frequency between 38 kHz and 48 kHz; Table 1). 

All other species were manually vetted to the species level when possible. When vetting 

to the species level was not possible, calls were grouped into high frequency bats 

(characteristic frequency above ~35 kHz) and low frequency bats (characteristic 

frequency below ~35 kHz; Table 1). 

Calls were used as an index of relative activity and were not used to estimate total 

abundance since single bats may be detected multiple times in one night (Bernard & 

McCracken, 2017). Acoustic-nights were defined as the number of nights that acoustic 
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recorders were operating at each site. I designated nights of bat activity when at least one 

file containing characteristic bat calls was recorded. I summed the number of files with 

bat activity each night at each site to evaluate relative nightly activity. I adapted methods 

to determine hibernation length from Meyer et al. (2016) and Blejwas et al. (2021). To 

capture a conservative estimate of hibernation I selected the hibernation start date 

(entrance) as the first of three consecutive nights that nightly bat passes fell below 1% of 

the total bat passes for fall. I defined “fall” as all dates within the eight weeks prior to the 

autumnal equinox. For the hibernation end date (emergence), I selected the first of three 

consecutive nights that nightly bat passes exceeded 1% of total bat passes for the spring 

season, which I defined as all dates eight weeks prior to the spring equinox. Humphries et 

al. (2002) expected hibernation length to equal the number of days in a year where the 

mean nightly temperature < 0ºC, so I additionally estimated hibernation length at each of 

my sites using weather station temperature data. 

I used multivariate modeling in program R (version 4.2.1; R Core Team, 2022) to 

determine which environmental variables were the most predictive of winter bat activity. 

Like Bernard & McCracken (2017) and Mallinger et al. (2023), my dependent variable 

was nightly bat activity defined as the total number of files with characteristic bat calls 

per night at each site. Every acoustic-night during the defined hibernation period from 

Years 4 and 5 at each site was used as the sample unit (n=1148 nights). As compared 

with Bernard & McCracken (2017), my study included a similar number of sample sites 

(i.e., hibernacula; n=3), multiple years of data collection, the same methods of estimating 

bat activity, and overlapping environmental predictor variables. My nightly bat activity 

data was non-normally distributed (Shapiro-Wilks W=0.29, p<0.001) and transformations 



  32 

did not improve normality of data distributions, so I used nonparametric methods. I used 

base R to scale all predictor variables and standardize values (range=-3 - 3). 

I used Spearman correlations from package Hmisc (2022) to test for significant 

pairwise correlations between each measured environmental variable and nightly bat 

activity. I selected environmental variables that correlated with bat activity with ρ ³|0.3| 

(Bolker et al., 2009; Supplementary Material Appendix B; Table B1). To reduce model 

complexity, I used only the most highly correlated measurement of each variable 

category. Using the temperature category as an example, daily average temperature, daily 

minimum temperature, and daily maximum temperature were all highly correlated with 

nightly bat activity (ρ ³|0.3|), but daily average temperature was most highly correlated 

with bat activity (ρ=0.56), so daily average temperature was the temperature 

measurement I used in modeling (Supplementary Material Appendix B; Table B2). For 

other variable categories with average, maximum, and minimum measurements, the most 

highly correlated measurement of each category was selected.  

Next, I used Spearman correlations to test for relationships between the selected 

environmental predictor variables (Supplementary Material Appendix B; Figure B1). I 

identified model sets of uncorrelated predictor variables (ρ <0.6; Supplementary Material 

Appendix B; Table B2) and generated six a priori global models (Supplementary 

Material Appendix B; Table B3). For each a priori model set, I tested generalized linear 

models (GLM) and generalized linear mixed models (GLMM; package lme4; Bates et al., 

2015), first with Poisson distribution, then with negative binomial distribution (penalized 

quasilikelihood estimation) to account for the overdispersion in my count data 
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(Supplementary Material Appendix B; Table B4). Within each a priori model set, every 

possible predictor variable combination was tested using additive effects.  

Initially, I modeled each site separately using data from Years 4 and 5 combined. 

I followed this with models combining data from all sites and years, which produced 

similar results. I proceeded with analyzing data from all caves, and tested cave as a fixed 

effect (Supplementary Material Appendix B; Table B5). However, I was more interested 

in uncovering environmental factors driving bat activity with implications across a 

broader geographic scale over site specific differences, so I used cave as a random 

intercept effect. A lack of any overlap in atmospheric pressures between Cave 2 and the 

other two caves (Kruskal-Wallis H=0.76, df=2, p<0.001) also supported using cave as a 

random effect. 

Due to the ratio of samples (n=1148) to parameters (n=4), I used Akaike 

Information Criterion (AIC) to rank and identify top performing models. To assess 

goodness of fit of top models, I examined quantile-quantile (q-q) plots, residual versus 

predicted plots, and nonparametric dispersion histograms using the R package DHARMa 

(Hartig, 2022). Finally, I evaluated the importance of including cave as a random 

intercept by calculating standard deviations of the random effect in each top model 

(Mallinger et al., 2023). 

Results 

Hibernating Bat Group Size, Species Composition, and Behavior  

Between April 2018 and February 2023, we completed 63 internal cave surveys 

and recorded 727 observations of torpid bats. Bat abundance was greatest at Cave 1 in 

March 2019 with 85 roosting individuals observed. Cave 1 is a known maternity colony 
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for C. townsendii (M. Moore, pers. comm.). Relatively high bat abundance in March at 

Cave 1 may be influenced by the maternity colony and were not representative of the 

relative abundance I observed during hibernation, so hibernation analyses included only 

November through February at each site. Observed hibernating colony sizes ranged from 

five to 40 individuals. Hibernating groups were observed beginning in October, and they 

gradually increased each survey until counts of hibernating bats peaked in January and 

February, during all years (Figure 3). Maximum observed hibernating group size was 40 

individuals in Cave 1 in February 2022. Controlling for survey effort by averaging across 

all surveys per year, observed hibernating colony sizes were 18.6, 16.3, 25.6 and 26.1 

individuals, in Years 1-5 respectively. In Years 1, 2, and 5, hibernating colony sizes 

varied significantly among caves (Year 1: X2=66.39, df=2, p<0.001;Year 2: X2=6.0308, 

df=2, p=0.049;Year 4: X2=5.9826, df=2, p=0.05; Year 5: X2=7.01, df=2, p=0.03). Across 

all sites, observed hibernating colony sizes varied among years (X2=61.20, df=3, 

p<0.001); however, colony size did not change significantly between years at Cave 3 

(X2=0.69, df=3, p=0.87; Figure 3).  

  The following results present data from Years 4 and 5 only, when survey 

personnel and internal cave survey protocols remained constant. Between November and 

February, I collected data from C. townsendii (n=153 observations), E. fuscus (n=27 

observations), P. hesperus (n=6 observations), and Myotis spp. (n=217 observations), and 

one observation of a pair of A. pallidus roosting together (n=2 observations). Because of 

similarities in morphology and cryptic roosting locations, some bats could not be 

distinguished between P. hesperus and Myotis spp. (P. hesperus/Myotis spp.) or could not 

be identified at all (NA). Species compositions differed significantly between Years 4 
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and 5 at Cave 1 (X2=46.67, df=5, p<0.001) but did not differ significantly between Years 

4 and 5 at Caves 2 or 3 (Cave 2: X2=3.50, df=4, p=0.48; Cave 3: X2=3.97, df=4, p=0.41). 

Species compositions also varied among sites in each year (Year 4: X2=59.554, df=8, 

p<0.001; Year 5: X2=30.95, df=10, p<0.001; Figure 4). See Table 2 for species counts 

and relative abundance per year across Caves 1-3. 

  In Years 4 and 5, bats roosted at an average of 2.9 meters above ground, ranging 

from 0.5 meters to 11.3 meters (Table 3). Average roost height was significantly higher 

in Cave 3 compared to Caves 1 and 2 (Kruskal-Wallis H=0.062, df=2, p1:3= 0.003, 

p2:3<0.001). C. townsendii roosted at an average height of 3.16 meters above ground 

(range 0.53 m-6.60 m), significantly higher than Myotis spp. (Kruskal-Wallis H=0.067, 

df=4, p< 0.001), which roosted at an average of 2.67 meters above ground (range 0.52 m-

11.32 m).  

Roost positions did not vary significantly between caves (Kruskal-Wallis df=2, 

p=0.28; Table 3). C. townsendii roost position was significantly different from Myotis 

spp., E. fuscus, and P. hesperus/Myotis spp. (Kruskal-Wallis H=0.65, df=5, p<0.001). C. 

townsendii roosted fully exposed in 98.7% of observations during hibernation, whereas 

Myotis spp. roosted fully exposed in only 7.3% of observations. Instead, the vast majority 

(93%) of Myotis spp. roosted inside of a cave feature (e.g., crack, cup, etc.) with only part 

of the body exposed. P. hesperus and E. fuscus were never observed roosting fully 

exposed and were always observed partially obscured within cave features. Clustering 

was observed in only 4.1% of total bat observations, and the largest cluster size was two 

bats. There were significantly more clusters of bats in Cave 1 than in Caves 2 and 3 

(Kruskal-Wallis H=0.039, df=4, p1:2<0.001, p1:3=0.008), where eight occurrences of two-
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bat clusters were observed. Cluster size was not significantly different between species 

(p=0.43).  

  Reconnaissance surveys of additional hibernacula revealed small colonies, 

ranging from zero to 22 individuals between November and February (Figure 5). At 

Caves 8 and 10, colonies up to 22 were observed in November, but repeated surveys in 

January revealed zero bats utilizing either cave as hibernacula. Despite all November 

observations being within the defined hibernation period, it is possible these observations 

may not be indicative of the hibernating colony at those sites as all bats were gone in 

January. Species found in Caves 8 and 10 included C. townsendii (n=5), E. fuscus (n=1), 

and Myotis spp. (n=39), with no clustering activity observed.   

Torpid Body Temperature and Tendency to Arouse  

In Years 4 and 5, I thermally imaged bats on 426 occasions between November 

and February. Across all occasions, 0.9% of bats imaged in Year 4 and 1% of bats 

imaged in Year 5 showed surface body temperatures (Tsk) >2ºC above ambient at the 

time of initial observation. Across both years, Tsk ranged from 1ºC to 22ºC in Cave 1,      

-2.5ºC to 29.9ºC in Cave 2, and 0ºC to 12ºC in Cave 3 (Table 4). 

On 173 occasions, I collected repeated thermal images of roosting bats. Repeated 

thermal imaging spanned up to 360 minutes after the time of the initial image, with an 

average maximum range between first and last images of 209.9 minutes. During 11% of 

repeated imaging occasions, bats raised their body temperatures 1-2ºC between the first 

image and the last image, but only one bat increased its Tsk to normothermic temperatures 

over the course of a survey. Of note, at Cave 2 in November 2022, one C. townsendii, for 

which I collected repeated images, unfurled its ears, then refurled them, all while 
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maintaining Tsk ~9ºC. Additionally, across both years and all sites, above-ground bat 

activity never increased significantly the night following an internal survey, according to 

my acoustic data. 

Microclimate Selection 

In Years 4 and 5, temperature, relative humidity, absolute humidity, and water 

vapor pressure deficit (WVPD) varied significantly among caves (Kruskal-Wallis: 

temperature: H=0.73, df=2, p<0.001; relative humidity: H=0.23, df=2; absolute humidity: 

H=0.44, df=2, p<0.001; WVPD: H=0.60, df=2, p<0.001; Table 5). Cave 1 was the 

warmest, most humid site, and exhibited the highest WVPD. Cave 2 was the coldest, 

driest site, and had the lowest WVPD. Cave 3 was intermediate in temperature, humidity, 

and WVPD. Although there were significant differences across sites, there was some 

overlap in cave conditions between sites. Overall, caves provided a buffer from external 

condition extremes and variability (Figure 6), but internal cave conditions did vary 

significantly throughout the winter (Kruskal-Wallis p<0.01; Supplementary Material 

Appendix A; Figure A1) and between years (Kruskal-Wallis: temperature: H=0.022, 

df=2, p<0.001; relative humidity: H=0.15, df=2, p<0.001; absolute humidity: H=0.032, 

df=2, p<0.001; WVPD: H=0.14, df=2, p<0.001). Specifically, compared to Year 4, caves 

in Year 5 were colder (Year 4 average temperature=5.56ºC; Year 5 average 

temperature=4.35ºC) and more humid (Year 4 average absolute humidity=3.79 g/ml; 

Year 5 average absolute humidity=4.27 g/ml).  

Across all three caves in Year 5, bats generally roosted in cold and dry locations 

during hibernation (Table 5). Bats roosted between -0.2ºC and 12.1ºC, 39.6% and 75.9% 

relative humidity, 2.68 g/ml and 5.59 g/ml absolute humidity, and 0.16 kPa and 0.78 kPa 
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WVPD. I performed microclimate analysis only on Year 5 data and found that bat roost 

condition distributions for all measured variables were significantly different from the 

distributions of conditions available within caves when all sites were considered together 

(Fligner-Killeen df=1, p<0.05). In other words, bats roosted within a relatively narrow 

subset of available conditions, avoiding the highest and lowest temperatures and 

humidities (Figure 7). At each cave, when comparing bat roost conditions to cave 

conditions from 24 hours prior to each survey, distributions were significantly different 

for all measured variables, for every survey (Kolmogorov-Smirnov df=1, p<0.05), except 

for WVPD at Cave 1 in January (Kolmogorov-Smirnov D=0.19, df=1, p=0.29) and 

temperature at Cave 3 in January (Kolmogorov-Smirnov D=0.16, df=1, p=0.40).  

  In Year 5, there were no interspecific differences in roost temperature (Kruskal-

Wallis df=4, p=0.23), relative humidity (Kruskal-Wallis df=4, p=0.96), absolute humidity 

(Kruskal-Wallis df=4, p=0.27), or WVPD (Kruskal-Wallis df=4, p=0.59). Although roost 

conditions did not differ significantly between C. townsendii and Myotis spp. (C. 

townsendii n=42 observations; Myotis spp. n=93 obs.) at any individual site, there were 

intraspecific differences in roost conditions between sites. Roost temperatures were 

significantly different between sites for C. townsendii and Myotis spp. (C. townsendii: 

Kruskal-Wallis H=0.70, df=2, p1:2<0.001, p1:3=0.008, p2:3<0.001; Myotis spp.: Kruskal-

Wallis H=0.69, df=2, p1:2<0.001, p1:3<0.001, p2:3<0.001) where they utilized a narrower 

range of temperatures between -0.5ºC and 4.4ºC in Cave 2 and were more dispersed 

across temperatures between 2.1ºC and 12.1ºC in Caves 1 and 3. Myotis spp. roosted in 

significantly higher absolute humidity in Cave 1 than in Caves 2 and 3 (Kruskal-Wallis 

H=0.27, df=2, p1:2<0.01, p1:3<0.01, p2:3=0.394); however, C. townsendii roost absolute 
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humidity did not vary significantly between caves (Kruskal-Wallis H=0.096, df=2, 

p1:2=0.0924, p1:3=0.0924, p2:3=0.888). Both C. townsendii and Myotis spp. roosted at low 

WVPDs in Cave 2 (0.20 kPa – 0.28 kPa) compared to Caves 1 and 3, where they roosted 

between 0.22 kPa and 0.78 kPa (C. townsendii: Kruskal-Wallis H=0.64, df=2, p1:2<0.01, 

p1:3=0.179, p2:3<0.01; Myotis spp.: Kruskal-Wallis H=0.54, df=2, p1:2<0.01, p1:3=0.028, 

p2:3<0.01; Figure 8).  

C. townsendii and Myotis spp. roost temperatures also differed intraspecifically 

between Years 4 and 5 (Kruskal-Wallis C. townsendii: H=0.097, df=1, p<0.001; Myotis 

spp.: H=0.027, df=1, p=0.02). C. townsendii roost sites were 1.76ºC colder in Year 5 

compared to Year 4, roosting at an average of 4.05ºC, and Myotis spp. roost sites were 

0.96ºC warmer in Year 5 compared to Year 4, roosting at an average of 4.91ºC. All other 

species' roost conditions did not vary between years (Kruskal-Wallis df=1, p>0.05).  

Hibernation Length and Winter Activity 

In Years 4 and 5 across all three sites, I collected a total of 583 recorder-nights of 

acoustic data and 565 recorder-nights of acoustic data, respectively. I detected thirteen 

species and species groups (i.e., 40 kHz Myotis) across sites in both years 

(Supplementary Material Appendix A; Table A2). Acoustic monitoring revealed 

significant seasonality in species detections (Supplementary Material Appendix A; Figure 

A2). The most active species group across all sites was 40 kHz Myotis, followed by 50 

kHz Myotis, C. townsendii, E. fuscus, and P. hesperus.    

Hibernation length was consistent across years (Table 6). Hibernation generally 

began in early November, and lasted through early March to early April, although this 

varied between sites (Figure 9). Hibernation was estimated to last between 117 and 152 
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days in Year 4, and between 104 and 166 days in Year 5. Hibernation lasted longer than 

predicted by temperature data, following methods from Humphries et al. (2002), at Caves 

1 and 3 but lasted about as long as predicted at Cave 2 (Table 6). At Caves 2 and 3, 

species-specific hibernation lengths could be estimated. The 40 kHz Myotis group had the 

shortest overall hibernation period (Cave 2: 132 days (Year 4), 164 days (Year 5); Cave 

3: 79 days (Year 4), 116 days (Year 5)). C. townsendii had the longest hibernation 

periods (Cave 2: 171 days (Year 4), 172 days (Year 5); Cave 3: 106 days (Year 4), 123 

days (Year 5)) followed by the 50 kHz Myotis group (Cave 2: 157 days (Year 4), 168 

days (Year 5); Cave 3: 115 days (Year 4), 125 days (Year 5)). 

Winter bat activity varied significantly across sites (Kruskal-Wallis H=0.42, df=2, 

p<0.01) in both Years 4 and 5. Winter activity was greatest at Cave 1 [Percent of 

hibernation nights with activity (Year 4: 91%; Year 5: 95%)], lowest at Cave 2 (Year 4: 

50%; Year 5: 33%), and relatively moderate at Cave 3 (Year 4: 80%; Year 5: 83%). 

Across all three caves in both Years 4 and 5, the 40 kHz Myotis group was the most 

active during hibernation with an average of 76 active nights (range 48-113) in Year 4 

and 72 active nights (range 34-100) in Year 5 across all caves. In one instance, 40 kHz 

Myotis activity was recorded at temperatures as low as -12.3ºC, an almost identical 

observation as that of Bernard and McCracken (2017). C. townsendii was active on 37 

nights, on average, during hibernation in both years (Year 4 range: 2-70; Year 5 range: 5-

64). The 50 kHz Myotis group showed an average of 25 and 35 active nights (Year 4 

range: 1-39; Year 5 range: 2-61) respectively and E. fuscus showed an average of 21 and 

23 active nights (Year 4 range: 17-26; Year 5 range: 7-46) respectively. P. hesperus was 
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active only on 13 and 9 active nights, on average, in Years 4 and 5, respectively (Year 4 

range: 0-39; Year 5 range: 0-26).  

A priori model testing followed by model selection using AIC indicated that 

models including daily average external temperature, daily average pressure, daily 

maximum wind speed, and daily minimum cave internal temperature performed best 

(Table 7). These four predictor variables were included in top models across all modeling 

efforts (Supplementary Material Appendix B; Table B6-8). A negative binomial 

distribution had a better fit to my data compared with the Poisson distribution 

(Supplementary Material Appendix B; Figure B2-9). Cave as a random intercept had no 

significant impact on models (standard deviation<0.001), so I ultimately selected the 

generalized linear model (GLM) with a negative binomial distribution as the best fitting 

model.  

Like Bernard and McCracken (2017), ambient temperature showed a strong, 

positive relationship with winter bat activity (Estimate ± SE: 1.02± 0.08; Figure 10; 

Table 8). Atmospheric pressure also showed a strong positive relationship with winter bat 

activity (Estimate ± SE: 1.10 ± 0.09; Figure 10; Table 8). Maximum daily wind speed 

correlated negatively with winter bat activity (-0.32 ± 0.07; Figure 10, Table 8). 

Minimum internal temperature was included in the top model; however, it did not show a 

significant relationship with winter activity (-0.07 ± 0.09; Figure 10, Table 8). 

Discussion 

Mine is the first study to routinely monitor and study groups of hibernating bats in 

north-central Arizona. I have generated a baseline dataset on the ecology, physiology, 

and behavior of bats hibernating in a geographic region that has received very limited 
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attention, as compared with other areas (e.g., eastern United States) where hibernating 

bats are more easily observable. My findings shed light on arid-adapted bat hibernation 

ecology, behavior, and physiology, and on the potential of white-nose syndrome (WNS) 

to develop in Arizona bats.  

Bat Hibernation in Arizona 

Hibernation in north-central AZ is characterized by small colonies of less than 40 

individuals that peak in abundance in either January or February. Bats are dispersed 

throughout each cave system with very little to no clustering activity apparent. This 

contrasts populations in other parts of North America and in other parts of the Southwest 

(i.e., New Mexico) where several hundred individuals may cluster together (e.g., Jagnow, 

1998). My findings reinforce information showing that bat hibernation ecology varies on 

the continental-scale (e.g., Hranac et al., 2021) and illuminates differences across a 

relatively small geographic area, the Southwest. 

Corbett et al. (2017) found a similar lack of clustering activity and small colonies 

in their extensive cave survey project throughout Arizona. All but one of the sites with 

bats present (n=16) that Corbett et al. (2017) surveyed between January and February 

exhibited temperatures that overlapped with temperatures observed in hibernacula used in 

this study. For this reason, similarities in temperature between my study sites and 

hibernacula found throughout the state are evident. Additionally, small colonies of C. 

townsendii have been observed at similar elevations in the most southern part of Arizona. 

These hibernacula offer similar ambient temperatures to my study sites (Schmidt, 1995; 

Tim K. Snow, 1996, 1998). Based on the similarity between the limited number of other 

investigations and mine, these results may be indicative of bat hibernation throughout 
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Arizona. But because there are over 2,400 documented caves in Arizona (Arizona Cave 

Survey, 2017), it is possible these results do not encompass the behaviors of all bats 

overwintering in Arizona. For example, the hibernacula I monitored were never utilized 

by M. velifer, and had very few observations of P. hesperus, E. fuscus, and A. pallidus. 

All of these species are known to occur in Arizona throughout winter (Corbett et al., 

2017; Hayward, 1961; Pérez et al., 2020), yet very little information regarding their 

hibernation ecology in Arizona exists, and these results may not capture hibernation 

tendencies of these species state-wide. I urge managers and researchers to collect more 

data of these kinds at additional sites throughout the state. 

The low tendency of Arizona bats to arouse following disturbance was surprising. 

After four years of repeated surveys, hibernating colonies in each cave increased in 

relative abundance, though these increases may be attributed to methodological 

improvements rather than actual changes in abundance. Using passive acoustic 

monitoring, I found no significant increase in bat activity on nights following any internal 

survey. Generally, bat body temperatures increase during interbout arousals from near 

ambient to normothermic temperatures (~35ºC; but see Bachorec et al., 2021). Repeated 

thermal imaging of hibernating bats revealed only one bat (0.5% of Year 4 bat 

observations) that returned to normothermic body temperatures during internal surveys, 

which lasted up to seven hours with crews of up to six people. This supports the 

hypothesis that bats hibernating in Arizona have a low tendency to arouse upon non-

tactile disturbance. Considering the single C. townsendii that unfurled and refurled its 

ears while maintaining low Tsk, the use of “cold arousals” following disturbance should 

be considered as a strategy employed by bats overwintering in Arizona (Bachorec et al., 
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2021). A historical pattern of minimal human disturbance in some Arizona caves and 

common natural disturbances, such as nesting ravens and javelina activity within 

hibernacula (Twente, 1955a), may have driven the evolution of hibernation behaviors that 

consume minimal energy and suffice to cope with limited life-threatening disruptions. 

Additionally, because bats in Arizona hibernate in caves with low humidity (see 

“Microclimate Selection” section), reducing water loss may have been a primary driver in 

bat hibernation behavior in Arizona, and bats may exhibit a lower tendency to disturb to 

maintain a low arousal frequency. Boyles (2017) suggests that understanding site-specific 

disturbance regimes of bats will help managers understand the costs and benefits of 

research on hibernating bat populations. Here, I show that managers may enter Arizona 

hibernacula without detriment to hibernating colonies if non-tactile and efficient methods 

are used, although this should be evaluated on a site-specific basis.   

Microclimate Selection 

My results provide evidence that bats hibernating in Arizona select cold and dry 

roost sites, even when other conditions are available within the same cave. I observed 

bats roosting in caves that did not reach 100% relative humidity, though higher humidity 

sites were available, and bats utilized relatively dry roost sites within hibernacula. I did 

not observe any hibernating bats in Caves 8-10 which had suitable temperatures (<9.9ºC) 

and up to 100% relative humidity. But within 10 km of these sites, a significantly less 

humid cave (Cave 2), supported a stable hibernating bat colony. The selection of Cave 2 

by hibernating bats, which is within a feasible travel distance for bats from Caves 8-10 

suggests a preference for this location over the more humid sites. Other factors, such as 
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snowpack preventing winter aboveground activities, increased airflow within caves, 

among other possibilities, should also be considered as drivers of site selection. 

Within caves, bats selected relatively dry roost locations and all bats roosted 

below 75.9% relative humidity. These roost sites are significantly drier than some roost 

sites in northeastern North America (e.g., Kurta & Smith, 2014), but have similar 

conditions to sites in Montana, Nevada, Colorado, Oregon, Utah, and Oklahoma (Haase 

et al., 2021). Under experimental conditions, arid-adapted bats show lower amounts of 

EWL than their humid-adapted counterparts when both are exposed to dry conditions 

(Klüg-Baerwald & Brigham, 2017). So, Arizona bats may express traits that allow them 

to roost in dry locations without suffering from detrimental EWL throughout hibernation. 

Additionally, in one species of bat, clustering with conspecifics reduced EWL by 30% 

(Boratyński et al., 2015), yet none of the bats I observed utilized this strategy. Thus, the 

selection of dry roost sites and lack of clustering behavior by bats hibernating in Arizona 

may indicate evolved tolerance to low humidities and ability to select sites based on 

factors other than high humidities.  

When considered in relation to roost temperatures, the potential for evaporative 

water loss was relatively low in the three hibernacula, despite low humidities. For 

example, Cave 2 showed low absolute humidities, but roost sites exhibited low potential 

for EWL due to the cold temperatures resulting in low WVPD. At Caves 1 and 3, the 

more humid and warmer roost sites showed higher WVPD than at Cave 2, potentially 

driving more EWL at these sites. Thus, it may be a combination of roost humidity and 

temperature that acts as a driving force for roost site selection. 
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I observed bats exhibiting a preference for cold roost sites, while actively 

avoiding exposure to the most extreme cold temperatures. Bats roosted at temperatures 

between -0.2ºC and 12.1ºC, which are equivalent to roost temperatures observed in 

Colorado, Nevada, Oregon, Utah, Idaho, British Columbia, and Montana (e.g., Haase et 

al., 2021; Hayes et al., 2011; Gillies et al., 2014; Nagorsen et al., 1993), indicating 

similarities in roost selection by bats in Arizona and bats that hibernate at higher 

latitudes.  

Optimal hibernation theory suggests that bats will choose to roost as close to the 

minimum available temperature (Tmin) as possible to maximally reduce energy 

expenditure throughout hibernation (Boyles et al., 2020). But this constraint to roost near 

Tmin varies based on how much energy is available, either stored as fat or available 

throughout winter (i.e., insects; Boyles et al., 2020). At Cave 2, the coldest site in my 

study both internally and externally, bats roosted at the lowest recorded roost 

temperatures. These bats may be so constrained by a harsh winter (extended periods of 

low temperatures), lack of available food, or duration of winter (see “Hibernation Length 

and Winter Activity” below) that they adaptively select the coldest possible roost 

locations. Bats as Caves 1 and 3 roosted at warmer temperatures and appeared to stray 

further from Tmin, while still avoiding the warmest temperatures. Less extreme 

conditions, shorter duration of winter and potentially more available food (see 

“Hibernation Length and Winter Activity” below) at Caves 1 and 3 may allow more 

flexibility in roost temperature selection. 

I observed a lack of interspecific variation in microclimate preferences between 

the two main species groups, C. townsendii and Myotis spp. These results may indicate 
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similar adaptations to arid hibernacula with suitably cold temperatures among species. I 

also observed intraspecific differences in roost selection between sites, which indicates 

that there is flexibility in hibernation strategies within species groups (e.g., Auteri, 2022; 

Klüg-Baerwald & Brigham, 2017). It is possible that a narrow range of condition 

utilization by roosting bats could be a function of small colonies, which couldn’t 

physically be dispersed across a wider range of available cave conditions, biasing 

selection tendencies. Yet, because patterns persisted across caves, I suspect that the 

utilization of observed conditions may instead indicate microclimate selection tendencies. 

Exploring and quantifying the specific adaptations that enable Arizona bats to thrive in 

dry hibernacula could reveal underlying mechanisms with relevance to climate change 

and pathogen invasion through the skin. 

Hibernation Length and Winter Activity 

According to my estimates, hibernation lasted between 104 and 162 days across 

the three north-central Arizona hibernacula and varied along an elevational gradient. 

Variation across sites illuminated the different energetic costs of hibernation for bats 

within a relatively small geographic area that has diverse topography. Compared to 

modeling efforts (Hranac et al., 2021) and common methods to estimate hibernation 

length from climatic data (e.g., Humphries et al., 2002), hibernation in north-central 

Arizona is longer than expected at similar latitudes (e.g., Brack Jr. & Twente, 1985, 

Hayman et al., 2017). Hibernation lasted as long as in some areas of Nevada, Colorado, 

and Utah (Haase et al., 2021), and this likely places a considerable energetic strain on 

hibernating bats in Arizona.  
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I observed high levels of winter activity, specifically at the two lower elevation 

caves. Activity outside of hibernacula can be common in winter (e.g., Boyles et al., 2006; 

Bradley & O’Farrell, 1969; O’Farrell & Bradley, 1970). The use of deep torpor in 

combination with high levels of winter activity indicates that north-central Arizona bats 

may be considered winter “resistors” versus true hibernators (Auteri, 2022), but not at all 

sites (i.e., elevations) included in this study. Even in small geographic areas, researchers 

and managers should consider that significant differences in hibernation traits may exist 

on an elevational gradient. Modeling efforts revealed increased winter activity associated 

with warmer internal and external temperatures, low wind speeds, and higher pressures. 

In Nevada, O’Farrell and Bradley (1970) directly observed an increase in bat activity at 

warmer winter temperatures and during lower wind speeds. Similar to findings in Meyer 

et al. (2016) and Bernard and McCracken (2017), bat activity in my study was more 

strongly correlated with external temperatures than internal cave temperatures, potentially 

because air flow throughout cave systems can change based on external conditions, 

though with smaller magnitudes of change, and alert bats through atmospheric stimuli 

(Boratyński et al., 2015).  

Some studies show that bats may feed during winter on warmer nights (Bernard et 

al., 2021; Hope & Jones, 2012; O’Farrell & Bradley, 1970; Speakman & Thomas 2003) 

and this may replenish fat stores (Boyles et al., 2020). In this study, bat activity increased 

above the threshold average temperature of 0ºC. High levels of winter activity at the two 

lower elevation sites (Caves 1 and 3) could indicate a foraging potential if insects were 

available (Bernard et al., 2021) which could allow bats at these lower-elevation sites to 

intermittently gain energy and withstand energetic constraints that hibernation presents. 
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In contrast, lower temperatures at Cave 2 may limit insect activity throughout winter. 

Without the ability to replenish fat stores, bats in Cave 2 may face the greatest 

hibernation-induced energetic strains across the three sites. Bats at Cave 2 showed the 

narrowest range of roost temperatures and roosted very close to the minimum 

temperature (Tmin), which should reduce energy expenditures (Boyles et al., 2020). This 

pattern may be adaptive at Cave 2 since external temperatures may be too low to allow 

foraging opportunities needed to replenished fat. Because there may be an opportunity to 

feed and replenish fat stores, bats at Caves 1 and 3 may have more flexibility in their 

roost temperature selection, allowing them to stray further from Tmin than bats at Cave 2, 

a pattern we observed at these two sites. Research to measure winter insect availability in 

the Southwest (Bernard et al., 2021) and winter feeding-specific activities is needed to 

understand the role insect availability plays on winter activity and other hibernation traits, 

such as roost temperature selections (Klüg-Baerwald et al., 2022).  

Winter activity may be the result of bats arousing and relocating between 

hibernacula, which has been observed in some species of hibernating bats (e.g., Twente, 

1955b). This pattern has been noted specifically in C. townsendii (e.g., Genter, 1986). 

Because colony sizes varied between each survey, it is likely that bats move within and 

possibly between hibernacula during winter, and this may account for some of the 

observed above-ground activity in winter. 

Due to the aridity of my study area, evaporative water loss may also be a driving 

force for winter activity. Bats have higher total evaporative water loss (EWL) in drier 

conditions (Ben-Hamo et al., 2013), so it is adaptive for bats to roost in areas with low 

water vapor pressure deficit to reduce water loss and arousal frequency. At Cave 2 bats 
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selected roost sites with lower WVPD and the very low levels of winter activity at this 

site may be attributed to low rates of EWL and fewer arousals to replenish body water. In 

contrast, WVPD was higher at roosts in Caves 1 and 3, which increased the potential for 

EWL from the bats utilizing these locations. Higher levels of activity at Caves 1 and 3 

may be attributed to roost sites with higher WVPD, higher rates of EWL, and necessarily 

more frequent arousals from torpor to drink water (Ben-Hamo et al., 2013; Klüg-

Baerwald et al., 2022). 

Across all sites, I observed interspecific differences in winter activity levels. It is 

possible that I captured fewer C. townsendii calls than Myotis spp. calls due increased 

attenuation of C. townsendii calls (Fenton, 1982), but the proximity of ARUs to cave 

entrances should have increased my ability to capture most calls. Therefore, I assume that 

the observed activity levels are indicative of actual relative activity levels. I found 

significantly more activity in Myotis spp. than in the larger-bodied species. Higher 

surface area to volume ratios seen in smaller-bodied bats leads to higher rates of EWL as 

compared with larger-bodied species (Conenna et al., 2021). Myotis spp. may be more 

vulnerable to evaporative water loss, forcing them to be more active throughout winter 

compared to the larger C. townsendii and E. fuscus to replenish more pronounced losses 

of body-water. This result indicates that interspecific differences exist in the use of 

“hibernation” versus “resisting” (Auterri, 2022) potentially due to differing physiologies 

between species. These findings emphasize the importance of variations in winter activity 

patterns among bat species, especially across elevational gradients even in small 

geographic areas. 
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Arizona Bat Risk to WNS 

I observed virtually no clustering behavior across all caves, years, and species. 

Colonies were small with a maximum observed hibernating colony of 40 individuals. 

Because clustering activity and colony sizes are correlated with the transmission of Pd 

(Langwig et al., 2012), hibernating bats in Arizona may experience relatively low risk of 

exposure if Pd more substantially enters the state. 

Caves 1, 2, and 3 exhibited temperatures that support growth of Pd (Blehert et al., 

2009; Verant et al., 2012). However, these sites were drier than optimal for Pd growth 

(Marroquin et al., 2017), which could limit fungal mycelial growth. I observed bats 

tolerating a wide range of conditions but avoiding the coldest and warmest areas within 

each site. Bats roosted within the range of temperatures where Pd growth is possible 

(3ºC-20ºC; Blehert et al., 2009), but nearly all bats roosted below the optimal growth 

range (12ºC-16ºC; Verant et al., 2012). Bats roosted in relatively dry areas compared to 

the range of available humidities. Roost humidities observed in my study would not 

support optimal Pd mycelial growth according to Marroquin et al. (2017), which may 

lessen the spread of Pd throughout hibernacula, slow invasion of Pd into host tissues, and 

increase survival in hibernating bats exposed to the fungus (Haase et al., 2021). 

Across the three study sites, hibernation lasted as long as in some areas of 

Nevada, Colorado, and Utah (Haase et al., 2021), which should be considered when 

discussing the risk WNS may pose to Arizona bats. Based on experiments on Myotis 

lucifugus, death from WNS can occur starting 85 days after exposure to Pd (Warnecke et 

al., 2012). If Arizona bats are exposed to Pd upon entering hibernacula, there may exist 
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an elevated risk of death from WNS as hibernation lasted between 104 and 162 days 

across all three sites during my study period. 

Active WNS infections are correlated with higher arousal frequency and higher 

EWL (Reeder et al., 2012; Warnecke et al., 2012). If affected by WNS, bats hibernating 

in Arizona may have differing risks towards more frequent arousals and rates of EWL 

depending on the elevation at which they overwinter. If bats roosting at lower elevation 

sites are already adapted to arouse frequently to forage or replenish water, they may not 

be affected by even more frequent arousals caused by a WNS infection if bats are indeed 

foraging while active in winter (see “Hibernation Length and Winter Activity” section). 

But bats roosting at the higher elevations may be so energetically constrained, increased 

arousals caused by Pd may pose a significant risk of fat depletion and an increased risk of 

death from WNS. Additionally, as bats lose fat reserves, they trend toward utilizing 

colder microclimates, in general (Boyles et al., 2007). Bats at Cave 2, which may already 

be roosting at their energetic minimum, would have little ability to choose colder 

temperatures for energy savings upon infection by Pd. In contrast, bats at Caves 1 and 3 

are not roosting at Tmin or the highest humidities so they may be able to adjust roost 

locations and select colder and more humid sites, expend less energy, and potentially 

survive longer compared with bats at Cave 2. Thus, it is important to consider that 

different risks may be presented in a relatively small geographic area where there are 

considerable changes in elevation.  

This study reveals that bats hibernating in Arizona have a low tendency to arouse 

upon non-tactile disturbance. Therefore, it may be possible for additional research aimed 

at addressing the risk of WNS to AZ bats to occur without negative effects on these 
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hibernating colonies. Yet, I caution that the tendency for bats to arouse should be 

monitored and studies should adapt accordingly. 

Bats hibernating in Arizona exhibit a suite of traits suggesting a mix of protective 

factors that may lessen spread of Pd and severity of WNS combined with risk factors that 

may increase WNS impacts in these populations. Specifically, the selection of roost sites 

within possible Pd growth temperatures may provide adequate conditions for Pd 

proliferation. Long hibernation lengths may pose significant risks of death from WNS if 

bats are infected upon entering hibernation. Yet, small colonies, a lack of clustering 

activity, selection of dry roost sites, and a natural tendency for winter activity to either 

feed, drink, or relocate, may indicate Arizona bats are at low risk of being impacted by 

WNS. All factors considered, bats hibernating in AZ may have some behavioral and 

ecological advantages compared to other populations of bats that have been highly 

affected by WNS.  

WNS is a complex disease, and these variables and others might have different 

effects on the virulence of Pd in Arizona compared to other regions of North America 

that are highly affected by WNS. Predicting the impacts of WNS lacks a straightforward 

and definitive approach, and inherent uncertainty exists about how WNS will play out in 

Arizona. Specifically, the species included in my study are different than the species most 

thoroughly studied in the context of WNS, for example, and most experimental studies 

are based on M. lucifugus. Not all species respond to WNS in the same way (Cheng et al., 

2021; Frank et al., 2014; Moore et al., 2018), so results from other species and M. 

lucifugus experimental studies may not be applicable to the species hibernating in 

Arizona. Additionally, there are large knowledge gaps surrounding the physiology of bats 
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hibernating in Arizona, like how much fat bats in Arizona put on in the fall, if bats are 

foraging during winter, or the natural arousal frequency of individuals during hibernation. 

These knowledge gaps, among others, make it difficult to accurately predict the outcome 

for bats hibernating in Arizona if Pd becomes more prevalent in the state. My baseline 

dataset of colony sizes, species composition, and behavior throughout winter can be used 

as a point of comparison for managers in the future to understand if bats hibernating in 

Arizona are being impacted by WNS. Continual monitoring and research on Arizona bat 

populations should be prioritized to determine how my findings generalize to the broader 

geographic scale and to detect and respond to potential changes in abundance and/or 

behaviors.  

Management Implications 

 I found bats roosting in caves with temperatures between -9.5ºC and 14.0ºC with 

an average of 4.3ºC. Relative humidities ranged from 22.4% and 90.8%, with an average 

of 63.3%. These observed values can guide managers when they are seeking out 

additional bat hibernacula in the state. Because cave conditions are relatively stable 

(Tuttle & Stevenson, 1978), managers could visit additional sites in October to 

November, before bats are in deep torpor, to assess the quality of hibernacula, reducing 

disturbance to hibernating colonies. When potentially suitable sites are found, they could 

be resurveyed between November and February, when I found bats hibernating in all 

sites. Managers should conduct internal surveys before the end of February if estimating 

hibernating colony sizes and behaviors are the goal, since emergence can begin in March. 

I found bats roosting in a range of positions, from fully exposed to almost completely 

obscured within cave features (e.g., only the tip of an ear exposed). Bats roosted between 
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0.5 meters and 11.3 meters from the cave floor, and in preliminary years, bats were 

observed nearly lying on the floor while in torpor (M.S. Moore, pers. comm.). I 

encourage anyone conducting internal surveys in Arizona to survey areas of caves where 

they would not normally expect to find roosting bats (i.e., in small cave features, near the 

ground, behind boulders). 

If bats are exposed to Pd upon entering Arizona hibernacula, managers should 

monitor bats toward the end of January for signs and symptoms of WNS, as that would 

be ~85 days after exposure (Langwig et al., 2012; Lorch et al., 2011; Reeder et al., 2012). 

This would also be the appropriate time to swab bats and cave features for presence of 

Pd. To swab bats for Pd during winter or as bats begin to emerge from hibernation, 

managers should target their netting efforts to nights when average temperatures are 

above 0ºC in mid- to late March, above the threshold temperature at which I observed 

higher levels of bat activity. Here, I generated a foundational dataset that includes colony 

sizes and activity levels during winter. Managers can employ this dataset as a reference 

point to measure alterations in colony sizes or behaviors, providing a method to evaluate 

the impact or presence of WNS and other stressors. 

Additional Research 

The power of my study comes from systematic, repeated surveys at cave sites to 

characterize hibernation traits within and between years. My results are potentially 

indicative of behaviors and traits in other groups of hibernating bats statewide, but one 

limitation of this study is the relatively few caves sampled given the total number across 

the state. Additional research that focuses on systematically monitoring additional sites 

across AZ will provide further evidence to support my findings or illuminate behavioral 
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and ecological differences across a larger geographic area. Additionally, expanding this 

research to include more sites on a wider elevational gradient could provide further 

insight on the role of elevation in both hibernation length and winter activity.  

My study also did not directly measure the physiology of bats hibernating in AZ. 

Additional research to quantify total evaporative water loss, torpor bout lengths, and 

energy consumption during hibernation may provide insights into the microclimate 

selection and winter activity levels that I observed. This research would bolster the 

general understanding of bat hibernation ecology in arid environments, and could provide 

a deeper understanding of the risk WNS, climate change, and habitat loss may pose to 

bats hibernating in AZ.  

Additional research using radio-tracked individual bats before, during, and after 

hibernation should also be considered. This may help researchers identify additional 

hibernacula across the 2,400 documented caves in the state (Arizona Cave Survey, 2017), 

and could provide insights into individual movements between and within hibernacula 

during hibernation. This would further our understating of what factors may be 

influencing high levels of winter bat activity across the state.  

Conclusion 

This study presents a first dataset of hibernation traits for bats overwintering in 

Arizona, shedding light on the physiological adaptations and behaviors utilized by arid-

adapted bats during winter. Based on the low disturbance rates I observed in hibernating 

bats and the use of passive methods (i.e., no direct handling) the results of my study 

accurately reflect the natural behaviors of Arizona bats during hibernation. Additionally, 

given that this study spanned multiple years, I was able to document the behavior, 
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ecology, and physiology of bats over time, encompassing years with varying levels of 

winter severity. Even with large variations in winter conditions, my results are consistent 

across years, providing further evidence that the data I collected was representative of the 

natural behavior of Arizona bats during winter. My study provides a baseline that wildlife 

managers and researchers can use as a reference point if WNS enters these systems or 

other stressors, like climate change and habitat modification, affect bat population 

stability in Arizona.
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TABLES 

Table 1. Groups of possible north-central Arizona bat species used for acoustic analyses. 
50 kHz Myotis and 40 kHz Myotis groups were always grouped due to similarities in 
calls. All other species were identified to the species level when possible or grouped into 
high-frequency or low-frequency when necessary.  
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Table 2. Total bat observations and percent composition across Caves 1-3, by species and year for internal cave surveys 
conducted between November and February in 2018-2023. n=the number of bats observed during hibernation per year, 
percent=the percent each species made up total observations per year, yearly total=total number of bat observations during 
hibernation per year. Species codes are as follows: ANPA=Antrozous pallidus; COTO=Corynorhinus townsendii; 
EPFU=Eptesicus fuscus; MY=Myotis spp.; PAHE=P. hesperus; PAHE/MY=undistinguished between Parastrellus hesperus 
and Myotis spp.; NA=unidentified. 
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Table 3. Roost height from floor, roost position, and cluster size measured at hibernating bat roost sites between November 
and February in Years 4 and 5. Variables are grouped by species or by cave. n=number of observed bats. Roost height from 
floor is measured in meters. Roost position was measured on a binned scale from 1-4: 1=fully exposed bat; 2=bat partially 
concealed in a cave feature (i.e., crack, cup, etc.) with >50% of the bat exposed; 3=bat was exposed <50%; 4=less than 10% of 
the bat was exposed (i.e., only an ear was visible). Cluster size was defined as the number of bats directly touching each other. 
Species codes are as follows: COTO=Corynorhinus townsendii; EPFU=Eptesicus fuscus; MY=Myotis spp.; 
PAHE/MY=undistinguished between Parastrellus hesperus and Myotis spp.; PAHE=P. hesperus.  
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Table 4. Minimum, maximum, and average bat body surface temperature per survey at each 
cave in Years 4 (2021-2022) and 5 (2022-2023). Species-specific differences were not evaluated. 
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Table 5. Temperature, relative humidity, absolute humidity, and water vapor pressure deficit measured by HOBO loggers at 
roosting bats within caves or by internal and external stationary HOBO loggers externally in January and February of Year 5. 
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Table 6. Estimated hibernation start and end dates, length of hibernation in days, and 
estimated hibernation length in days using temperature data only (Humphries et al. 2002) 
for Years 4 and 5. 

 

  



  64 

Table 7. Akaike Information Criterion (AIC) values for a series of Generalized Linear 
Models (GLMs) with the response variable “total nightly bat activity” in relation to seven 
environmental variables (ET=daily average external temperature, IT=daily minimum 
internal temperature, W=daily maximum wind speed, P=daily average atmospheric 
pressure, IVPD=daily average internal water vapor pressure deficit (VPD), EVPD=daily 
average external VPD, and IRH=daily minimum internal relative humidity). K is the 
number of parameters. AIC is the AIC for each model, 𝛥AIC is the difference between 
the AIC of the best fitting model and the AIC of that model, AICWt is the weight of each 
model, Cum.Wt is the cumulative weight of models combined, and LL is the log-
likelihood. Coefficients are listed for each variable that was included in each model in 
Table 8. 

 



  65 

Table 8. Beta estimates for predictor variables included in the top generalized linear 
model with a negative binomial distribution (Table 7). 
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FIGURES 

 
Figure 1. Locations of study sites across the state of Arizona. Red markers indicate primary 
study caves (Caves 1-3). Orange markers indicate caves where opportunistic surveys were 
conducted in Years 4 and 5 (Caves 4-12). 
  



  67 

 
Figure 2. Different species of bats observed during hibernation in north-central Arizona. 
(a) Uncommon observation of a roosting Myotis spp. in a fully exposed position (Position 
1). Note the pointed tragus, which was used for discrimination between Myotis spp. and 
P. hesperus (which has a blunt tragus). (b) A Myotis spp. roosting in a partially concealed 
position (Position 3) in Cave 5 during hibernation. (c) A Myotis spp. roosting in an 
inconspicuous position (Position 4) in Cave 2 during hibernation. (d) A C. townsendii 
roosting in a fully exposed position in Cave 3 during hibernation. Note the curled ears 
which are indicative of this species while it roosts.  



   

 
Figure 3. Total observations of hibernating bats across all surveys between 2018 and 2023 at each site. Blank spaces are 
months when internal surveys did not take place. Note different scales on Y axes.
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Figure 4. Species composition across all sites between November and February in 2021-
2023. Numbers next to species ID represent the total count of observations for that 
species per year. Bars represent the proportion each species made up within a hibernation 
season. Species codes are as follows: MY=Myotis spp.; COTO= Corynorhinus 
townsendii; EPFU=Eptesicus fuscus; PAHE/MY=undistinguished between Parastrellus 
hesperus and Myotis spp.; PAHE=P. hesperus; ANPA=Antrozous pallidus; 
NA=unidentified.



   

 
Figure 5. Counts of hibernating bats at Caves 4-10 in 2022-2023. Different colors represent different visits at the same site. 
Numbers above bars represent the total bat observations per visit. 
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Figure 6. Internal (dark gray) versus external (light gray) cave conditions at each site 
between October 2022 and mid-February 2023. Data is averaged across all internal 
loggers per day at each site. External conditions are averaged across each day at each site. 
  



   

 
Figure 7. Distributions of cave conditions available to roosting bats from 24 hours prior to survey (light gray) compared to the 
distributions of bat roost conditions measured during the survey (dark gray) across all three sites during hibernation (January 
and February) of Year 5 (2023). 
  

72 



   

 
Figure 8. Comparison of bat roost conditions (C. townsendii and Myotis spp. only and combined as “Bat Roost Conditions”) to 
available cave conditions (collected from the 24-hours prior to each survey) by cave in January and February of 2023. Note the 
order of caves on X-axis. Significantly different conditions at bat roost sites between each cave (p<0.05) are denoted with 
asterisks [Kruskal-Wallis (Bat roost: temperature: H=0.71, df=2, p<0.001; relative humidity: H=0.48, df=2, p<0.001; absolute 
humidity: H=0.25, df=2, p<0.001; WVPD: H=0.58, df=2, p<0.001); (Cave conditions: temperature: H=0.83, df=2, p<0.001; 
relative humidity: H=0.0.34, df=2, p<0.001; absolute humidity: H=0.60, df=2, p<0.001; WVPD: H=0.53, df=2, p<0.001)]  .   
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Figure 9. Panel of all acoustic calls (solid black line) over time with estimated hibernation start and end dates indicated with 
red dashed lines. Dates on the X-axis are consistent across all plots. Note different scales on the y-axis. Year 4 for all sites is 
indicated on the left column and Year 5 for all sites is on the right column.
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Figure 10. Nightly bat acoustic activity on the y-axis plotted against four environmental variables related to winter bat 
activity. Dots represent the total number of bat call files per night during the defined hibernation period at each site of Years 4 
and 5. Each panel is a different variable, and all caves are considered together. Lines indicate the generalized linear model 
best-fit line by cave, and the gray shading around each line represents the 95% confidence interval. Correlation coefficients can 
be found in Supplementary Material Appendix B, Figure B1. Note different scales across plots. 
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Table A1. Internal survey schedule across all caves in 2018-2023. X indicates a month 
when an internal survey occurred. 
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Figure A1. The variation of conditions over time at each cave site in January-February 
2023. Solid grey vertical lines indicate survey dates (days when bat roost conditions were 
measured). Dashed lines indicate 1, 5, 10, 15, 20, and 25 days prior to each survey date, 
which were used to compare to measured bat roost conditions. Black lines horizontally 
indicate the trend of daily average for each condition over time. I did not complete a 
survey at Cave 2 in January 2023 which is why dashed lines are not used at that site in 
January. 
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Table A2. Species Detections from Acoustic Recording Units from 2021-2023. An X 
represents at least one confirmed call by that species at each site in either Year 4 or Year 
5. Species codes are as follows: MYTH=M. thysanodes; 40KMYO=40 kHz Myotis 
group; COTO= Corynorhinus townsendii; 50KMYO=50 kHz Myotis group; 
EPFU=Eptesicus fuscus; LACI=Lasiurus cinereus; LANO=Lasionycteris noctivagans; 
TABR=Tadarida brasiliensis; EUPE=Eumops perotis; IDPH=Idionycteris phyllotis; 
PAHE=P. hesperus; ANPA=Antrozous pallidus; NYSP=Nyctinomops spp.; LABL=L. 
blossevillii. 
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Figure A2. Seasonality in calls from many species detected on acoustic recorders. 
Acoustic activity by species at Cave 1, Cave 2, and Cave 3 between October and April in 
Years 4 and 5. Circles represent each acoustic-night. “Active” indicates at least one 
confirmed call from that species in a night. “Not Active” indicates no calls from that 
species in a night. Species codes are as follows: 40KMYO= 40 kHz Myotis; 50KMYO= 
50 kHz Myotis; ANPA=A. pallidus; COTO=C. townsendii; EPFU=E. fuscus; LACI=L. 
cinereus; LANO=Lasionycteris noctivagans; MYTH=M. thysanodes; PAHE=P. 
hesperus; TABR=Tadarida brasiliensis.  
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Table B1. All measured environmental variables initially considered for modeling. 
“Correlation with bat activity” is the rho value (ρ) calculated by the Spearman 
correlation. Variables with	ρ ³|0.3| were selected to be evaluated in the next step of 
modeling.  

 
  



   

 
Figure B1. Correlations between bat activity and selected environmental variables using the Spearman correlation method. 
Variables with ρ ³0.6 were not included in the same model. 
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Table B2. Environmental variables that I selected to use in modeling. “Correlation with 
bat activity” is the rho value (ρ) calculated by the Spearman correlation. 

 
 



  

Table B3. A priori models that I tested and that included only uncorrelated variables. All possible model combinations within 
each model “suite” were tested. WVPD=water vapor pressure deficit. 
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Table B4. Overdispersion results for each type of model tested. GLM=generalized linear 
model, GLMM=generalized linear mixed model, NB=negative binomial. P-value in bold 
typeface indicated model was over dispersed.   
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Table B5. Akaike Information Criterion (AIC) values for a series of Generalized Linear 
Models (GLMs) with a negative binomial distribution with the response variable “total 
nightly bat activity” in relation to cave as a fixed effect and seven environmental 
variables (ET=daily average external temperature, IT=daily minimum internal 
temperature, W=daily maximum wind speed, P=daily average atmospheric pressure, 
IVPD=daily average internal water vapor pressure deficit (VPD), EVPD=daily average 
external VPD, and IRH=daily minimum internal relative humidity). K is the number of 
parameters. AIC is the AIC for each model, 𝛥AIC is the difference between the AIC of 
the best fitting model and the AIC of that model, AICWt is the weight of each model, 
Cum.Wt is the cumulative weight of models combined, and LL is the log-likelihood. The 
table is truncated and does not include all models tested.  
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Table B6. Akaike Information Criterion (AIC) values for a series of Generalized Linear 
Models (GLMs) with a Poisson distribution with the response variable “total nightly bat 
activity” in relation to seven environmental variables (ET=daily average external 
temperature, IT=daily minimum internal temperature, W=daily maximum wind speed, 
P=daily average atmospheric pressure, IVPD=daily average internal water vapor pressure 
deficit (VPD), EVPD=daily average external VPD, and IRH=daily minimum internal 
relative humidity). K is the number of parameters. AIC is the AIC for each model, 𝛥AIC 
is the difference between the AIC of the best fitting model and the AIC of that model, 
AICWt is the weight of each model, Cum.Wt is the cumulative weight of models 
combined, and LL is the log-likelihood. Coefficients for each predictor variable in the top 
model are listed in Table B9. 
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Table B7. Akaike Information Criterion (AIC) values for a series of Generalized Linear 
Mixed Models (GLMMs) with a negative binomial distribution, “cave” set as a random 
intercept, and with the response variable “total nightly bat activity” in relation to seven 
environmental variables (ET=daily average external temperature, IT=daily minimum 
internal temperature, W=daily maximum wind speed, P=daily average atmospheric 
pressure, IVPD=daily average internal water vapor pressure deficit (VPD), EVPD=daily 
average external VPD, and IRH=daily minimum internal relative humidity). K is the 
number of parameters. AIC is the AIC for each model, 𝛥AIC is the difference between 
the AIC of the best fitting model and the AIC of that model, AICWt is the weight of each 
model, Cum.Wt is the cumulative weight of models combined, and LL is the log-
likelihood. Coefficients for each predictor variable in the top model are listed in Table 
B10. 
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Table B8. Akaike Information Criterion (AIC) values for a series of Generalized Linear 
Mixed Models (GLMMs) with a Poisson distribution, “cave” set as a random intercept, 
and with the response variable “total nightly bat activity” in relation to seven 
environmental variables (ET=daily average external temperature, IT=daily minimum 
internal temperature, W=daily maximum wind speed, P=daily average atmospheric 
pressure, IVPD=daily average internal water vapor pressure deficit (VPD), EVPD=daily 
average external VPD, and IRH=daily minimum internal relative humidity). K is the 
number of parameters. AIC is the AIC for each model, 𝛥AIC is the difference between 
the AIC of the best fitting model and the AIC of that model, AICWt is the weight of each 
model, Cum.Wt is the cumulative weight of models combined, and LL is the log-
likelihood. Coefficients for each predictor variable in the top model are listed in Table 
B11. 

 



  

 

 
Figure B2. Q-Qplot (left) to test for goodness of fit for the top performing generalized linear model with a negative binomial 
distribution, as determined by AIC (Table 7). Residual versus predicted plot on the right.
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Figure B3. Nonparametric dispersion histogram to test for goodness of fit for the top 
performing generalized linear model with a negative binomial distribution, as determined 
by AIC (Table 7).  
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Figure B4. Q-Qplot (left) to test for goodness of fit for the top performing generalized 
linear model with a Poisson distribution, as determined by AIC (Table B6). Residual 
versus predicted plot on the right. 
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Figure B5. Nonparametric dispersion histogram to test for goodness of fit for the top 
performing generalized linear model with a Poisson distribution, as determined by AIC 
(Table B6). 
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Figure B6. Q-Qplot (left) to test for goodness of fit for the top performing generalized 
linear mixed model with a negative binomial distribution and cave as a random intercept, 
as determined by AIC (Table B7). Residual versus predicted plot on the right. 
  



  109 

 
Figure B7. Nonparametric dispersion histogram to test for goodness of fit for the top 
performing generalized linear mixed model with a negative binomial distribution and 
cave as a random intercept, as determined by AIC (Table B7). 
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Figure B8. Q-Qplot (left) to test for goodness of fit for the top performing generalized 
linear mixed model with a Poisson distribution and cave as a random intercept, as 
determined by AIC (Table B8). Residual versus predicted plot on the right.  
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Figure B9. Nonparametric dispersion histogram to test for goodness of fit for the top 
performing generalized linear mixed model with a Poisson distribution and cave as a 
random intercept, as determined by AIC (Table B8).  
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Table B9. Beta estimates for predictor variables included in the top generalized linear 
model with a Poisson distribution (Table B6). 
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Table B10. Beta estimates for predictor variables included in the top generalized linear 
mixed model with a negative binomial distribution and cave set as a random intercept 
(Table B7). 
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Table B11. Beta estimates for predictor variables included in the top generalized linear 
mixed model with a Poisson distribution and cave set as a random intercept (Table B8). 
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APPENDIX C 

SUPPLEMENTAL PHOTOS FROM FIELD WORK 2021-2023 

 



  116 

 

Figure C1. An internal survey at Cave 3 in January 2022. Note significant amounts of 
light in the cave. 
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Figure C2. A simplified diagram of the double-observer technique used to survey caves. 
The pink line indicates the route Observer 1 would take, and the blue line indicates the 
route Observer 2 would take in each room.   
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Figure C3. Using a telescoping pole with two Kestrel 3000s, one Kestrel Professional, 
and one HOBO data logger attached to record bat roost humidity for five consecutive 
minutes as part of the validation study of humidity-measuring devices. Cave 1 in January 
2023. 
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Figure C4. A HOBO data logger partially concealed in the ceiling of Cave 1 with 
camouflaged duct tape. 
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Figure C5. Acoustic monitor set up at Cave 1. Note the solar panel (left) and microphone 
attached to a telescoping pole in the tree (right). 
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Figure C6. Acoustic monitor set up at Cave 2. Note the solar panel, ARU next to the 
solar panel, and microphone attached to a telescoping pole in the tree. 
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Figure C7. Acoustic monitor set up at Cave 3. Note the solar panel at ground level and 
microphone attached to a telescoping pole secured in rocks. 
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Figure C8. Thermal image of a roosting Myotis spp. near the cave entrance at Cave 1 in 
January 2022. Although appearing “hot” in the image, it had an external body 
temperature of 2.6°C, which approached the ambient temperature of -1.9°C (scale not 
shown). Thermal image was taken within 10 minutes of researchers entering the cave. 
These findings suggest deep torpor at time of first observation. 
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Figure C9. Thermal image of a roosting C. townsendii in Cave 2 in November 2021. The 
bat (middle) had an external body temperature near ambient at 4.0°C. The surrounding 
hibernacula temperature was 4.0°C-6.0°C. This image was taken after several hours of 
internal surveys being conducted. The bat maintained torpid temperatures throughout the 
extended survey. 
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APPENDIX D 

ETHICAL STATEMENT & IACUC APPROVAL 
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This project was approved by the Arizona Game and Fish Department (Scientific 

Activity License # SP403931), the Institutional Animal Care and Use Committee at ASU 

(protocol #16-1517R) and ASU’s Biosafety Committee (disclosure # 

SPROTO202100000100). Live bats were not handled during the hibernation period. To 

minimize disturbance to hibernating bats, cave entries were strictly task-oriented, limited 

in frequency, and all persons entering hibernacula were trained to minimize time spent 

collecting data. To reduce the risk of introducing Pseudogymnoascus destructans to any 

cave in this study, we adhered to the National White-nose Syndrome Decontamination 

protocols following each cave visit. To reduce risk of introducing SARS-CoV-2 into 

North American bat populations, each participant was fully vaccinated, completed PCR 

tests within 72 hours prior to entering hibernacula, completed rapid antigen tests the day 

of internal surveys, and always wore N95 masks within caves. 
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Institutional Animal Care and Use Committee (IACUC) 
Office of Research Integrity and Assurance 
Arizona State University_______________________________________________ 
660 South Mill Avenue, Suite 312 
Tempe, Arizona 85287-6111 
Phone: (480) 965-6788 FAX: (480) 965-7772 
 

Animal Protocol Review 
 
ASU Protocol Number: 22-1936R 
Protocol Title: Investigating the winter ecology and physiology of hibernating desert 

southwest bats across expanded temporal and geographic scales 
ASU Principal Investigator: Marianne Moore 
Date of Action:  5/26/2022 
 
The animal protocol review was considered by the Committee and the following decisions were made: 
 

The protocol was approved. 
 

NOTE: If you have not already done so, documentation of Level III Training (i.e., procedure-specific training) will 
need to be provided to the IACUC office before participants can perform procedures without supervision.  For 
more information on Level III requirements see https://researchintegrity.asu.edu/animals/training, or contact 
Research Support Services within DACT at dactrss@asu.edu. 
 
Additional requirements:  

☐ This protocol requires that Research Support Services group within DACT provide supervision for the 
first time a procedure is conducted.  Contact dactrss@asu.edu to schedule. 
☐ This protocol indicates that there are surgical procedures.  A surgical checklist may be required to be 
submitted to Research Support Services within DACT (dactrss@asu.edu), prior to starting surgeries. 
☐ Other requirements: 

 
Total # of Animals:  100 
Species:   Bats     Pain Category: C 
 
 
 
Protocol Approval Period:    5/26/2022 – 5/25/2025 
 
Sponsor:  USFWS 
ASU Proposal/Award #:  AWD35862 
Title:  Investigating the winter ecology and physiology of hibernating desert 

southwest bats across expanded temporal and geographic scales 
 
 
 
 
Signature: _ _____ _____________________     Date: 6/6/2022 
  IACUC Chair or Designee 
Cc:  IACUC Office, IACUC Chair 


