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Abstract

Introduction and Objectives

Hibernating bat species across North America face a dangerous introduced environmental
pathogen, Pseudogymnoascus destructans, which causes white-nose syndrome (WNS). WNS is
an imminent extinction threat to susceptible bat species found on Department of Defense
installations and neighboring lands. Our goal was to predict the impacts of WNS and fill the
critical knowledge gaps for western bat species. Our objectives to meet this goal included the
following: (1) collect hibernation physiological and environmental data, (2) apply a mechanistic
WNS bioenergetics survivorship model to characterize species-level risk, (3) integrate the model
with spatial data to evaluate future scenarios, and (4) disseminate our scientific findings.

Technical Approach

We hypothesized variation in WNS mortality among hibernating species was related to species-
level bioenergetic traits and environmental factors and we tested our hypothesis using empirical
data and bioenergetic models. In advance of WNS arrival, our team collected or compiled
existing physiological data on 3073 bats, representing 13 species, across 14 sites in the West.
Microclimate measurements were also compiled or collected from hibernacula. We evaluated
these new data for inter- and intraspecific energetic profiles, conducted modeling analyses of
environmental and climate factors that affect hibernation conditions, and applied the survivorship
model to predict survival in the presence of WNS and future climate change.

Results

The project has succeeded in collecting high-quality bioenergetics and environmental data on bat
hibernation and has used these data to develop predictive models of WNS susceptibility in
western bats. Our data were the first to establish valuable pre-WNS reference points for the
hibernation physiology of over a dozen western bat species. We did not observe significant
differences in hibernation physiology within species, but we did observe significant differences
of rates of evaporative water loss among species and the temperature range where minimum
torpid metabolic rate is used. Our mechanistically informed species distribution models allowed
us to predict the role of WNS and changing climate on spatial survivorship of western species,
including that the majority of the species we studied will be negatively impacted by WNS.

Benefits

Our project significantly contributes to real world proactive
management strategies for WNS by improving our scientific
understanding of (1) which western species, (2) populations,
and (3) habitats are likely to be associated with high WNS
mortality. This information is central to conducting efficient
and effective surveillance and monitoring across the large disease surveillance
western landscape as well as to deploy WNS interventions and management
and to track potential evolutionary rescue.

Bats
survive
WNS




Executive Summary

Introduction

White-nose syndrome (WNS) is a rapidly spreading infectious disease that has led to high
mortality rates in multiple hibernating bat species across eastern and central North America.
Scientists have estimated WNS killed approximately six million bats in just the first six years
after the pathogen was first detected in New York state. WNS presents a potential extinction
threat to susceptible species found on Department of Defense (DoD) installations with associated
Endangered Species Act listing implications on use of diverse military training environments and
thereby military readiness. Myotis septentrionalis (Northern-long eared bat) is already listed as
threatened in the United States and M. septentrionalis, M. lucifugus, and Perimyotis subflavus
are listed as endangered in Canada because of WNS. Despite a higher diversity of bats found in
the West, unique aspects of western geography, climate, lack of past research, and accessibility
makes conserving bats in the face of WNS in the West an especially difficult challenge.

The causal agent of WNS is a psychrophilic fungus, Pseudogymnoascus destructans, a free-
living environmental pathogen. The fungus grows best between 7-18 °C with high humidity
(Verant et al. 2012; Marroquin et al. 2017), which overlaps with subterranean roost conditions
typically used by hibernating bats. Bats are infected in hibernacula and can spread fungal spores
via bat to bat transmission (Knudsen et al. 2013). The extent of detected WNS as of August 2019
is shown in Figure E1.
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Hibernation is composed of bouts of torpor, during which bat body temperature approaches low
ambient temperatures to limit the consumption of finite metabolic resources. Torpor is
periodically interrupted by energy intensive periods of arousal during which hibernators return to
euthermic body temperature (Hayman et al. 2017). Hibernators arouse for a variety of proposed
reasons (for a review see Carey 1993 and citations within), including the need to eliminate
metabolic waste, regain water balance, or mate. While arousals represent a small fraction of the
total time spent in hibernation, they account for the majority of energy consumed, with a single
arousal costing as much as 5% of total overwinter energetic costs (Thomas et al. 1990).

During hibernation the fungus erodes wing tissue (Cryan et al. 2010) and causes a cascade of
bioenergetic impacts (Verant et al. 2014; Warnecke et al. 2013). The established conceptual
model of WNS disease progression is that bats with WNS have greater evaporative water loss,
more frequent arousals, and overall greater energy expenditure. WNS mortality occurs during the
later stages of hibernation and diseased bats appear emaciated from more frequent energy-
consuming arousals (Reeder et al. 2012; Warnecke et al. 2012). Subsequently, an energetic-based
framework was central to our motivation to first measure and analyze physiological traits of
western bats and then to parameterize advanced bioenergetics-based models to better
characterize the WNS threat to western bat species.

Obijectives
Our goal was to predict the impacts of WNS and fill the critical ecological, physiological,

behavioral, and environmental knowledge gaps for western species before WNS arrived. To
achieve this goal our objectives were to: (1) collect robust morphometric, bioenergetic, and
hibernacula environmental data on up to five western North American bat species representing
different hibernating behaviors and geographic settings at three to five sites each year; (2)
examine the transferability of a mechanistic WNS bioenergetics survivorship model (based on
host, pathogen, and environmental characteristics) developed for bat species affected by WNS in
the East to a set of five representative bat species found in the West; (3) develop approaches that
integrate the mechanistic WNS survivorship model with species distribution models to evaluate
the presence of WNS with plausible scenarios of non-stationary conditions (e.g. climate change)
and to explore the sensitivity of the integrated model to different parameters and data
availability; and (4) disseminate knowledge and findings through scientific meetings and peer-
reviewed literature.

Technical Approach

We hypothesized the differential mortality due to WNS observed among hibernating species was
related to species-level bioenergetic traits and environmental factors and we tested our
hypothesis using empirical data and bioenergetic models. In advance of WNS arrival, our team
collected or compiled existing basic morphometric trait data on 3073 bats, representing 13
species, across 14 sites in Alberta, British Columbia, Colorado, Montana, Northwest Territories,
Nevada, Oklahoma, Oregon, Texas, and Utah. Respirometry and body composition data
(measured by quantitative magnetic resonance) were collected or compiled for a subset of 506
and 249 bats respectively, sufficient for respirometry analysis of 12 species, and microclimate
measurements were also compiled or collected from hibernacula. We evaluated these new data
for inter- and intraspecific energetic profiles. To further characterize susceptibility and
understand geographic patterns of susceptibility we conducted several modeling analyses of




environmental and climate factors that affect hibernation conditions. First, we compiled
subterranean temperatures from caves and mines across the western United States and Canada to:
a) quantify the hypothesized relationship between mean annual surface temperature and
subterranean temperature and how it is influenced by measurable site attributes, and b) use
readily available gridded data to predict and continuously map the range of temperatures that
may be available in caves and mines. Second, we created spatial models of host traits and using
M. lucifugus as a surrogate, assessed previous definitions of the duration of winter hibernation
and created an improved estimation thereof, based on data compiled from published literature,
public databases, local experts, and our own fieldwork. Third, we applied the mechanistic
survivorship model to predict winter survival of nine western bat species in the presence of
WNS. Building on these first three analyses we then incorporated the mechanistic survivorship
estimate as a predictor, along with landscape attributes, e.g. topography, surface attributes, and
below-ground attributes, in an ecological niche model to estimate the current occurrence
probability of focal western species across western North America. Lastly, we updated these
estimates under conditions of WNS exposure and future climate change to project their
combined impacts on this system.

Results and Discussion

Empirical assessment of physiological WNS risk among and between western bat species

Given the bioenergetic underpinnings of WNS disease progression during hibernation, how
hibernation physiology varies among western populations of species with broad distributions can
help us understand WNS susceptibility across species ranges. We studied this question by
comparing the physiology of two hibernating bat species, M. lucifugus and Corynorhinus
townsendii, at sites across their large geographic ranges (McGuire et al. In Review). Despite
large geographic distances and climatic variation among our study sites, we found no evidence of
intraspecific variation, or local adaptation, in torpid metabolic rate. The conclusion for
evaporative water loss was generally consistent with the finding for torpid metabolic rate, but
notably there were site differences in water loss. In general, we did not find strong evidence for
local adaptation and intraspecific variation in hibernation physiology, as measured by torpid
metabolic rate and water loss, two key parameters for understanding hibernation physiology,
which suggests these physiological traits will not vary across a species’ range. This knowledge
can also lessen the financial and logistic challenges associated with collecting physiological trait
data from multiple widespread populations, given measurements collected at one site will likely
be representative of other populations.

There are a handful of hibernating bats species in the East that have shown no sign of P.
destructans or limited WNS disease pathology so differences in physiological traits among
western bat species may help explain differential susceptibility to WNS. Bats are a diverse group
with species that hibernate in a wide variety of conditions, but historically hibernation research
has focused mostly on two species with little known about the hibernation physiology of other
species. We studied 13 species of free-living bats, including hibernating populations spread over
thousands of kilometers, representing diverse hibernation contexts (McGuire et al. In Review).
We again measured two key parameters for understanding the energetics of hibernation, torpid
metabolic rate and evaporative water loss, across a range of hibernation temperatures. The
minimum defended temperature varied among species, but when measured within the
appropriate temperature range all species had similar torpid metabolic rate. Conversely,



evaporative water loss varied among species, which clustered into two groups (Figure E2). Our
results suggest there are two general hibernation strategies in North American bats, representing
high and low evaporative water loss groups. Notably, species that have suffered large population
declines due to WNS fall in the high evaporative water loss group, and those species that are less
affected fall in the low evaporative water loss group (Figure E2).

Figure E2. Within the range of temperatures at which
YEV minimum torpid metabolic rate was measured,
evaporative water loss varied among species but not
f%%& minimum torpid metabolic rate. Cluster analysis
revealed a high and low evaporative water loss
cluster. Grey ovals are presented for visual
interpretation with the upper oval including species
highly impacted by white-nose syndrome (WNS) and
the lower oval including species less impacted by

WNS. Species codes indicate the first two letters of
the genus and the specific epithet.
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Advances in modeling bioenergetic WNS survivorship

We built a refined bioenergetic WNS survivorship model that incorporated the latest science by
improving the cooling sub-model and adding fungal growth and evaporative water loss
parameters (Haase et al. 2019a, 2019b). We then validated the model for M. lucifugus (Haase et
al. 2019b), a well-studied species, before parameterizing it with existing and new data for nine
western species (Haase et al. In Review). On one hand we found all five small Myotis species,
including M. ciliolabrum, M. evotis, M. lucifugus, M. thysanodes, and M. volans that are adapted
to surviving in hibernacula at or near saturation were not predicted to survive (Figure E3). On the
other hand we found E. fuscus, C. townsendii, and M. velifer, species that are adapted to drier
environments and are bigger, all had higher survival than the five Myotis species. Saturated
conditions, typically used by smaller bats, are less energetically costly for healthy individuals,
but lead to greater fungal growth rates and thus higher mortality, which suggests a potential
trade-off between water conservation and fat conservation in regards to WNS. These results
highlight some key predictors of interspecific survival among western bat species and provide a
framework to assess impacts of WNS as the fungus continues to spread into western North
America.



Figure E3.
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With the more widely studied M. lucifugus we examined two of the three most critical
parameters governing overwinter survival for hibernators, the duration of winter hibernation and
the amount of fat stores taken into hibernation (Hranac et al. In Review). The lack of any
previous broad-scale estimates for the duration of winter hibernation highlights the usefulness of
our best model which included latitude, elevation, and the number of days in frost. Moreover, we
found the additional fat requirements for M. lucifugus to survive WNS were considerable and
indicate that western M. lucifugus populations, especially those along the Rocky Mountains,
Alberta, British Columbia, and Alaska, will require similar increases in energetic expenditure
when affected by WNS as the eastern populations (Figure E4). In other words, if the increase in
energy expenditure results in the same pattern of mortality, M. lucifugus populations in the West
may be expected to suffer mortality events similar to those experienced in eastern populations
(Frick et al. 2010, 2015).
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Figure E4. Relative increase (%) in fat stores used over a predicted hibernation period when infected with
Pseudogymnoascus destructans compared with healthy bats when hibernating at the best available temperature
predicted to occur within caves and mines and 98% relative humidity.



Mapping western species winter distributions

We mapped five western species winter ranges to better understand the distribution of suitable
bat hibernacula across the West and to inform targeted monitoring and management practices.
These distributions can also provide a baseline for estimating which species and populations may
be hardest hit by the advance of WNS and climate change. To do so, we integrated a bioenergetic
model-based estimate of winter survivorship (Haase et al. 2019b; Hranac et al. In Review) with
additional landscape attributes into a correlative species distribution modeling approach and
identified important predictors of winter hibernaculum selection (Figure E5). Among species the
importance and shape of the relationships varied, as expected, with important predictors
including land cover, topography, winter survival capacity, and access to caves and mines. An
exciting take-away was the finding that occurrence of bat hibernacula can, in part, be predicted
from above ground landscape attributes, and is not dictated by below-ground measures alone for
which spatial data are lacking. This finding suggests there is considerable room to scientifically
improve existing range maps for bats that currently do little more than draw lines around
presence observations.
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Figure E5. Final predictor influences in boosted regression tree (BRT) models estimating winter species
distributions of bat species Corynorhinus townsendii, Myotis californicus, M. lucifugus, M. velifer, and Perimyotis
subflavus across the United States and Canada. Brighter colors indicate higher influence; predictors that were
dropped from a given model are shown in gray. Variables are ordered by their average influence across species
(decreasing left to right).

Implications of climate change and WNS on western species distributions

Lastly for five species we examined a range of 2050 climate change scenarios on two key
climate parameters used in the spatial bioenergetic model, mean annual surface temperature,
used to estimate the best available temperature predicted to occur in a cave or mine (McClure et
al. 2020), and frost-free period, used to estimate the duration of winter (McClure et al. In Prep).
Our results indicate general agreement among the scenarios for these two parameters and that
climate change may act to ‘rescue’ many bat populations from negative WNS outcomes. The
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caveats are that those populations will need to persist through 2050 and that warming may not
protect all species in all portions of their range (McClure et al. In Review). Our predictions of
species distributions in the presence of P. destructans and future climate conditions can help
managers to better anticipate the species- and place-specific impacts of these stressors,
individually and synergistically, across the West (Figure E6).

a) Current Occurrence probability (quantile) b) WNS Change in relative probability ofvoﬂ:urrencq
N

N

08080 80 g e g e e e -

No QS o IR
S 9"0'°$b°\l> D AR
SESIE AW °

~ n

I I Vi il
sl 7 .-

| | 0 375 750 1,500 km ¢

0 375 750 1,500 km
c) WNS + c“M Change in relative probability of occurrence d) WNS + C"hlﬂte Change in relative probability of occurrence
- [ EEEmEmE.—
GFDL-ESM2M, Reg M4 — ; : ]:w GFDL-ESM2M, WRi e

~ ~
I I

S T L) iy T T L
| o 375 750 1,500 km " q | 0o 375 750 1,500 km

Figure E6. a) Current occurrence probability of Myotis lucifugus and change in relative probability of occurrence
given b) exposure to white-nose syndrome (WNS), and exposure to WNS under projected mid-century climate
conditions. Future climate scenarios shown here were driven by dynamically-downscaled regional climate models c)
RegCM4 and d) WRF, each of which was run on boundary conditions defined by the GFDL-ESM2M global
circulation model. Darker green indicates a projected increase in occurrence probability; darker purple indicates a
projected decrease. The species’ current known range (gray outline) and points of recorded winter occurrence (gray
points) are overlaid.

Implications for Future Research and Benefits

In total our study included 13 species of diverse bats that cover a wide range of hibernation
behaviors and physiology across the western United States and Canada. Some of these species
like M. lucifugus and E. fuscus have been the focus of previous studies, but historically there has
been very little hibernation research on many of the species in our study. Our massive data
collection effort stands alone as an important contribution to bat conservation. This baseline data
would not have been collected if not for this study. Future comparable studies will be very
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challenging to conduct because of restrictions that come with species listings and the presence of
the fungus in western locations.

Our empirical and bioenergetic modeling analyses revealed evaporative water loss is an
important risk factor for WNS susceptibility. Combined with our other central finding of a
general lack of local bioenergetic adaptations, it suggests WNS risk due to evaporative water loss
will not vary across a species’ range, nor will it vary significantly between fall and mid-winter
(the latter fieldwork being very logistically difficult). It also means researchers do not have to
spend a lot of time and effort measuring this trait at different sites in different biomes to assess
the risk of a species we did not measure, and that they can have greater confidence when making
inferences across the range (with appropriate caution).

The physiological responses we measured across a range of temperatures provide some
indication of the conditions that may be preferred by each species. Again our study was the first
to measure and assess torpid metabolic rate across species and sites. From a physiological
standpoint it is fascinating some species tolerated temperatures that approached freezing. There
is an important caveat that we did not actually measure these conditions in situ, we measured
them in a mason jar, but this is the best anyone can accomplish with available technology.

Our extensive modeling effort generated resources and tools that are fundamental to allocating
WNS disease monitoring, research, and monitoring resources at range-wide scales. We mapped
and characterized surface and subterranean attributes of winter bat distributions as well as
mapped range-wide relative probability of occurrence under present conditions without WNS
and change given occurrence of WNS and climate change scenarios. Models are only as good as
the available data, and our study has captured the present state of knowledge while leaving ample
documentation and room to incorporate future advancement in our understanding of the system.
The effort revealed important knowledge gaps including limited or missing data on species
occurrence, duration of winter, and bat behaviors that impact energetics during hibernation. With
our integrated host-environment-pathogen modeling effort we generated a comprehensive list of
at risk species that should be prioritized for surveillance and changes in hibernation behavior. If
shifts to colder winter roost sites are observed this would be a positive development as recent
studies of remnant populations in the East offer a glimmer of hope that genetic adaptations and
evolutionary rescue may be underway.

New emerging research on this system and contributions from our project will help inform the
future directions of bat research and conservation efforts that, if they succeed, will help keep bats
and military exercises on the same landscapes. First, hibernating bat species can no longer be
lumped together in a group. As our work and other efforts show, each species will have its own
unique hibernation strategy and susceptibility to WNS that will mix elements of hibernation
physiology and immune responses to P. destructans. Second, evolution is likely our best WNS
intervention as long as it occurs, ‘fast enough to arrest population decline and allow population
recovery before extinction ensues’ (Gonzalez et al. 2013). Our hibernation energetic findings
indicate that critical differences in survival may hinge on small shifts of roost temperature and
humidity, fat stores, and arousal frequency or torpor bout duration (Haase et al. 2019b; Haase et
al. In Review; Hranac et al. In Review; Lilley et. al. 2016; Cheng et al. 2019). It will be
incumbent upon us to retain as much of the existing natural variability both within and among



populations as possible because the distribution of the potential survival traits remains unknown.
Third, funding for bat ecology is bat survival research because the science behind evolutionary
rescue holds that, ‘abundance, variation, and dispersal have pronounced and repeatable effects on
the rescue of populations and communities’ (Bell et al. 2017). The DoD should support efforts
like the North American Bat Monitoring Program and other efforts that are essential to
understand variation of bat habitat use in space and time alongside non-WNS stressors. Fourth,
WNS interventions can be customized to the West where the United States federal government
manages 47% of the land area across 11 contiguous western states (excluding Alaska). Acting
independently or together, the Department of the Interior, Department of Agriculture,
Department of Defense, state, as well as tribal land-management agencies are positioned to be
significant bat conservation stakeholders which would greatly amplify the value of proactive
measures designed to support diverse populations of bats.

In sum, proactive actions to retain the diversity of at-risk species across the West should be taken
now and while reducing as much as possible other simultaneous threats such as habitat loss and
fragmentation, loss of water sources, and climate change. To give susceptible species the best
chance at evolutionary rescue, we need policies that protect populations and conserve the
greatest amount of genetic diversity. The initial surveillance and containment response effort
provided much needed time for us to understand this threat, but the spread of the fungal pathogen
across North America now appears inevitable. To protect susceptible bat species in the West
(and those in the East) we can start applying what we have learned in the preceding years,
redouble our scientific and conservation efforts, and seek opportunities for broader western
coalitions and effective conservation policies.
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Objectives

White-nose syndrome (WNS), a disease caused by the fungal pathogen Pseudogymnoascus
destructans, has resulted in widespread mortality in bat populations in the East and presents a
serious wildlife management challenge to Department of Defense (DoD) installations in the
West. As WNS is a disease affecting the energetics of hibernating bats and caused by an
environmental pathogen there are strong linkages between environmental conditions and
pathogen dynamics on the landscape. Subsequently our project addresses WNS in response to the
FY 2016 SON, ‘to improve our fundamental and applied understanding of how non-stationary
conditions of land cover, land use, management practices, climate change, and vector population
dynamics may affect pathogen exposure pathways and ultimately impact wildlife and military
personnel in training environments on DoD installations in the U.S. and its territories.’

Our project’s purpose was to develop the science to help identify western bat species, under
present or future environmental conditions, that are susceptible to WNS and thereby species of
management concern for DoD. The main conservation threat is the potential for WNS to cause
local, regional, or continental extirpation of susceptible species. Our working hypotheses were
designed to examine our understanding of the WNS threat to western bats. We anticipated that
(H1a) survivorship will differ among representative western species. (H1b) Survivorship will
differ within species across locations. Geographic location will influence survivorship, such that
(H1c) hibernacula microclimate and (H1d) hibernation periods will alter the impact of WNS.
(H2a) Climate change will alter the range and hibernation behaviors of western bat species,
(H2b) climate and landscape changes that reduce bat resources will further harm populations
impacted by WNS, and (H2c) WNS will present a bottleneck for populations that may not
survive long enough for climate change to offer any reprieve.

These hypotheses informed our four main technical objectives:

1) Collect robust morphometrics, bioenergetics, and hibernacula environmental data on up
to five western North American bat species representing different hibernating behaviors
and geographic settings at three to five sites each year.

2) Examine the transferability of the mechanistic WNS bioenergetics survivorship model
(based on host, pathogen, and environmental characteristics) developed for bat species
affected by WNS in the East to a set of five representative bat species found in the West.

3) Develop approaches that integrate the mechanistic WNS survivorship model with species
distribution models to evaluate the presence of WNS with plausible scenarios of non-
stationary conditions (e.g. climate change) and to explore the sensitivity of the integrated
model to different parameters and data availability.

4) Disseminate knowledge and findings through scientific meetings and peer-reviewed
literature.
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Background

At the beginning of this project the scientific community lacked in-depth ecological,
physiological, and behavioral information on many western species that could be used to
proactively strengthen bat conservation approaches to address white-nose syndrome (WNS)
impacts. A multi-host disease of bats, WNS had caused unprecedented mortality (>90% for some
species) in hibernating populations in eastern North America (Frick et al. 2010; Langwig et al.
2012). The pathogen, Pseudogymnoascus destructans, was discovered at a single site in New
York in 2006 and by 2015 it had spread to 27 states and five Canadian provinces and was
continuing to spread westward (United States Fish & Wildlife Service 2014). As long as
movement of the fungus continued at pace, there was a limited window of time to acquire critical
ecological and bioenergetics information about bat species living on or near Department of
Defense (DoD) lands in the West (Maher et al. 2012). Notably, the fungus made a large jump
across the country to Washington state in March 2016 before our study began in the fall of 2016.
Western North America has greater bat species diversity than the East (19 species in the East, 31
species in the West) (Adams 2003; Harvey et al. 2013) and far less was known about the
physiology of bats west of the Rocky Mountains due to mountainous, less accessible, and less
urbanized habitats (Adams 2003). There are a variety of bat species known to be found on
western DoD installations (Antrozous pallidus, Corynorhinus townsendii, Eptesicus fuscus,
Eumops perotis, Lasiurus blossevillii, Myotis spp., M. californicus, M. ciliolabrum, M. velifer,
M. volans, M. yumanensis, Parastrellus hesperus, Perimyotis subflavus and Tadarida
brasiliensis) through acoustic monitoring or captures. This effort assessed the threat of WNS to
western bats so that the military can continue to steward these species on installations while
maintaining readiness and training activities.

We built our study on an existing strong conceptual model of WNS epidemiology and disease
progression. Bats are infected with P. destructans through direct contact with other contaminated
bats and through environmental exposure in hibernacula where the fungus persists (Lorch et al.
2011). The closest genetic relatives of P. destructans were found in European caves, where it is
endemic but not associated with mortality (Puechmaille et al. 2011; Wibbelt et al. 2010). P.
destructans grows well in environments used by hibernating bats (<20 °C), though it is not
reliant on bats for survival or growth (Reynolds et al. 2015; Verant et al. 2012). Dispersing bats
(hosts and vectors) and humans (vectors) carrying spores of P. destructans from infected or
contaminated caves (reservoirs) contaminate new hibernacula. Once a cave is infected with P.
destructans, it is anticipated to remain so for decades (Reynolds et al. 2015). The contribution of
long-distance bat or anthropogenic transport (e.g., cavers, researchers) of P. destructans fungal
spores appeared rare, as the spatial pattern of spread is more diffuse, associated with migration,
local mixing, and movement among hibernacula (Maher et al. 2012; Wright and Moran 2011).

At the time our project began, research showed that the change in host physiology during
hibernation drove the seasonal transmission dynamics of P. destructans (Langwig et al. 2015).
The competency of different bat species as vectors is not well understood, but is likely related to
species-specific interactions between host physiology and host response to P. destructans
infection. Diagnostic symptoms of WNS have occurred primarily in hibernating bat species (M.
lucifugus, M. septentrionalis, M. sodalis, M. grisescens, M. leibii, E. fuscus and P. subflavus) and
there are some species on which P. destructans was found in the absence of any disease
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pathology (see below) (United States Fish & Wildlife Service 2016). Notably, hibernation alone
was not a sufficient predictor of WNS vulnerability, as a handful of hibernating bats species in
the East have shown no sign of P. destructans or limited WNS disease pathology (United States
Fish & Wildlife Service 2016). The potential for local, regional, or continental extirpation of
WNS susceptible bats is the core conservation threat (WNS National Plan Writing Team 2011).
As a direct result of WNS M. septentrionalis was listed as threatened in the United States, and
Canada has legally protected M. lucifugus, M. septentrionalis, and P. subflavus as endangered
species (COSEWIC 2013; Department of the Interior: Fish and Wildlife Service 2013; United
States Fish & Wildlife Service 2014). Independent of WNS, western states have already
recognized several bat species whose population viability is threatened (e.g., M. thysanodes, M.
ciliolabrum, C. townsendii, Euderma maculatum).

Bat white-nose syndrome:

multi-stage disease progression model
PATHOLOGY PHYSIOLOGIC EFFECTS OUTCOMES

Colonization of wing by Pd

Epidermal invasion 1\ metabolic rate Respiratory acidosis
‘l' excretion of CO, Hyperkalemia
\ 4 Fat depletion

Increased CO,

Erosion and ulceration

CO, threshold
v

Arousal

Hyperventilation Energy use

X 0

| Water loss | Electrolyte loss

e

Mortality

Figure 1. White-nose syndrome (WNS) disease progression model showing pathology, physiologic effects, and
outcomes (Verant et al. 2014).

The conceptual model of WNS disease progression is central to understanding the motivation
behind our bioenergetics-based models. Figure 1, from Verant et al. (2014), shows WNS
pathology, physiological effects, and outcomes. Once infected, bats die from disruptions of
homeostasis, including increased energy expenditure and water loss (McGuire et al. 2014;
Reeder et al. 2012). Energy depletion, due to frequent arousals during hibernation, is believed to
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be the proximate cause of death for bats infected with P. destructans (Johnson et al. 2014;
Reeder et al. 2012; Warnecke et al. 2012). Healthy bats spend most of hibernation in torpor with
body temperatures near ambient, with occasional arousals to normal body temperature
(euthermia) (Humphries et al. 2002; Thomas et al. 1990). WNS-associated mortality occurs
during the later stages of hibernation and diseased bats appear emaciated from more frequent
energy-consuming euthermic arousals (Reeder et al. 2012; Warnecke et al. 2012). Host condition
(amount of stored fat) entering hibernation depends on bat physiology and habitat quality;
individuals with sufficient energy stores and optimal microclimate and physiological strategy
should be able to survive P. destructans infection. In general, metabolic rates are known to differ
among species as dictated by body size (e.g. Hayssen and Lacy 1985). Prior to our project, what
was less clear was whether or not mass-specific torpid metabolic rate varied between or among
bat species. One study had suggested this metabolic rate may differ within a bat species during
hibernation along a latitudinal cline but only at more extreme temperatures (Dunbar and Brigham
2010). No one had examined mass-specific torpid metabolic rate across multiple species or
within western populations, and we targeted this value for measurement in our study because
physiologically the metabolic rate at which fat stores are consumed is critical to surviving winter
and WNS. Related, water balance appears to be disrupted in WNS-affected bats, and dehydration
may be the trigger for energy-consuming arousals and flights related to thirst (Cryan et al. 2010;
McGuire et al. 2014; Thomas and Cloutier 1992; Willis et al. 2011). A bioenergetics framework
was crucial to build a systematic understanding of WNS impacts within the context of non-
stationary conditions across the West. For example, ambient temperature is an important
determinant of the hibernaculum environment and bat hibernation periods, which can directly
influence WNS disease progression by (1) increasing or decreasing the energy budget needed to
survive the fungal infection or (2) affecting disease severity by altering the growth rate of the
pathogen.

The available research prior to our study on P. destructans spread and impacts on bat species in
the West only offered only a partial picture of the system because it discounted species-specific
WNS disease susceptibility and progression. An initial model that estimated year-of-infection by
county fitted a model based on diffusive spread and presence of caves and duration of winter
(mean days < 10°C) suggested that the fungus would cross central Nebraska around 2016 (Maher
et al. 2012). This model lacked spatial resolution for large western counties, did not differentiate
among bat species and ignored host bioenergetics. Alves et al. (2014) took a simple ecological
niche modeling approach which relied primarily on land classes and precipitation that predicted
limited P. destructans occurrence in the West. The authors assumed all bats (25 species) would
be impacted across their North American range and ignored the critical role of bat bioenergetics
in disease susceptibility.

Summarily, approaches prior to our study patently oversimplified species and populations with
intrinsic physiological and behavioral characteristics, or extrinsic climate conditions that could
minimize pathogen transmission and disease severity and serve as potential refugia. Our project
recognized that the joint physiological and ecological niche occupied by hosts and the pathogen
could drive transmission pathways and WNS severity. On the one hand, if larger fat stores, lower
torpid metabolic rates and less frequent arousals, for example, increase survival during WNS
infection, high elevation western mountains or northern locations could act as refugia from
WNS. On the other hand, southern hibernacula are characterized by shorter hibernation periods
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and reduced growing period for the fungus, but warmer microclimate and consequently higher
fungal growth rate (Verant et al. 2012). Interpretation of the potential impact of WNS in these
and other scenarios (e.g. dry versus humid environments during hibernation) required an
integrated approach considering characteristics of the host, pathogen, and environment. Such
climate-based responses, which are directly linked to species and population-specific
bioenergetics, had important implications for species susceptibility and mitigation activities.

At the time we began our project, WNS-related resources were predominantly focused on disease
outbreak areas in the East, leaving us ill-prepared to manage WNS in the West. This meant that
conservation and wildlife health communities did not yet have baseline ecological, physiological
or behavioral data to begin to frame an understanding of WNS impacts as it expanded its range
and host distribution. For example, we did not know whether western populations of species
affected in the East would respond differently; how new species would be affected by WNS;
how climate change would affect WNS outcomes; whether or not western bats would be able to
adapt or evolve; or if land managers would be able to alter hibernaculum transmission or limit
disease severity.

To address these western WNS knowledge gaps and to support the DoD’s capacity to steward at
risk species our project laid out and achieved four scientific objectives. First we set out to collect
robust data, leaning heavily on field missions and pulling in existing data sets when possible, on
western bat morphology, bioenergetics, and hibernacula environments. Our second objective
focused on refining and developing a WNS bioenergetic survivorship model and the
parameterizing it with data from western bats. The third objective was to incorporate the
survivorship model into spatial maps and to predict impacts of climate change on this disease
system. Objective four was the culmination of these efforts, disseminating the knowledge and
findings through scientific research and the peer-reviewed literature.
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Materials and Methods

Field collection of bat energetic data and hibernaculum data

Much of the bat energetic data required to parameterize the mechanistic model of WNS
survivorship did not exist and needed to be collected. Hence, a fundamental component of the
project was to gather field energetic data on at least five species of bats (C. townsendii, E. fuscus,
and Myotis spp.). Species were initially targeted based on variation in host traits which will
likely affect WNS disease outcome and the ability to achieve target sample sizes. We also
compiled, standardized, and analyzed available data from prior efforts in Canada. No
physiological, morphometric, or environmental variables required transformations prior to
analysis.

Permitting and partners

In the United States all procedures were approved by the Texas Tech University Institutional
Animal Care and Use Committee (protocol 16031-05). We obtained permits from the Montana
Department of Fish, Wildlife & Parks (2016-104, 2017-018, and 2018-008), Colorado Parks
and Wildlife (16TR2172, 17TR2172, 18TR2172, and 19TR2172), Nevada Department of
Wildlife (497636), Oklahoma Wildlife Conservation Department (6765, 6839, and 7243), Utah
Division of Wildlife Resources (2COLL10094), Texas Parks and Wildlife Department (SPR-
0416-115), and the National Park Service (ORCA-2018-SCI-0001). A written approval was also
received from the University of Central Oklahoma Selman Living Lab Committee. In Canada,
bat handling and the procedures for measuring metabolic rates of bats both for this project and
collected prior to this project conformed to the guidelines of the Canadian Council on Animal
Care and were permitted by Alberta Environment and Parks (17-214 and 18-016), British
Columbia Ministry of Forests, Lands and Natural Resource Operations (MRCB15-163558),
Northwest Territories Department of Environment and Natural Resources (WL500648),
Government of Northwest Territories Wildlife Care Committee (NWTWCC 2018-015), and
Parks Canada (WB2018-020 and WB-2018-28777). The field teams practiced WNS
decontamination protocols (United States Fish & Wildlife Service 2016) and coordinated as
much as possible with existing bat surveys to minimize bat-handling and disturbance events
during hibernation. Opportunistic surveillance for WNS and non-invasive diagnostics included
consultation with state agencies and the U.S. Geological Survey (USGS) National Wildlife
Health Center. When indicated, we submitted swab samples from bat wings to test for the
presence of P. destructans (National Wildlife Health Center 2013). To help our agency and
management partners protect, conserve, and manage cave resources, and in accordance with the
National Caves and Cave Resources Management and Protection Act, we have adopted a data
management policy to not disclose precise locations of our study sites in publicly-available
publications and reports.
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Figure 2. Project-supported field sampling sites.

General overview

Project supported fieldwork was conducted at eleven sites spread across nine western states or
provinces (Alberta, British Columbia, Colorado, Montana, Nevada, Oklahoma, Oregon, Texas,
and Utah) (Figure 2). During fall and winter fieldwork, we gathered data about energetics and
body composition of bats prior to hibernation as well as hibernaculum environmental conditions.
The team identified species using region-specific field identification keys (e.g., Shorr and Navo
2014). We captured bats during the pre-hibernation (September - November) swarming and mid-
hibernation (January - February) periods with mist nets or harp traps placed near bat activity or at
the cave entrance and hand-captured bats from hibernaculum walls during mid-hibernation
(Figure 3). We transported bats in cloth bags to a mobile laboratory near the field site where we
completed all measurements. It is difficult to determine age late in the swarming season and
impossible during hibernation, but any bats we suspected to be sub-adults were excluded from
our analysis and therefore we make the assumption that all individuals in our study were adults.
We weighed each bat (£ 0.1 g), measured forearm length as a standard measure of body size (+
0.1 mm), and for a subset of bats used a quantitative magnetic resonance (QMR) body
composition analyzer (Echo-MRI-B, Echo Medical Systems, Houston, TX; McGuire and
Guglielmo 2010), to non-invasively measure fat mass, lean mass, and total body water (Figure
4).
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Figure 3. Corynorhinus townsendii (Townsend’s big-eared bat) hibernating on a mine wall (top; K. Raff) and a pair
in hand ready for sampling (bottom).
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Figure 4. An Eptesicus fuscus (big brown bat) resting in a QMR chamber before a 2-minute scan to quantitatively
measure lean, fat, and total body water (Bobbitt/USFS).

Respirometry protocol and calculations of TMR and EWL

We measured torpid metabolic rate (TMR) and evaporative water loss (EWL) using open-flow
respirometry (Lighton 2008; Figure 5). We used two respirometry systems (Sable Systems
International, North Las Vegas, Nevada, USA), each capable of measuring seven animal
chambers and a baseline channel (14 animals total). After morphometric measurements and
QMR scans were completed, we selected the heaviest individuals for respirometry, maintaining
an equal sex ratio. We placed each bat inside a sealed 350 mL glass chamber with 0.2 um filters
(Cole-Parmer, #15945-42) placed in-line to filter potential P. destructans contamination from
incurrent and excurrent airstreams. Each chamber contained a wire lattice cage to provide a
roosting surface, and we added mineral oil to the bottom of the chamber to prevent bat excretions
from biasing water vapor pressure (WVP) measurements. The chambers were housed inside a
dark, temperature-controlled (£0.5°C) cabinet (PELT-5, Sable Systems International).

We scrubbed incurrent air stream (drawn from outside ambient air) with Drierite® (W.A.
Hammond Drierite Co. LTD, Xenia, Ohio) to remove water vapor, sodium bicarbonate (Sigma-
Aldrich cat no: 72073) to remove CO., and finally magnesium perchlorate (Sigma-Aldrich cat
no: 222283) to remove additional water vapor released from the CO> scrub. We held bats at 10
°C for 12 h prior to the start of measurements to allow bats to settle and enter steady-state torpor
following capture and handling disturbance. We used a dew point generator (DG-4; Sable
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Systems) to maintain humidity (approximately 85% RH) during the settling phase. We
maintained flow rate (flowbar FB-8; Sable Systems) at approximately 300 mL/min during
settling, and reduced flow rate to 100 — 120 mL/min when bats entered torpor. We sequentially
monitored each bat using a multiplexer (RM-8; Sable Systems), continuously rotating among
bats for the duration of the respirometry measurements. During the settling phase we cycled
through bats at 10 min intervals. Following 12 h of settling, we switched to a stream of dry air to
avoid potential condensation at the low saturated water vapor pressure associated with low
temperatures. We cycled through bats and the baseline reference channel at 3 min intervals
during the measurement phase, starting at 10 °C and sequentially reducing temperature to 8, 5,
and 2 °C. Prior to any field measurements we confirmed that 3 min accounted for the washout
period at our measurement flow rates. Each temperature treatment was maintained for
approximately 3 hr, corresponding to 7 — 8 measurements of TMR and EWL per bat at each
temperature. Excurrent air was subsampled at 75 mL/min and passed through a Field Metabolic
System (FMS; Sable Systems International) that measured WVP and excurrent CO2. We
increased flow rates to ~300 mL/min to provide adequate flow to bats that aroused during
measurements and if bats did not return to torpor they were removed from the experiment to
prevent unnecessary stress and depletion of fat stores. Upon completion of measurements we
offered water and a high calorie nutritional supplement (Nutrical, Tomlyn Veterinary Science) to
each bat before release.

We processed respirometry recordings in Expedata (Sable Systems), correcting for lag times
between analyzers and temporal drift. We selected the mean minimum fractional concentration
of CO> for each measurement at each temperature for further calculations. Because torpid bats
have extremely low metabolic rates, and because of greater sensitivity of CO> sensors compared
to O2 sensors, we calculated metabolic rate from CO> using equation 10.5 from Lighton (2008).
All measurements were made after 12 h of settling time, ensuring all bats were post-absorptive
and therefore we assumed fat metabolism (respiratory quotient = 0.7) in all our calculations. We
converted CO> values to mW using the oxyjoule equivalent method (Lighton 2008) and report
mass-specific values (mWg™) to account for variation in body size among species. We quality
checked all measurements and excluded values from bats that were not torpid or if there was an
erroneous measurement (values < 0.25 mWg™ or > 2 mWg) and selected the minimum TMR
measurement at each temperature for each individual for further analyses. We calculated water
vapor density from WVP using equation 10.10 from Lighton (2008) and converted to EWL (mg
H.0 h!) by multiplying water vapor density by flow rate.
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Figure 5. Bat positioned inside a respirometry chamber but outside the temperature controlled-cabinet
(Bobbitt/USFS).

Measurement of temperature and relative humidity at hibernation sites

At nine sites we deployed two types of units to measure environmental conditions of
hibernacula. Depending on the configuration of the site (i.e., number of chambers or roosting
sites), these include up to 10 temperature-only data loggers (iButton DS1922L-F5 or DS1921G,
Thermochron) and up to five combination temperature and humidity data loggers (S-THB-MO008
or U23-001, Onset HOBO Data Loggers). A HOBO logger was attached to a tree outside the
hibernaculum to record surface conditions, while inside the loggers were suspended by copper
wire near the cave surface. iButtons were wrapped with a monolayer of Parafilm (Bemis
Company, Inc., Neenah, Wisconsin, USA) to prevent water damage, and placed in a small
section of pantyhose hung from the cave surface such that the iButton was suspended in the air
column. We calibrated all iButtons from -5 to 35 °C in a glycol bath (Haak A25B, Fisher
Scientific, Hampton, New Hampshire). HOBO loggers were not independently calibrated,
however comparison with paired, calibrated iButton data revealed no difference in observed
temperature between logger types (Figure 6). Both types of data loggers were programmed to
collect data at 3 h intervals from late fall through spring. We calculated water vapor deficit from
microclimate data by calculating the difference between saturated and observed water vapor
pressure (WVP) for a given temperature and the measured WVP, as calculated from the
temperature and relative humidity measured with HOBO loggers (see Kurta 2014). At Clarity
Tunnel we measured ambient temperature outside and inside the roost every 20 min by placing
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temperature data loggers (Kestrel DROP2; Kestrel Instruments, Boothwyn, Pennsylvania) ~8 m
outside the tunnel entrance and ~30 m inside the tunnel.

8
o
™
-

O o
@
=
m L]
D
[s R
E o 4
Lib]
—
(o]
O
o L]
T

D p—

g

I T I T I
-20 -10 0 10 20

iButton Temperature (°C)

Figure 6. Graph of iButton unit temperature measurements against co-located HOBO unit temperature
measurements at the Paradox site in Colorado. The high degree of correlation suggests the different units are well
calibrated.

Torpor bout duration with temperature-sensitive transmitters

We deployed temperature-sensitive radiotelemetry on bats at Phoenix Mine, Cadomin Cave,
Lick Creek Cave, Piermont Mine, Big Chief Mine, Logan Cave, Old Dry Wolf Cave, Selman
Cave, Clarity Rail Tunnel, and Paradox Mine to record torpor bout durations or arousal
frequencies during winter sampling for a small number of bats. Willis and Brigham (2003) found
that skin temperatures are a good approximation for body temperature for small bats because of
their small body size. We placed data logging receivers (Sensorgnome, Lotek SRX400, or Lotek
SRX800 depending on site) powered by deep-cycle marine batteries within the hibernaculum at
locations where bats were expected to hibernate. We placed 3-element Yagi antennas at either
targeted locations based on information from local land managers and/or covered large sections
of the hibernaculum with up to 10 antennas in different parts of the hibernaculum. Prior to
deployment, all transmitters were calibrated at five points between 5 °C and 42 °C in a
temperature-controlled cabinet (PELT-5, Sable Systems International) against a previously
calibrated thermocouple. We generated a unique calibration curve and correction equation for
each transmitter to convert pulse intervals to skin temperature data (Tsk). The receiver recorded
the pulse rate of each tag for 15 sec at 7.5 min intervals or less, depending on the number of tags
deployed, and cycled through each tag every 30 min to extend battery life. We selected 20 — 30
bats for telemetry observation at a given site. In the United States sites, this included 172 bats

22



targeted for respirometry. We attached a radio-transmitter (US: 0.36 g, Pip3 temperature-
sensitive transmitter, Lotek Wireless, Canada; Canada: ~0.47 g; BD-2NT, LB-2NT, or BD-2XT,
Holohil Systems Ltd., Canada) by trimming a small amount of fur in the intrascapular region and
affixing the transmitter with non-toxic surgical adhesive (e.g., veterinary grade cyanoacrylate,
surgical latex adhesive). Glue was expected to hold for approximately 40 days, after which the
transmitter would fall off before the bats emerged in the spring (Halsall et al. 2012). At
Cadomin, large banks of batteries were flown in and out by helicopter with two data logging
Lotek receivers deployed to record transmitters from January through April. The receiver cycled
through all frequencies (n = 20) for up to 1 min each, resulting in each frequency being sampled
at least every 20 min. For United States sites we used a power-saving receiver and data-logging
technology, a new application of Sensorgnome hardware and software that we developed
specifically for the data needs and logistical constraints of our project.

Torpor bout duration using modified iButtons and Recco reflectors

We affixed modified iButtons to bats in Cadomin Cave and Phoenix Mine. The former is a
significant hibernaculum for M. lucifugus in Alberta and the latter is a newly discovered
hibernaculum for hundreds of C. townsendii bats near the Greenwood area of British Columbia.
We remodeled the iButtons to decrease the circuit board size, use a smaller battery, and replaced
the metal housing with only a thin layer of bright yellow Plastidip (Plasti Dip International).
These iButtons were modified by adapting the instructions included in Reeder et al. (2012) and
then a small RECCO (00-RS-30-CL for insects/small mammals) reflector was attached to assist
with locating and recovery. Twenty units were then attached to bats at each of these locations
using a small amount of latex or veterinary grade cyanoacrylate glue with anticipation that they
would fall off by the end of winter when the bats start to fly around frequently. These units were
deployed mid-winter in both locations. Tags were recovered in spring using a RECCO receiver
(RECCO Model R9) to locate them; when roosting bats were seen with tags still attached, they
were removed and downloaded.

Acoustic monitoring at Lick Creek and Selman Living Lab

At Selman Living Lab we deployed two ultrasonic acoustic monitors (Roost Logger, Titley
Scientific, Columbia, Missouri, USA) outside two cave entrances in November 2017 to measure
winter activity. We placed acoustic detectors in locations that would record activity near the
entrances of the cave, while minimizing the likelihood of detecting activity inside the
hibernaculum. The acoustic loggers operated in triggered mode between 30 min before sunset
and 30 min following sunrise. Once triggered, loggers recorded for 5 sec unless an additional call
was detected. We extracted calls using AnalookW software (version 4.2n, Titley Scientific,
Columbia, Missouri, USA) and counted the number of files generated per day. For analysis, we
used breakpoint regression to determine when bat activity was dramatically reduced during
winter. Through this analysis we determined two breaks: December 7 and February 4. Before
December 7 bats were actively swarming and after February 4 emergence from hibernation had
begun, thus examining activity outside this time period would not provide a meaningful
evaluation of winter activity. We then used linear regression to determine the association
between temperature and echolocation activity during this winter period. We manually vetted a
subset (n = 50) of call files to confirm that they were produced by M. velifer. Given dominance
of M. velifer at this hibernaculum (n = 100,000 M. velifer, n = 70 P. subflavus) and that the call
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characteristics of M. velifer do not overlap with other common species in this area we are
confident that virtually all echolocation calls were produced by M. velifer.

We used the same acoustic monitoring methods at Lick Creek Cave in Montana. However, there
are several species of hibernating bats at Lick Creek Cave, all with overlapping echolocation call
characteristics. Because we were not interested in species-specific calls, but rather aimed to use
calls as an index of winter duration, we counted passes that contained calls of Myotis species
(minimum frequency > 30 kHz). We were also not interested in the number of individual bats
passing the detector, but rather if there was general activity outside the cave; we thus used a
threshold of 50 passes day-1 to determine the onset and end of the hibernation period.

Empirical analyses of bat hibernation physiology

1. Intraspecific variation in hibernation physiology

We first considered variation in hibernation physiology among populations of species distributed
over large geographic ranges. We studied this question by comparing the physiology of M.
lucifugus and C. townsendii for which we have data from multiple sites across a large geographic
range. We hypothesized that variation in environmental conditions across populations could
affect hibernation strategies. We made two alternate predictions. If widely distributed species are
locally adapted to regional environmental conditions, we predicted we would observe
physiological differences among sites. Alternatively, if populations from throughout the species
range seek out and select similar hibernacula then we predicted we would not observe
differences across our study sites.

We compared M. lucifugus from hibernacula in Montana, Alberta, and Northwest Territories,
including the most northerly known hibernaculum for the species. We conducted the C.
townsendii fieldwork at sites in Colorado, Utah, Nevada, Oregon, and British Columbia. We
characterized the climate at each of our study sites based on 1981 — 2010 climate normals
(National Oceanic and Atmospheric Administration, Environment and Climate Change Canada).

The analysis we report here considered mass-specific metabolic rates (mWg™) for ease of
comparison with other literature and other accompanying studies, but the qualitative outcomes
are not affected whether using mass-specific or whole animal measurements. We used linear
mixed models to analyze our data following the procedures described by Zuur et al. (2009). We
suspected we might observe greater variance in metabolic rate at either the highest or lowest
temperatures due to individual physiological thresholds. Therefore, we included a variance
structure in our analysis which allowed for a heterogeneous variance among temperatures. We
included a random effect of individual to account for repeated measures and tested for the main
effects of temperature, sex, season, site, and the interactions of temperature and site and
temperature and sex (in case bats from different sites or sexes responded differently to
temperature), followed by Tukey’s post-hoc tests for pairwise comparisons of significant effects.
For all main effects we assessed statistical significance at a = 0.05, but in post-hoc comparisons
we considered pairwise differences if p-value < 0.10. All statistical analysis was conducted in R
(v 3.6.3; R Core Development Team 2020) and individual bat level data are provided in
Appendix Al.

2. Interspecific variation in hibernation physiology

24



We tested for interspecific variation in hibernation physiology among the 13 species of
hibernating bats in our dataset from 14 field sites across the western United States and Canada.
We sampled populations of hibernating bats that were taxonomically, ecologically, and
geographically diverse. Therefore, we predicted that torpid metabolic rate and evaporative water
loss would vary among species. However, we were particularly interested in seeing whether
species grouped together into a smaller number of general physiological strategies rather than
having to individually consider each species separately. For this analysis we included data from
all 13 species of bats at 14 sites across the western United States and Canada, including sites in
Northwest Territories, Alberta, British Columbia, Montana, Oregon, Utah, Nevada, Colorado,
Oklahoma, and Texas.

For each species, we first assessed whether most individuals remained torpid at lower
temperatures, or if individuals aroused below some temperature. The subset of torpid individuals
was used for analysis of TMR. We used linear mixed effects models to test for differences in
metabolic rate across temperatures for each species (following Zuur et al. 2009). We included a
random effect of individual to account for repeated measurements, and allowed for heterogeneity
of variance among temperatures, which is expected if individuals vary in their response to low
temperature. Not all species were tested during both swarming and hibernation, and sample size
was limited in some seasons. Where sample size permitted we tested for an effect of season,
otherwise seasons were combined for analysis. We compared metabolic rate across temperatures
to determine minimum defended temperature (Tdefended; temperature below which metabolic rate
increases), minimum torpid metabolic rate (TMRmin) and the temperature range over which
TMRmin Was measured (range over which TMR did not vary based on post-hoc comparisons).
We calculated evaporative water loss (EWL) from the same range of temperatures as minimum
metabolic rate. As for analysis of intraspecific variation, we report mass-specific metabolic rate
here for comparisons among species, but analysis of whole-animal metabolic rate results in
qualitatively similar results.

To compare TMRmin and EWL among species we conducted two analyses. The temperature
range of TMRmin varied among species, and there were repeated measurements of individuals at
different temperatures within that range. Therefore, we randomly selected one measurement per
individual and used linear models to test for a difference in TMRmin 0r EWL among species,
repeated this process 1,000 times and used a one-tailed one sample t-test to determine whether
the mean p-value was < 0.05. We also used cluster analysis to test for similarity among groups of
species (kmeans function in R, centered and scaled data) based on TMRmin and EWL. We did not
measure EWL for M. yumanensis and therefore this species is excluded from cluster analysis.
Individual bat level data are provided in Appendix A2.

3. Lean mass contribution to hibernation energetics and water balance

Most studies of hibernation energetics have focused on the use of fat as the primary energy
substrate, and studies that consider condition indices implicitly or explicitly assume that changes
in lean mass are negligible. However, protein catabolism may play an important role in
hibernation that has been underappreciated to date. Gross changes in whole animal lean mass
have not been quantified and few studies have considered the role of protein catabolism in
hibernation.
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We hypothesized that hibernators rely in part on protein catabolism (McGuire et al. In Review).
Following from this hypothesis, we tested two predictions. First, we predicted that lean mass
would be increased leading into hibernation, as animals deposit both fat and lean mass to survive
winter. Second, we predicted that whole-animal lean mass would decrease during hibernation.
Finally, differences in the timing of reproductive investment often lead to differences in
energetic strategies between sexes, where females have reduced energy expenditure relative to
males (Willis 2017). Therefore, we also considered sex effects in lean mass deposition and use.
If males use more energy during hibernation (e.g., more frequent arousals or higher metabolic
rates), we predicted that lean mass would represent a greater contribution to the hibernation
budget of males.

Across all QMR body composition measurements made for the entire project, there were data
quality issues at many sites. The magnetic fields used in QMR measurement are temperature-
sensitive and we struggled to maintain stable temperatures at many of our field sites. For
example, maintaining stable room temperature in our field trailer in Montana in February proved
to be impossible. We filtered the QMR dataset, excluding all values where the combined mass of
fat and lean tissue did not represent an appropriate proportion of total body mass, whether too
low (<0.85) or too high (>0.975). Following this filtering, two QMR body composition datasets
remained with sufficient sample size for this analysis: M. velifer in Oklahoma (pre-hibernation
swarming) and C. townsendii in Nevada (pre-hibernation swarming and mid-hibernation). The
two Nevada sites were within ~75 km and therefore we combined data from both in our analysis.
Forearm length was statistically greater in female M. velifer (teo.4 = 2.10, p-value = 0.04), but was
< 1% greater than male M. velifer forearm length (< 0.5 mm difference) and therefore we assume
there was no biologically relevant difference in body size. Similarly, C. townsendii forearm
length was statistically greater in females (ts3.0 = 2.63, p-value = 0.01), but was only 1.5% greater
than male forearm length (< 1 mm difference) and therefore we assume that there was no
biologically relevant difference in body size.

For the M. velifer dataset we used linear models to compare body composition between sexes.
We used analysis of covariance to determine whether bats deposited lean mass prior to
hibernation, and whether there were differences between sexes in the relative deposition of fat
and lean mass. With fat or lean mass as a response variable and body mass as a predictor
variable, the slope of the relationship describes the relative contribution of fat or lean to total
mass gain. With this approach, we determined what proportion of each gram of increasing body
mass came from fat or lean mass. If bats deposited only fat, then the slope of the lean mass
regression should be zero, otherwise the slopes should both be < 1 and add up to approximately
one assuming that all mass gain is either fat or lean mass.

To investigate changes in fat and lean mass through hibernation, we compared body composition
of C. townsendii during fall swarming and mid-hibernation. We used linear models to compare
body composition between sexes and seasons. We used changes in fat and lean mass of male and
female C. townsendii to illustrate the potential impacts of different contributions of lean mass to
energy and water budgets in hibernation. We calculated relative energetic contribution (lean =
5.3 kJ g%, fat = 37.6 kJ g™t wet mass basis) and water production (lean = 0.82 g H20 produced g
wet mass, fat = 1.10 g H20 g*) with values from Jenni and Jenni-Eiermann (1998). All
calculations are based on the mean values for males and females in the two seasons. We used
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propagation of error to carry uncertainty estimates through multiple calculations, resulting in
proportionally large errors after the final calculations. These values are strictly numerical
calculations and not meant to be interpreted in a statistical comparison, therefore the large
uncertainty is less important than the calculated values for comparison. Individual bat level data
are provided in Appendix A3.

4. Tadarida brasiliensis (Mexican free-tailed bats) case study

The inclusion of T. brasiliensis mexicana in our dataset is notable because this species is not
typically considered as a hibernator. Populations in the south-central United States are renowned
for making long-distance migrations to southern Mexico in winter. However, there is increasing
recognition that subsets of the summer breeding population forgo migration and overwinter in
Texas. Our study is the first to examine the physiology of hibernation in this species, including
considerations of how these individuals may be affected by WNS. Furthermore, as a highly
mobile species, T. brasiliensis is particularly relevant to consider as a possible natural vector of
long distance spread of the pathogen.

The current framework of winter bat ecophysiology and WNS is heavily biased towards northern
latitudes and extreme conditions where insectivorous bats face a critical lack of prey during
winter months (e.g., Davis and Hitchcock 1964, 1965; Thomas 1995; Boyles et al. 2008;
McGuire et al. 2009; Jonasson and Willis 2011; Jonasson and Willis 2012; Czenze et al. 2013;
Day and Tomasi 2014; Hayman et al. 2016; McGuire et al. 2016). Less is known about situations
where bats remain active to varying degrees in winter. While long, harsh winters at northern
latitudes necessitate obligate hibernation, winter is relatively mild at southern latitudes and
torpor expression may be flexible with environmental conditions. T. brasiliensis are a subtropical
species where most individuals migrate south for winter (with implications for movement of the
pathogen), but small remnant populations forgo migration and overwinter. There is evidence for
the presence of P. destructans infection in T. brasiliensis, but to date there has been no
diagnostic indications of WNS and no study of their hibernation ecophysiology.

We hypothesized this species uses facultative hibernation to persist through winter and that the
bats use heterothermy ranging from daily to multi-day periods depending on ambient
temperature. We predicted that T. brasiliensis bats are capable of deep torpor, as observed in
other hibernating bats, but that they would have a minimum defended temperature higher than
northern hibernators.

Methods for T. brasiliensis followed the same general methods described above with one
exception. When measured prior to hibernation no bats tolerated the 2 °C condition (i.e., all bats
aroused from torpor), therefore we used slightly higher temperatures in February (12 °C, 10 °C,
8 °C, and 5 °C). We used mass-specific values of TMR and EWL in this analysis, but as noted
for other analyses above, using whole animal metabolic rate did not qualitatively change the
interpretation of the results. To objectively estimate the minimum defended temperature, we used
a piecewise mixed-effects model with R package ‘Ime4’ following methods described by
Thompson et al. (2015) to estimate the breakpoint of the temperature-response curve. For this
analysis we included metabolic rate as the response variable, actual ambient temperature (Ta)
experienced by the animal as a fixed effect, and individual as a random effect.
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As noted above, we used temperature-sensitive radiotelemetry to monitor skin temperature (Tsk)
of hibernating bats. We included only Ts readings with at least three consecutive data points
within 5 min. We excluded occasional aberrant readings by only including Tsk values where
changes in body temperature were less than or equal to the highest published rates of Tsk change
for insectivorous bats (2.7 °C/min; Menzies et al. 2016). We used the torpor onset threshold
method to distinguish between periods of torpor and euthermia (Willis 2007). To investigate if
animals remained torpid longer during harsher weather, we used a linear model to examine the
relationship between torpor bout duration and the minimum T, outside the roost during the torpor
bout. Individual bat level data are provided in Appendix A4.

Improving the energetic costs of cooling model

Calculating energetic costs from first principles

We modelled the energetic cost of cooling (Ecoor) as a function of the difference between
euthermic and torpid body temperature (Tb), the decrease in metabolic rate over that temperature
range, and the cooling rate. We assumed that cooling occurred passively; that is, the reduction in
metabolic rate is due to an effect of temperature, rather than physiological inhibition (but see
Geiser 2016, 2004).

We calculated the total cost of cooling as the energy required for metabolism during steady-state
torpor, plus the additional costs to maintain metabolism above torpid Ty as the body cools from
euthermic Ty (Prothero and Jurgens 1986; Strunk 1971). We calculated this change using Q1o, Or
the change in metabolic rate over a 10 °C change in temperature, with a scaling equation with
body mass (Mb; g) (Geiser 1988):

Q10 = 3.82 — 0.507 log,o M, 1)

The cost of cooling was calculated as the sum of this reduction in euthermic metabolic rate in
response to the difference between torpid and euthermic Ty, and the metabolic rate of steady-
state torpor:

Ttor—Teu
Eco01 = Deoor [TMRmin + (RMR " Qo 10 >] (2)

where TMRmin is the mass-specific minimum torpid metabolic rate (ml O2g™* hl), RMR is the
mass-specific resting metabolic rate at ambient temperature (Ta; °C) (ml 029 hY), Tior and Teu
are torpid and euthermic Ty (°C), respectively, and Dcoor is the duration of the cooling phase (h).
We estimated RMR by increasing allometrically predicted BMR (Schmidt-Nielsen, 1984;
Speakman and Thomas 2003) in response to Ta and scaled by euthermic thermal conductance
(Cev):

RMR = BMR + C,y(Toy, — T,) ©)

The duration of the cooling phase (Dcoor) Was determined by the cooling rate (CR) and the
temperature difference between Tp:

10g(Tou~Teor
D,y = L0g(Teu—Ttor) (4)
CR
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We assumed that cooling followed an exponential decay (Newton 1701). Therefore we modeled
the rate of cooling as a derivation from Newton’s Law of Cooling (Henshaw 1968; Kleiber 1972;
Newton 1701; Strunk, 1971), which assumes the rate of heat loss from a body is directly
proportional to body size, conductance, and temperature difference between the body and the
surrounding environment (Bakken 1976a; Prothero and Jurgens 1986). We calculated the cooling
rate as:

__ Cey - M§'67' log(Tey—Ta)

CR T (5)

where C is the thermal conductance during euthermia (ml Oz g* °Ct h'), M2 represents the
surface area of the animal as defined by body mass, Teu— Ta is the difference between euthermic
Tb and Ta (°C), and S is the specific heat of animal tissue (0.1728 ml O, g °C™; Hart 1951). By
taking the log of the temperature difference in both Equations 4 and 5, we account for the
exponential change in the rate of cooling as Ty is reduced to torpid body temperature. Rather than
estimating an instantaneous cooling rate, this equation allowed for the consideration of body size
and insulation of the animal (i.e. thermal conductance), as well as environmental influences (e.g.,
rapid cooling in cold environments).

Validating the cooling model

To validate the cooling equation, we compiled data from published papers that presented
metabolic rate and skin temperature curves over time and compared the total energetic cost of
torpor entry (i.e., cooling) with modeled cost (Table 11). For publications where data was only
presented in figures, we used plot digitizing software (WebPlotDigitizer 4.1;
https://apps.automeris.io/wpd) to extract metabolic rate and skin temperature over the period of
cooling. We calculated the mean of euthermic and torpid skin temperatures and defined the onset
of cooling when skin temperature dropped at least 2 °C below mean euthermic skin temperature
and the end of cooling when skin temperature was within 0.5 °C of mean torpid skin
temperature. We extracted the metabolic rate for the cooling curve at one-hour intervals from the
start and end of cooling and summed the values over the entire cooling period.

Using Equation 2, we then modeled the energetic cost of cooling given morphometric,
physiological, and environmental parameters reported in each publication. We obtained body
mass, torpid and euthermic Ty, and thermal conductance (if available) for each species; if thermal
conductance was not available, we calculated conductance using methodology described by
McNab (1980) and Speakman and Thomas (2003). RMR was predicted using Equation 3 and
TMR was predicted using the Q1o decrease in BMR in response to torpid Ty (Geiser 1988). One
publication (Wang, 1978) reported cooling costs for multiple individuals over three ranges of Ta.
Therefore, we calculated the mean cost for each temperature range over individuals (for the
measured cost) and temperatures (for modeled cost). In instances where multiple data sources
existed for the same species (as in the case of M. lucifugus), we chose the source that reported as
many model parameters as possible.

We compared our modeled values to measured values using linear regression in R version 3.3.3
(R Development Core Team 2019). We assumed that if our cooling model adequately
represented measured cooling cost, the slope of the relationship would not be different than 1
(Glantz and Slinker 2000). We did not run a sensitivity analysis of the model to changes in
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parameters, as a preliminary analysis showed that the model was sensitive to all parameters
equally.

We examined the relationship between mass-specific cooling cost and both body size and
thermal conductance to determine the effects of each variable on cooling. We also determined if
a scaling relationship with body size and mass-specific cooling cost existed with cooling rate,
similar to the relationships observed with warming rate (Geiser and Baudinette 1990; McKechnie
and Wolf 2004).

Comparison between 67% proportion and cooling model

We compared the energetic cost of cooling for 53 species (Appendix A5) using both our cooling
model (Equation 2) and the commonly-assumed 67% proportion of warming cost. We defined
the energy required to warm from torpor to euthermia (Ewarm) as a function of the cost to raise the
temperature of animal tissue from torpid to euthermic T, (McKechnie and Wolf 2004), in
addition to the metabolic costs required to balance heat lost to the environment over the period of
warming (Cryan and Wolf 2003). Thus, the cost of warming was calculated as:

Eyvarm =S (Teu - Ttor) + Dyarm [Ceu(Teu - Ta)] (6)

where Dwarm IS the duration of time required to warm from torpid to euthermic Ty (h). Assuming
warming occurs linearly (Cryan and Wolf 2003; McKechnie and Wolf 2004), we calculated
Dwarm as:

Dyarm = Teu—Ttor (7)
WR

where WR is the warming rate for the species (°C ht). We obtained warming rates for each
species from multiple sources (Geiser and Baudinette 1990; Hirshfeld and O’Farrell 1976;
Menzies et al. 2016; Willis 2008). All other model parameters were acquired as described above.

We compared both estimates of cooling, predicted from Equation 2 and estimated as 67% of
warming, using linear regression. If 67% of warming sufficiently described the cost of cooling,
we assumed the slope of the relationship not to be different from 1 (Glantz and Slinker 2000).
We regressed the difference between the two estimates against body mass to examine differences
in predicted cooling costs in the context of body size.

Hibernation energetic model

The mechanistic hibernation model we use in this project is a refined version of the Hayman et
al. (2016) model (which builds on Humphries et al. 2002 and Thomas et al. 1990) with a few
critical amendments. The core model is built upon the idea that we can (a) predict the amount of
energy required for a bat to survive winter and by (b) comparing that to the length of winter at a
location we can (c) predict whether a bat could survive at that location. The source code from the
original publication was extracted and is now available as a draft open source R package (R
Team 2016) at github.com/cReedHranac/batwintor. Model refinements included the addition of
body mass in the arousal and cooling equations (see above; Haase et al. 2019a), rewarming
calculations based on species specific rates (recently published by Menzies et al. 2016), and
accounting for energy lost as heat when bats are in the rewarming period. An additional major

30



refinement was the inclusion of evaporative water loss in the calculation of: torpor duration, P.
destructans fungal growth on torpor duration, and fungal growth on evaporative water loss
(Figure 7).
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Figure 7. Typical arousal patterns during winter hibernation (above, not to scale) and the elements of a torpor-
arousal cycle (lower left). The total energetic costs of torpor and arousals are calculated by the mechanistic White-
nose syndrome (WNS) survivorship model for specific temperature and humidity conditions and evaluated against

energy stores (i.e., body fat) that bats have going into hibernation to predict how long bats can hibernate. WNS
increases the number arousals and overall energetic expenditure of diseased bats, leading to starvation. New model

developments from our project are highlighted in the text box (lower right).

Core hibernation energetic model components

We modeled energy expended during a torpor-arousal bout (Enout) as a function of the energetic
cost of torpor (Etwr) and torpor bout duration (ttr), cost of euthermia (Eey) and euthermic duration
per arousal bout (tey), and the energy required to warm (Ewarm) and cool (Ecool) to and from
euthermia:

Epout = Eew " teu ¥ Ewarm + Ecoot + Etor * tior (8)

We estimate the energetic costs of cooling (Ecool) and warming (Ewarm) as described above in
Equations 2 and 6, respectively.
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While bats are euthermic, the amount of energy expended is dependent on their resting metabolic
rate; bats lose heat to the environment as a function of the differential between Ta and the lower
critical temperature (Tc), and the thermal conductance of euthermic tissue (Cey). Therefore, the
energetic cost of euthermia (Eeu) is essentially the basal metabolic rate (BMR), plus any
additional cost due to temperatures outside the thermoneutral zone:

Eey = BMR + (Tlc - Ta) " Cey (9)

We estimated BMR (ml O2g* h'%) as a function of body mass (Ms in g) from a scaling equation
derived for bats (Thomas et al. 1990):

log, BMR = 1.0895 + 0.744 log,M, (10)

We estimated Cey (Ml O2 g2 C1ht) using methodology described by McNab (1980) and
estimated the mean time in euthermia during each arousal (tey) from the published literature
(Thomas and Geiser 1997).

We modeled the energetic costs of torpor (Etwr) as a function of Ta and torpid metabolic rate.
When hibernaculum temperature is above minimum defended torpor temperature, energy
expenditure can be calculated based on the Q1o effect (Kallen 1964). Once hibernaculum
temperature falls below the minimum defended temperature, Etwr depends on torpid metabolic
rate and torpid thermal conductance (Cy):

Ta — Trormin)/10 .
Eior = TMRpp - ;Eo tormin)/ ’ lf Ty > Tiormin (11)

Eior = TMRpn + (TtorMin - Ta) - Cy, if Ty < Tiormin (12)

Incorporating evaporative water loss into the hibernation energetics model

We incorporated a mechanistic link between EWL and torpor bout duration. We estimated torpor
bout duration (twr) in two ways: 1) as a function of torpid metabolic rate in response to Ta as
described in Hayman et al. (2016), and 2) as a function of EWL. Our revised model uses the
shorter of the two estimates given hibernaculum conditions, either arousing as a consequence of
EWL or TMR, whichever comes first. By including both calculations in our estimates of torpor
bout duration, we considered both the effect of EWL and metabolism on torpor physiology
(Geiser and Kenagy 1988; Thomas and Geiser 1997)

To estimate torpor bout duration as a function of metabolic rate (tiorrmr), We modified the
existing equations developed by Hayman et al. (2016) that scale maximum possible time in
torpor (twrvax) by the effects of metabolic rate given Ta:

(Ta - TtorMin)

LtorTMR = ttorMax/Qlo 10 ifTa > TtorMin (13)
trorm .
ttorTMR = rorMax Ct if Ta < TtorMin (14)
1+ (Ttormin—Ta) - (m)
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where Q1o is the change in metabolism with a 10 °C change in temperature (Geiser 2004), Ttormin
is the minimum defended Ty, in torpor, TMRmin is the associated metabolic rate at Ttormin, and Ct
is the thermal conductance during torpor. Minimum defended Ty (Hanus 1959; Speakman et al.
1991; Brack and Twente 1985) and the maximum time in torpor (tiormax) Were estimated from
literature (Brack and Twente 1985), and minimum torpid metabolic rate and thermal
conductance were measured in the field using respirometry.

To calculate torpor bout duration as a function of EWL (tworew), We assumed bats arouse when
the total body water pool was depleted to a threshold (Thomas and Cloutier 1992). The hourly
rate of total EWL (mg H20 h) is comprised of both cutaneous and respiratory rates of EWL and
is dependent on the water vapor pressure deficit between the bat and the surrounding
environment. The hourly rate of cutaneous evaporative water loss (CEWL; mg H20 h) is a
function of the difference between water vapor pressure at the surface of the bat and the
environment (AWVP):

AWVP = WVP,, — WVP,;, (15)

where WV Pyt is the water vapor pressure at the skin surface and WVP;r is the water vapor
pressure of the surrounding air (both in kPa). We assumed WV Ppat Was at saturation, which can

be calculated as:
17.503-T}, ]

WVP p = 0.611 - e[<Tb+24°-97) (16)
where Ty, is the body temperature of the bat in torpor (Campbell and Norman 1998). We then
calculated WVPsr at Ta and given relative humidity. We modeled cutaneous EWL as a function
of AWVP and the area-specific rate of EWL from bodily tissue (rEWL; mg H20 h™* cm™ per
AWVP?) across the surface area (SA; cm?) of the bat:

CEWL = SA - TEWL - AWVP (17)

We used a surface area scaling equation (Gouma et al. 2012) to calculate body surface area
(SAnody) and photos of bat wings to estimate the total surface area of the wings and tail (SAwing;
Haase et al. 2019b). Assuming that a furred body and naked wing have biophysical differences
that would affect cutaneous EWL, we used different values of the area-specific rate of EWL for
the body (rEWLbody) and wing (rEWLuwing), estimated from respirometry (Supporting
Information). Therefore, we rewrote Equation 17 as:

CEWL = [(SA poay - TEWLpoay) + (SA wing * TEWLyying)] - AWVP (18)

Respiratory EWL (REWL; mg H.0 h!) is a function of the saturation deficit between inspired
and expired air. We assumed that inspired air is at Taand is expired as saturated air at torpid Ty
(Thomas and Cloutier 1992). Therefore, we calculated respiratory EWL as:

REWL = respired air volume - saturation deficit (19)
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The volume of air that a bat breathes per hour was calculated as a function of the respiration rate
of oxygen (i.e. TMRmin) in ml O2g h't and body mass:
TMR min* Mp

respired air volume = ———+—— (20)
0.2095 - 0.30 - 103

assuming the fractional concentration of oxygen in air is 0.2095 and that oxygen extraction
efficiency is 30% (Thomas and Cloutier 1992). Using the ideal gas law (Campbell and Norman
1998), we converted the water vapor pressure deficit (AWV P; Equation 15) from kPa to mg L
to determine the saturation deficit.

We validated the rate of total EWL (cutaneous EWL and respiratory EWL) by comparing
modeled EWL (from Equations 17 and 19) to measured EWL from each individual during our
respirometry procedures. We used individual body mass (Equations 17-18), metabolic rate
(Equations 19-20), area-specific rate of EWL (Equations 17-18), and predicted surface area
given body mass (Equations 17-18). We modeled the hourly rate of total EWL given the
measured Ta and WVP experienced by each individual. We used linear regression to compare
modeled EWL to measured EWL rates, assuming that if the model was accurate, the slope of the
relationship should be equal to 1.

Given total EWL, we calculated torpor bout duration (twrewr) based on the reduction of the total
body water pool, setting the threshold at 2.7% of lean mass (assuming no body water in fat

stores):
0.027 -Lean Mass-1000

t =
torEWL CEWL+REWL

(21)

Including the effects of fungal growth on hibernation

We further adjusted the hibernation model by including a link between fungal growth and
reduced torpor bout duration through an increase in both metabolic rate and EWL (modifying
Equations 13-14, 21). We first altered the estimation of torpor bout duration from Ta (torrvr;
Equations 13 and 14) by scaling torrvr by the proportion the bat wing surface affected by the
fungus. When fungal growth > 0, tiorrmr Was calculated as:

_ ttorMax areapq :
ttorTMR = (Ta = Ttoer-n) S if T, > Tyormin (22)
10 g
[ Q10
tror— areap .
ttorTMR = = max / SA d if Ta = TtorMin (23)
1+ (TtorMin_Ta) TMR ng
L mm

where areapq is the area (cm?) of fungal growth calculated as a function of T, and relative
humidity given equations from Hayman et al. (2016).

We adjusted the calculation of torpor bout duration in response to EWL (twrewr; Equation 21) by

increasing CEWL and REWL as a function of fungal growth. We used data from McGuire et al.
(2017), who directly measured an increase in TMR and EWL in M. lucifugus infected with P.
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destructans (Haase et al. 2019b). We increased CEWL by including a linear increase to the rate
of EWL of bat wings (rEWLwing) in response to the proportion the bat wing surface affected by
the fungus (from Equation 21):

CEWL ying = [(SAbody - TEWLpoay) + (SA wing ° [rEWLwing + (0.16 il L 100)])] :

wing

AWVP (24

where 0.16 is the rate of increase in rEWLuwing, given the proportion the bat wing surface affected
by the fungus, determined from data presented in McGuire et al. 2017 (see also Haase et al.
2019b). REWL also is hypothesized to increase in response to fungal growth with an increase in
TMR; we included this linear increase by adjusting Equation 23:

. .aredpgq .
TMR pin +10.015 100 )|- Mp
SAwing

respired air volume = (25)

0.2095-0.30 - 103

where 0.015 is the linear increase of torpid metabolic rate given the proportion the bat wing
surface affected by the fungus (Haase et al. 2019b).

To validate the adjustment to the estimation of torpor bout duration in response to fungal growth
(Equations 22-23, 25), we used an independent dataset of skin temperature measurements from a
captive hibernation study by McGuire et al. (2020). Skin temperature data were measured from
thirteen M. lucifugus infected with P. destructans prior to hibernating in a controlled
environment (Ta = 7 °C, relative humidity = 98%). Using methodology from Jonasson and Willis
(2012), we defined torpor and arousal periods based on cut-off temperatures and calculated the
total time in each hibernation phase. We then estimated torpor bout duration (Equations 22-25) at
each measured torpor bout from each individual given individual morphometric parameters
(initial body mass, predicted surface area). We estimated TMR from body mass and Ty
(Speakman and Thomas 2003) and allowed for variation in lean mass (to determine threshold of
body water) by sampling from a normal distribution with mean and standard deviation from our
capture data. We predicted fungal growth area at each torpor bout given the time since
inoculation and equations 2-4 in Hayman et al. (2016). We then used a linear model to compare
modeled torpor bout duration to measured torpor bout duration, assuming that if the prediction
was accurate, the slope of the relationship should be equal to 1. To determine if including EWL
improved our description of torpor expression, we also predicted torpor bout duration without the
contribution of EWL using only Equations 22-23. We then compared these predictions to
measured bout duration to determine model accuracy. Finally, we compared the R? values of
both fitted relationships to determine which model had better precision in predicting torpor bout
duration.

Estimation of total fat loss and survival for M. lucifugus in Montana

Using our modified hibernation model and model parameters obtained from literature (Appendix
A6) and our field captures (Appendix A7), we estimated time until total fat exhaustion for M.
lucifugus over the range of hibernaculum microclimate conditions measured at our field site.
Torpor bout duration changes with body condition and fungal growth so we used differential
equations to estimate energy consumption over the winter. We assumed that bats require energy
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to arouse at the end of hibernation and to leave the hibernaculum in order to obtain food.
Therefore, we included energy required to warm (Ewarm) and spend 24 h in euthermia (24 x Eey)
at the end of winter hibernation. We used the Isoda function of the deSolve package, which
allowed torpor bout duration to change over time given fungal growth, bat parameters (Appendix
A6), and hibernaculum microclimate. We converted total energy consumed over time from ml
02 g to the amount of fat expended (g) as:

fatwinter = (Ewinter ’ 19-6)/(37-6 ' 1000) (26)

assuming that 1 ml Oz releases 19.6 J of energy and the energy content of fat is 37.6 J mg™*
(Boyles and Brack 2009). We calculated time until fat exhaustion (taex) as the time when total
fat exhaustion (fatwinter), became greater than mean fat stores measured during our fall field
captures. Finally, we compared the estimated tratex for both healthy and infected bats over the
range of hibernaculum conditions to the duration of winter for central Montana estimated from
our acoustic data. We assumed that mortality would occur if traex Was less than winter duration;
that is, the mean fat stores did not provide enough fat for a bat to survive through winter, as
measured above.

Validation of evaporative water loss calculations and hibernation energetic model sensitivity
We validated the entirety of the hibernation energetic model by comparing measured mass loss
from 56 free-living hibernating M. lucifugus (Norquay and Willis, unpublished data, but see
Norquay et al. (2013) for description of capture methodology and locations) to predicted fat loss
from our model. We used this dataset because data from captive animals may not accurately
reflect field conditions of free-living animals. We used individuals in which mass was measured
during both swarming (August-September) and emergence (April-May). We estimated fat loss
using the bioenergetic model for the time between swarming and emergence capture dates, given
the hibernaculum conditions where each bat was captured (Bilecki 2003; Czenze and Willis
2015). We took the mean and standard deviation of Taand water vapor pressure of each capture
location and sampled random values from a normal distribution for each individual. We
estimated TMR from body mass and Ty (Speakman and Thomas 2003) and allowed for variation
in lean mass by sampling from a normal distribution set at the mean and standard deviation from
our capture data. We compared estimated fat loss with measured mass loss (assuming all mass
change is due to fat loss) using linear regression, assuming if the two values were the same, the
slope of the relationship would be no different than 1. We also predicted fat loss for the
validation dataset given the hibernation model without the inclusion of EWL; more specifically,
we only included Equations 13-14 in our calculations of torpor bout duration. We compared
these predictions to measured mass loss and determined both model accuracy (slope = 1) and
precision (R?) to compare against our modified model including EWL.

Following Hayman et al. 2016, we used a multi-parameter sensitivity analysis to assess the
impact of each parameter on estimations of time until mortality. Using Latin hypercube sampling
in R package lhs (Carnell 2016), we created 100 random parameter sets sampled from a uniform
distribution of potential values ranging from 10% lower or higher than the default value
(Appendix A6). By constraining the minimum and maximum values of the parameters, and
including a joint distribution within the Latin hypercube sampling, we considered the potential
for correlations between parameters. We determined the relative importance of each variable by
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comparing partial rank correlation coefficients (PRCC) values. Positive PRCC values indicate an
increase in the model output with an increase in the parameter value, while negative PRCC
values indicate a decrease in the model output with an increase in parameter value (Hayman et
al. 2016).

Inter-species WNS survivorship estimates

Individual-based hibernation energetics model

Using a combination of field data and energetic modeling, we predicted the probability of winter
survival with WNS and determined the influence of host, pathogen, and environmental factors on
predicted survival. We used an individual-based modeling framework to allow for variation in
bat morphology and physiology and in hibernaculum microclimate. We ran the hibernation
energetics model for 100 bats within 100 winters for a total of 10,000 bat-runs of fat expenditure
per species. We first characterized a hibernaculum microclimate environment for each species by
randomly selecting temperature and water vapor deficit values from normal distributions fitted to
the mean and standard deviation from our measured microclimate data from the sampling
location associated with that species (Table 1). We determined winter duration for the sampling
location given estimates from our winter duration predictive model (see below). We randomly
selected body mass, proportion fat mass, and proportion lean mass from normal distributions
fitted to the mean and standard deviation of our measured morphometric data for that species to
characterize a bat (Table 2). TMR values were randomly pulled from a log-normal distribution
fitted to the mean-log and standard deviation of our respirometry measurements. The hibernation
energetics model was run for each bat, and if the starting fat mass was not expended over the
duration of winter at a site, then survival occurred. For each hibernaculum microclimate
environment, we repeated the random selection of bat characteristics 100 times to create a
population of 100 bats. We then repeated the 100 bat-runs for 100 hibernaculum environments.
We calculated the probability of survival for each species over the 100 independent winter
environments as the number of bats that had enough fat mass for predicted energy expenditure
over the winter in each population (n = 10,000 individuals total per species). We then designated
species groups from our interspecific analyses.

37



Table 1. Site information for each hibernaculum location, including winter duration and microclimate conditions. Temperature (Ta), relative humidity (RH), and
water vapor deficit (dWVP) mean and standard deviation (in brackets) are reported for all data logger locations within the hibernaculum and at the specific

location where bats were observed.

Across All Data Loggers

At Recorded Bat Locations

State Site Type Winter Duration Ta RH dWVP Ta RH dWVP
(days) (°C) (%) (kPa) (°C) (%) (kPa)
Montana Cave 184+ 12 58[7.0] 90.2[19.4] 0.17]0.42] 4.8[0.4] 100.0[0.9] 0.00[0.01]
Montana Cave 199 + 16 411[6.1] 78.6[19.4] 0.27[0.25] 59[0.6] 100.0[0.1] 0.00[0.00]
Nevada Mine 169 £ 12 6.5[4.0] 47.6[17.1] 0.54]0.27] 7.9[17] 55.1[18.0] 0.48[0.23]
Nevada Mine 172 +£12 13.4[7.1] 42.9][16.2] 1.09[0.85] 7.6[1.6] 439[10.6] 0.58[0.11]
Oklahoma Cave 134 + 18 10.2[5.2] 88.2[18.1] 0.17[0.38] 95[2.2] 89.4[15.8] 0.05[0.17]
Oklahoma Cave 134+ 18 10.2[5.2] 88.2[18.1] 0.17[0.38] 8.8 [2.1] 96.6 [4.9] 0.03[0.03]
Colorado Mine 152 + 23 52[5.2] 78.6[19.4] 0.21[0.27] 10.0[6.9] 57.1[18.4] 0.61[0.49]
Oregon Cave 125+ 14 57[2.8] 95.7[12.6] 0.06[0.21] 6.5[1.2] 87.0[5.6] 0.12[0.05]
Utah Cave 172 £ 16 10.6 [9.7] 68.8[19.0] 0.59[0.61] 2.3[5.9] 99.8[1.1] 0.00 [0.00]
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Table 2. Morphometric and physiological parameters, including mass-specific torpid metabolic rate (TMR) and the area-specific rate of evaporative water loss

(rEWL) used in the individual-based model. The number of samples (N) and standard deviation (in brackets) for each parameter are also reported.

Species Body Mass N Proportion Proportion N TMR rEWL N
(9) Fat Mass Lean Mass (mlO2htg?l) (mgH20 hlcm?)

Corynorhinus townsendii ~ 11.0[1.0] 136 0.22[0.05] 0.69 [0.05] 148  0.05[0.05] 0.13[0.20] 149
Eptesicus fuscus 19.3 [2.2] 13 0.26 [0.07] 0.64 [0.01] 2 0.04 [0.07] 0.11[0.10] 8

Myotis ciliolabrum 5.7 [0.4] 33  0.29[0.03] 0.61 [0.04] 15 0.03 [0.02] 0.16 [0.19] 23
Myotis evotis 7.7 [0.5] 205 0.26 [0.04] 0.63 [0.04] 42 0.06 [0.07] 0.24[0.18] 13
Myotis lucifugus 8.1[0.8] 214  0.28[0.03] 0.63 [0.04] 19 0.04 [0.04] 0.35[0.20] 66
Myotis thysanodes 9.4 [1.0] 43  0.28[0.02] 0.63 [0.03] 10 0.03 [0.01] 0.29 [0.14] 11
Myotis velifer 156[1.8] 388 0.29[0.06] 0.65 [0.05] 184  0.06 [0.08] 0.20[0.19] 33
Myotis volans 8.7 [0.9] 83  0.23[0.05] 0.66 [0.05] 16 0.07 [0.08] 0.29 [0.15] 12
Perimyotis subflavus 6.9 [0.7] 79  0.33[0.09] 0.62 [0.08] 5 0.02 [0.02] 0.34[0.20] 29
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Determining the effect of microclimate, morphology, and physiology on WNS survival

Given research on survival from WNS, we developed multiple hypotheses to explain variation in
survival among species. We already understand that fat is a critical factor required for survival
(Cheng et al. 2019); therefore we held the proportion of fat constant across species to test for the
relative influence of other factors. If pre-hibernation body mass is a driver of survival, then body
mass should be a strong predictor and result in higher survival of larger species. Greater body
mass reduces the surface area per unit volume for an individual which results in less heat and
evaporative water lost to the environment. Thus heavier bats would be able to survive the greater
energetic costs associated with WNS. On the other hand, hibernaculum temperature can affect
torpid metabolic rate, torpor bout duration, and fungal growth, with colder hibernaculum
temperatures potentially decreasing the energetic costs of torpor and fungal growth (Geiser
2004). The benefit of colder temperatures may not only be the direct effect of lower torpid
metabolic rate, but rather indirect effects of longer intervals between reaching the physiological
triggers of arousals (e.g. dehydration, accumulation of nitrogenous wastes, etc.; French 1982;
Prendergast et al. 2002; Ben-Hamo et al. 2013). If this relationship is driving bat survival, then
we expect hibernaculum temperature and torpid metabolic rate to be strong predictors and reflect
negative relationships with survival. Finally, hibernaculum water vapor deficit may reduce
fungal growth to a point that bats that hibernate in drier conditions may experience reduced
mortality from WNS. We hypothesize that if this interaction between hibernaculum water vapor
deficit, fungal growth, and evaporative water loss drives survival, then both hibernaculum water
vapor deficit and evaporative water loss should be strong predictors of survival.

We characterized a hibernaculum microclimate environment for each species by randomly
selecting temperature and relative humidity values from normal distributions fitted to the mean
and standard deviation from our measured microclimate data from the sampling location (where
the bats were found roosting) within the site associated with that species (Table 1). Each
temperature and relative humidity combination represented “winter” conditions for each species.
We used relative humidity, rather than water vapor deficit to characterize the hibernaculum
microclimate in order to prevent impossible water vapor deficit and temperature combinations.
We then converted to water vapor deficit once the microclimate was characterized. We combined
the microclimate data across sites for species found at multiple sites, as previous analyses
indicates no site-specific variation in morphology or physiology (see section on intraspecific
analyses). We defined the specific microclimate conditions measured by the data loggers that
were closest to the roosting locations of each species at our sampling sites. We assume that these
conditions represent the conditions most bats experienced during hibernation at these sites,
though note that bats could move freely around the hibernaculum. Using our measured
morphometric and physiological data for each species, we randomly selected body mass from a
normal distribution fitted to the mean and randomly selected minimum torpid metabolic rate
from a lognormal distribution fitted to the mean-log and standard deviation. Due to the limited
availability of fat and lean mass measurements across species, we assumed pre-hibernation fat
stores were 25% of body mass and lean mass was 65%.

We ran the hibernation energetics model for the predicted winter duration for each bat and
determined if survival occurred by comparing the fat mass going into and emerging from
hibernation; if the starting fat mass was not expended during the hibernation period, then
survival occurred. For each winter run (i.e., hibernaculum temperature and relative humidity
combination selected), we repeated the random selection of bat characteristics 100 times to
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create a population of 100 bats. Given the 100 winters and 100 bats per winter, we calculated
energy expenditure over hibernation 10,000 times for each species. We calculated the probability
of survival for each species over the 100 winters as the number of bats that had enough fat mass
for predicted energy expenditure over the winter in each population. As the hibernation
energetics model calculates the number of days until total fat expenditure, we also calculated the
difference between predicted winter duration and predicted winter survival for each species. This
difference allows us to visualize the variation in survival for each species, as well as how much
more time each species could potentially survive in the hibernaculum environment post spring
emergence as a proxy of body condition on emergence.

To test our survival predictions, we fit a linear model to the probability of survival with body
mass, mass-specific torpid metabolic rate, mass-specific evaporative water loss, hibernaculum
temperature, and hibernaculum water vapor deficit as predictors. Because mass-specific
evaporative water loss and hibernaculum water vapor deficit are mechanistically linked, we fit
two models, one with mass-specific evaporative water loss and one with hibernaculum water
vapor deficit, and selected the model with the highest adjusted R? value. We then calculated the
partial correlation coefficient (PCC; Baba et al. 2004) and squared semi-partial correlation
coefficient (SPCC; Kim 2015) for each covariate. Both the PCC and the SPCC measure the
correlation between a covariate of question and the dependent variable, with the effect of the
other covariates removed in some form. The SPCC compares the unique variation of a single
covariate with the dependent variable, without the influence of the other variables on the
covariate (Kim 2015), while the PCC compares the unique variation of the covariate to the
unique variation of the dependent variable (with all other variable impacts removed; Baba et al.
2004). The squared SPCC reflects the variation in the dependent variable explained by the
covariate in question, not including the variance in the dependent variable explained by other
covariates. Therefore, we determined which variables (hibernaculum temperature and water
vapor deficit, mass-specific minimum torpid metabolic rate, mass-specific evaporative water
loss, and body mass) explained the most variation in survival with WNS and fulfilled our
predictions.

We were also interested in how these variables differed among species and if there was any
significant variation in survival during hibernation with WNS. We first performed a multiple
comparisons Kruskal-Wallis rank sum test of differences to test for pairwise differences between
species. We also calculated Tukey Honest Significant Differences to determine pairwise
differences in body mass, mass-specific torpid metabolic rate, and mass-specific evaporative
water loss between species. We assume that if there are differences between species, there will
be differences between the same species sharing the strong predictor traits defined by the SPCC.

Spatial variation in M. lucifugus survivorship

The survival of any hibernating species depends on three key factors: the duration of overwinter
hibernation, the rate of energy expenditure, and the amount of fat stores taken into the
hibernation period. As we have previously assessed the metabolic rate at which a hibernator will
expend energy, we also sought to refine estimates of the other two components. To do such, we
compiled body mass and bat emergence data from a variety of sources including literature,
acoustic surveys, and publicly available datasets, and solicited data-based estimates from local
bat researchers across North America (Figure 8, Appendix A8 and Appendix A9). The study
region for this analysis was restricted to temperate North America (above the Tropic of Cancer
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and below the Arctic Circle) although the published range of M. lucifugus extends into the Arctic
(International Union for Conservation of Nature [ITUCN] 2016).
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Figure 8. Locations of Myotis lucifugus body mass and hibernation duration data across temperate North America.
Records of the duration of hibernation (0), pre-hibernation body mass (A) and the reported species range via [IUCN
(black outline with grey shaded interior).

Hibernation duration

Acoustic bat recorders (Songmeter SM2+BAT; Wildlife Acoustics, MA, USA) were deployed
by Wildlife Conservation Society Canada (WCS-C) to record bat activity across western Canada
between 2008 and 2016. Microphones (either SMX-US or SMX-U1) were placed on 12 to 18 ft
tall telescoping poles above likely hibernation or commuting areas (e.g. riverbanks, cliff ridge
tops) starting as early as mid-August. Acoustic activity was typically recorded throughout the
duration of the winter and data were retrieved between mid-March and mid-May. Recordings
were manually analyzed using AnaLookW software (version 4.2n, Titley Scientific, Columbia,
Missouri, USA) and customized noise-filters were used to pull files containing bat pulses. The
occurrence of at least two bat echolocation pulses in a file was required to identify the recording
as a ‘bat pass’, and the number of passes were summed nightly. The ‘start” of the winter
hibernation period was defined by the last three night window between August 15 and December
31, in which greater than 10 passes were identified, while the ‘end’ of the winter hibernation
period was defined by the first three night window between March 1 and May 15 in which
greater than 10 passes were recorded. Activity rates during the winter are generally low and
therefore the 10 pass threshold proved effective in detecting immergence and emergence dates
based on field observations (C.L.L. personal observation), although similar conclusions were
made with varying pass thresholds, as the changes in activity were typically abrupt and thus
easily recognized in the datasets. In locations where bat activity was consistently low throughout
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the year (spring and fall nightly activity often failing to exceed 10 passes), winter hibernation
‘start” and ‘end’ points were defined by date of the last and first bat recordings, respectively. For
sites with multiple years of data, we took the mean immergence and emergence dates.
Additionally, spatially explicit records of immergence, and emergence were collected from the
literature, which generally reported the average day of entrance or emergence, although some
data were presented only as the duration of hibernation. Where sex-specific dates were given for
a location, dates were averaged as insufficient data existed to complete a sex-specific analysis.
Finally, additional data were solicited from bat researchers across northern North America where
few records were available from other sources (Appendix A8).

Spatial covariates. Due to the correlation between ambient temperature and insect activity
(Mellanby 1939), we used climatic covariates to explain the relationship between food resources
and the onset of hibernation, rather than photoperiod-based metrics. The first (herein “Original™)
definition of hibernation duration used in other work (Humphries et al. 2002) was the number of
days per year where mean nightly temperature from 12 a.m. to 6 a.m. was below freezing. The
alternative spatial covariate layers we hypothesized to be related to the duration of winter are:
degrees latitude North (Northing; Frick and Hijmans 2017); elevation (digital elevation model
[DEM]; Wang et al. 2016); number of days of frost annually (Daysrost; Wang et al. 2016);
number of days with an average temperature below freezing annually (Daystreeze; Wang et al.
2016), and number of days outside of the growing season annually (DaysSngrow; Wang et al. 2016).
All spatial data were re-projected to the same 1 km? resolution, cropped, and masked to the study
extent.

Modeling framework. All covariates were regressed against the duration of winter hibernation in
univariate models and in multivariate models adjusting for Northing or Northing + DEM. From
initial model fits, externally studentized residuals were computed to identify outliers. These
residuals were converted to p-values and adjusted for multiple testing using Holm's method
(Holm 1978). Observations with adjusted p-values (<0.5) across multiple models were excluded,
and subsequent models refitted using reduced data. Generalized linear models (GLM) were then
fit with the modified data set and model selection was assessed by Akaike Information Criterion
(AIC). Model residuals were assessed for spatial auto-correlation using Moran’s I from the spdep
R package (Bivand and Wong 2018). As no correlation of residuals was observed, the top model
by AIC was predicted back across the study extent to create a continuous estimate for the
duration of winter.

Body mass and composition

The data required to directly assess the variation in body fat spatially for M. lucifugus prior to
hibernation do not exist, so instead we relied upon scaling fat with body mass. To do this we 1)
identified a relationship between body mass and body fat; and, 2) used a spatial GLM to predict
the body mass and then pre-hibernation fat available spatially through the body mass - body fat
relationship.

To estimate the relationship between body mass and body fat, we used body composition

datasets obtained by quantitative magnetic resonance analysis (QMR, Guglielmo et al. 2011).
These datasets included pre-hibernation body mass of Eastern (New York, Vermont; McGuire et
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al. 2018) and Western (Montana, this study) M. lucifugus populations. We assessed the data for
equal means of lean body mass and then fit a linear model to predict fat mass from body mass.
We compiled pre-hibernation body mass data for M. lucifugus from (VertNet 2020), existing
literature, our own study, and solicited the same western researchers mentioned above. Records
obtained from VertNet were filtered to include only those with spatial referencing, mass, and
those that were recorded between September and December in an attempt to select only records
from the pre-hibernation ‘swarming’ period (Appendix A9). We then used the same outlier
identification, covariate and AIC model selection methodology described above for hibernation
duration. Residuals from the top model were tested for spatial correlation as described and a
spatially weighted GLM was generated using the gimmfields package (Anderson and Ward
2019). The top model was then projected across the distribution of M. lucifugus and the linear
relationship between pre-hibernation fat mass and body mass was applied to create a spatial data
layer representing estimated fat stores across the species distribution.

Spatial variation in hibernation survival

We used a mechanistic hibernation energetics model to estimate the total cost of hibernation for
a hibernating bat as previously described. For our analyses, we used previously published
parameter values for M. lucifugus with the exception of arousal duration, which was set to 2.2 h
(French 1985; CLL, unpublished data) and body mass and proportion fat mass were set to the
average values calculated from the QMR dataset.

We used these estimates of over-winter energy expenditure in conjunction with spatially varying
estimates of hibernation duration and pre-hibernation fat resources as parameters in two ways.
First, we used 'optimal’ roosting conditions of 4 °C and 98% relative humidity based on
observations reported in the literature, assuming these conditions to be available throughout the
study extent (Table 5). These microclimatic conditions are thought to provide for the longest
possible hibernation duration, a hypothesis that is supported by our recent findings (Haase et al.
2019b). We also considered instances in which the optimal roost temperature may not exist
within hibernacula and bats would instead use the best available temperatures (i.e., closest to
optimal). Subterranean temperatures in caves and mines are known to deviate from mean annual
surface temperature (°C; MAST) due to a variety of factors (Perry 2013), and it is thought that
hibernating bats select particular roosting temperatures from the range of temperatures available
within a given hibernaculum. To estimate the closest available temperature to the optimal
temperature at any given location we used a spatially explicit model of subterranean winter
temperatures as described below (McClure et al. 2020). This flexible approach best captured our
assumption that bats will select roosts within hibernacula that offer their preferred temperature
when possible but will likely tolerate warmer or cooler temperatures when necessary, especially
at the margins of their ranges. Unfortunately, the same information does not exist for relative
humidity, and therefore we used the optimal fixed 98% relative humidity for both the optimal
and best available temperature scenarios in our analyses.

Combining our estimates of hibernation duration with the dynamic hibernation model results
using the aforementioned sets of temperature and humidity conditions, we generated estimates of
the amount of fat required to survive hibernation for each of our 1 km? cells. We then used this to
create a “survival capacity” metric calculated by subtracting the predicted fat required to survive
hibernation from the predicted fat available prior to hibernation. This value can also be generated
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by estimating the maximal number of days a bat can be expected to hibernate under each of the
roosting conditions and subtracting the predicted duration of winter. In either case positive
values would indicate a bat’s ability to survive hibernation with excess fat, while negative values
indicate the depletion of fat stores prior to the end of the hibernation period and this metric was
created for healthy bats and bats infected with P. destructans.

Finally, we compared the predicted amount of fat required by healthy bats against the fat
required by infected bats to estimate the relative increase of energetic costs of P. destructans on
M. lucifugus as a percentage (the difference between resources required to survive hibernation
when infected and when healthy in grams of fat, divided by grams of fat required to survive
hibernation as healthy bat, multiplied by 100).

All analyses were performed in R (R Core Development Team 2017), with spatial handling tools
from raster (Hijmans 2016) and sp packages (Pebesma et al. 2016). All custom code and data are
available at github.com/cReedHranac/winTor. The energetic model code is available from
github.com/cReedHranac/batwintor.

Cave and mine microclimate estimation

Subterranean microclimate data

We compiled temperature data collected from caves and mines (139 unique sites, including 75
caves and 64 mines) across western North America (nine states, two Canadian provinces)
between 2006 and 2019 (Figure 9) from several data providers: WCS Canada (Jason Rae),
Colorado Parks and Wildlife (David Klute), Nevada Department of Wildlife (Jason Williams),
Oregon Caves National Monument (lvan Yates), The Nature Conservancy (Katie Gillies),
Wyoming Game and Fish Department (Laura Beard), Jessica Oster (Vanderbilt University), and
one published source (Oster et al. 2012). We only included datasets for which site location was
provided with positional error < 10 km. Data were collected using a temperature loggers
(iButton, Onset HOBO loggers), which recorded temperature at subdaily intervals that varied by
site. Many sites contained multiple loggers, placed at a range of distances from the site entrance
(479 total loggers, mean of 3.4 per site; Figure 10). Some datasets were accompanied by
metadata describing key attributes that may influence temperature at the logger placement site
(e.g., distance from site entrance, description of site size or shape, site geology), or other logger
placement details (e.g., wall, crevice, or ceiling). Although many loggers recorded humidity as
well as temperature, logger saturation, a phenomenon in which the logger fails to accurately
record humidity after reaching readings of 100% humidity, precluded the use of data from the
majority of loggers. Therefore, we focused only on temperature here.
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Figure 9. Sites at which subterranean temperatures were recorded. Data were sourced from both caves (hexagons)
and mines (triangles). Sites at which no logger distances from site entrances were recorded are shown in gray and
were not used in the analysis.
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entrances, and d) observation counts per logger (prior to subsampling).
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We first screened all logger temperature data for deployment errors, particularly evident
recording of surface temperature prior to and following placement of the logger at the site. We
restricted our analysis to data recorded during the core winter months of December through
February to restrict analysis to a consistent time frame that can be considered winter at all sites
across the broad latitudinal range of our study. For loggers deployed over multiple winters, we
summarized each winter period separately. Winter periods during which fewer than 14 days of
readings were recorded were excluded from analysis (resulting in 131 sites, 427 loggers, and 699
logger-winters). We further restricted our dataset to loggers for which distance from the site
entrance was provided, or for which cave maps were provided that could be used to generate a
logger placement distance (54 sites, 156 loggers, 202 logger-winters). Recorded distances ranged
from 0 to 324 m from the site entrance (median = 61 m).

Because the compiled and filtered raw logger dataset contained greater than 1.2 million
observations, which were highly variable in their distribution across loggers (Figure 10) as well
as their frequency and regularity of recording, we conducted all analyses using a stratified
random sample from the raw logger temperature dataset. We selected 250 records from each
unique logger so as to retain all sites and loggers; for loggers with fewer than 250 records (19
loggers; 5%), all records were selected (Appendix A10). Model results were insensitive to this
choice of sample size. All logger data processing and analysis was conducted in R (version 3.4.1;
R Core Development Team 2019).

Surface climate (present day) and landscape data

We derived MAST and predictors representing key landscape attributes using Google Earth
Engine, a cloud-based computing platform supporting large-scale analysis on an extensive
catalog of remotely sensed, climatological, and other geospatial datasets (Gorelick et al. 2017).
We estimated MAST at each cave site using the DayMet Version 3 dataset (Thornton et al.
2019), which provides gridded daily surface temperature at 1-km resolution (1980-2018). Daily
mean temperature was first calculated as the mean of daily minimum and maximum temperature.
We then estimated MAST as the 20-year (1998-2018) mean of daily mean temperatures.

We also derived site-level landscape predictors that are believed to impact winter cave
temperatures (Perry 2013). We extracted elevation of each site from the Shuttle Radar
Topography Mission (SRTM) digital elevation model at 30-m resolution (Farr et al. 2007).
Based on elevation, we derived a multiscale topographic position index (TPI), in which canyon
and valley bottoms have low position and peaks and ridges have high position. Using a moving-
window approach, TPI was calculated as the elevation of a focal raster cell minus the mean
elevation within a given neighborhood surrounding the focal cell. We calculated TPI for three
neighborhood sizes (500 m, 5 km, and 25 km squares), then averaged these to produce a
multiscale index. We extracted Continuous Heat-Insolation Load Index (CHILI), a surrogate for
effects of solar insolation and topographic shading (e.g., due to slope aspect) on
evapotranspiration, from the Global ALOS CHILI product at 90 m resolution (Theobald et al.
2015). Percent tree cover was extracted from the Terra MODIS Vegetation Continuous Fields
product (NASA 2019), which estimates percent tree cover within 250-m resolution pixels. We
estimated the mean annual number of snow days at 500-m resolution from the MODIS Snow
Cover dataset (\V6; Hall et al. 2016) by averaging the number of days per year with at least 10%
snow cover over the most recent 5-year period available (2014-2018), as well as mean annual
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snowpack (snow water equivalent (SWE) on April 1) for the same time period at 1-km resolution
from DayMet (V3; Thornton et al. 2019). We sampled groundwater table depth estimated from
compiled point observations gap-filled with a mechanistic groundwater flow model (Fan et al.
2013) as a proxy for the likelihood of water flow within caves or mines, assuming that flow was
more likely at sites with shallower (i.e., closer to the surface) groundwater.

Analysis of surface-subterranean temperature relationships

We quantified how well MAST approximates subterranean temperatures and the extent to which
subterranean temperatures also depend on distance from the site entrance and other site attributes
described above. Based on Perry (2013), we hypothesized a positive relationship between MAST
and winter subterranean temperatures, but that caves would tend to be colder than mines (due to
greater airflow) (Table 3). We further hypothesized that subterranean temperatures and their
relationship with MAST would depend strongly on distance from the site entrance, as evidenced
by a significant positive relationship between recorded temperatures and distance from entrance
and a significant interaction between entrance distance and MAST. We hypothesized that other
site attributes would have negligible effects on subterranean temperatures. However, if effects
were detected, we hypothesized that subterranean temperatures would be cooler at higher latitude
sites (due to lower winter subterranean temperatures with more pronounced seasonality
compared to tropical latitudes); higher elevation sites (although this effect is likely to be
confounded with MAST); sites at low topographic positions (due to temperature inversions in
canyons and valley bottoms); sites with greater forest cover (due to reduced ground
temperatures); and sites with shallower groundwater (due to increased likelihood of water flow).
We hypothesized that subterranean temperatures would be warmer at sites with high solar
insolation (due to increased ground temperatures). We did not assess the influence of within-cave
or within-mine attributes (e.g., volume, length, number of entrances, logger position (i.e., wall,
ceiling, crevice)) because these attributes were not consistently described in enough source
datasets to draw reliable inferences.
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Table 3. Summary of hypothesized influences of mean annual surface temperature (MAST) and site attributes on subterranean winter temperatures (T).

Attribute Direction Rationale

MAST + Insulation from outside fluctuations keeps T stable at MAST

Distance from entrance + Reduced flow of cold air from surface keeps T closer to MAST

Mines relative to caves + Mines often have simpler internal structure with less airflow

Latitude - Stronger seasonality at high latitudes drives T further from MAST

Elevation - MAST is lower at high elevations due to air expansion; likely to be
confounded with MAST

Topographic position - Low topographic position (canyons, valleys) may result in cold air sinks

Solar insolation (aspect) + Greater sun exposure can increase ground temperature

Vegetation cover - Greater tree cover can decrease ground temperature

Snow cover ? Snow cover may insulate caves; flow of snowmelt may reduce T

Water flow (groundwater depth)

Flow of cold water may decrease T; water flow may be more likely where the
water table is shallower
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We screened predictors for multicollinearity based on pairwise correlations and variance
inflation factors, removing predictors that caused standard thresholds of 0.7 and 4.0,
respectively, to be exceeded (Belsley 1991; Booth et al. 1994). All predictor values were
centered and rescaled prior to model fitting. We then fit a linear mixed effects model with fixed
effects that included all remaining predictors and an interaction term between MAST and
distance from entrances. We included random intercept terms for sites and loggers nested within
sites to control for the non-independence of repeated temperature observations from the same
logger and for conditions unique to each site that could not be measured. We also accounted for
non-constant variance in temperature among loggers as a function of distance from site entrance
using an exponential covariance structure, hypothesizing that recorded temperatures would be
more variable closer to site entrances. We used analysis of variance (ANOVA) to assess whether
inclusion of random effects and a variance component was warranted.

Using a model averaging approach and an information-theoretic framework (Burnham and
Anderson 2002), we then fit all additive subsets of this global model to draw multi-model
inference regarding predictive relationships and relative importance of predictors using the
MuMIn package (Barton 2018) for R. Multi-model inference produces parameter and error
estimates that are not conditional on any one model, which is particularly advantageous when
multiple models have similar weights of evidence, or probability of best explaining the data
(Burnham and Anderson 2002, 2004; Symonds and Moussali 2011). All-subsets model
averaging is recommended over selection of candidate model sets, provided there is strong logic
for potential inclusion of each of the predictors considered (Symonds and Moussali 2011), and
has been repeatedly demonstrated to support more robust inference compared to selection of a
single ‘best’ model (Burnham and Anderson 2004; Wasserman 2000). The subset of models
carrying 95% of the AIC weight were averaged based on their relative AIC weights, using a
shrinkage estimation approach to produce unconditional parameter estimates that are not biased
away from zero (Lukacs et al. 2010). Our final inferential model was derived from this 95%
confidence set. We computed model-averaged regression coefficients, unconditional standard
errors (SEs), 95% confidence intervals, and cumulative AIC weights of evidence as a measure of
variable importance (Burnham and Anderson 2002, 2004).

Prediction of available subterranean temperature ranges

We used the model-averaged result above to predict mean winter subterranean temperature
conditions potentially available across the western United States and Canada, given the presence
of a cave or mine of sufficient depth to create a stable dark zone. First, as an illustrative example,
we mapped the range of mean winter subterranean temperatures predicted to be available in
caves and in mines continuously across western North America, with ranges defined by distance
from the site entrance of 10 m and 100 m. These distances were chosen to represent an arbitrary
minimum distance from a site entrance at which bats tolerant of temperature fluctuations might
be expected to hibernate and a distance well into the stable dark zone, respectively, but the model
can be applied to any distance or range of distances defined by a particular research question or
management need.

To assess potential utility of the model relative to use of MAST alone as a proxy for
subterranean temperature, we used a general estimate of the optimal temperature range for
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vespertilionid bat hibernation (2 — 10 °C; reviewed in Perry 2013) to restrict our mapped results
to areas where caves or mines, if present and of sufficient depth, would be most likely to offer
suitable hibernation conditions, and compared the resulting window to that produced by MAST
alone. We also summarized model-predicted temperatures and MAST at known hibernacula to
the far north and south of our region of interest (Alberta (n=34) and Texas (n=21)) to assess the
model’s capacity to estimate more plausible ambient hibernaculum temperatures (i.e., more
frequently within the above optimal temperature range) than MAST alone. Finally, we
summarized model-predicted temperatures and MAST at winter M. lucifugus point locations
(n=90) collected from a variety of sources (Table 4) and assessed their alignment with the
distribution of ambient temperatures observed in M. lucifugus hibernacula (n=32) reported in the
literature (Table 5).

Table 4. Sources of winter occurrence records of Myotis lucifugus used to assess the plausibility of modeled cave
and mine temperatures.

Source Unique locations
Montana Natural Heritage Program? 41
Global Biodiversity Information Facility (GBIF)? 16
USGS Bat Population Database (BPD)? 16
USGS Biodiversity Information Serving Our Nation (BISON)* 10
C. Lausen et al., unpublished data 3
NatureServe® 2
S. Olson et al., unpublished data 2

!Montana Natural Heritage Program. 2020. Bat Morphometric and Point Observation Databases. Accessed: 02/11/2020;
2GBIF.org (11 January 2018) GBIF Occurrence Download https://doi.org/10.15468/dl.yokg9g; *United States Geological
Survey. 2003. Bat Population Database. Available: http//www.fort.usgs.gov/products/data/bpd/bpd.asp. Accessed:
11/11/2017; “Core Science Analytics, Synthesis, & Libraries Program of the U.S. Geological Survey (USGS), 2012,
Biodiversity Information Serving Our Nation (BISON): U.S. Geological Survey. Available: https://bison.usgs.gov. Accessed
12/28/2016; SNatureServe. 2019. NatureServe Central Databases. Arlington, Virginia. USA.
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Table 5. Summary of published literature reporting ambient temperatures observed in hibernacula of Myotis
lucifugus. Sources with a single estimate typically represent the reported mean observed temperature;
multiple estimates represent observations at multiple sites or multiple visits over the course of a winter.

Source State or Province Number of estimates
Hitchcock 1949 ON, QC 3
Layne 1958 IL 1
Pearson 1962 IL 1
Davis and Hitchcock 1964 NY 1
Henshaw and Folk Jr. 1966 KY 1
Martin et al. 1966 NY 1
Fenton 1970 ON 1
Fenton 1972 ON 1
McManus 1974 NJ 1
Brack 2007 OH 1
Boyles et al. 2007 OH 2
Langwig et al. 2012 NY 10
Vanderwolf et al. 2012 NB 1
Storm and Boyles 2011 NY 1
Jonasson and Willis 2012 MB 4
Kurta and Smith 2014 M 1
Reimer 2014 AB 1
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Bat species distribution models

Winter occurrence data for five focal species

We selected five focal species for our analyses: C. townsendii, M. californicus, M. lucifugus, M.
velifer, and P. subflavus. These species were chosen because occurrence data and field-measured
metabolic parameters were available for estimating survivorship, and because they were
representative of variability in known distributions and habitat requirements among hibernating
bats in the West, which we broadly define here as bats with all or a portion of their range
extending west of the Mississippi River (Figure 11; National Atlas of the United States 2011).
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Figure 11. Current geographic range maps overlaid with winter presence locations available to inform species

distribution models across the United States and Canada for five focal species: a) Corynorhinus townsendii, b)
Myotis californicus, ¢) M. velifer, d) M. lucifugus, and €) Perimyotis subflavus.
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We compiled occurrence data for these species from multiple sources, including online databases
of museum records (VertNet 2016, Biodiversity Information Serving Our Nation [BISON; USGS
2012]), online repositories of vetted public and scientific observations (Global Biodiversity
Information Facility [GBIF.org 2018], Bat Population Database [BPD; USGS 2003]), data
associated with published literature (Ports and Bradley 1996; Kuenzi et al. 1999; Dubois and
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Monson 2007), data obtained from multiple Natural Heritage Programs (NatureServe 2019), and
data collected in our own field studies (unpublished data). Many of these sources include
thousands of occurrence records for each focal species, but the vast majority of records (>85%)
were observed during summer or fall swarming, when bats are more readily observed. Even in
bats that do not migrate seasonally, selection of hibernacula microclimates and of the habitat
mosaic surrounding hibernacula is expected to differ from selection of summer roosts (Smeraldo
et al. 2018). Moreover, due to the sensitivity of hibernaculum locations to disturbance or
exploitation, along with the difficulty of detecting torpid bats in hibernacula, winter bat location
data were difficult to come by and limited in number (Table 6).

Table 6. Occurrence data available to inform winter species distribution models for five bat species across the
United States and Canada after filtering to unique winter locations. Total records include all raw observations
compiled from multiple sources. Winter records were selected based on a spatially explicit model of winter duration
informed by bat immergence and emergence observations (see winter duration section above, Hranac et al. In
Review). Unique records were counted after dissolving repeat winter observations (e.g., across multiple studies or
survey dates) at a given location.

Species Total Winter Unique
Corynorhinus townsendii 8959 1637 355
Myotis californicus 5920 596 89
Myotis lucifugus 14946 2113 442
Myotis velifer 11152 1688 72
Perimyotis subflavus 7024 2722 284

We included only in-hand observations (i.e., no acoustic detections) since 1948 (to match the
earliest availability of gridded climate data) with location error < 5 km. Because we were
interested only in winter distributions associated with hibernacula use, we filtered the compiled
dataset to observations recorded during what we defined as winter in a spatially explicit manner.
Using a model of winter duration informed by immergence and emergence observations at sites
throughout North America (see winter duration section above, Hranac et al. In Review), we
estimated the start and end of winter hibernation in a given location (at 1-km resolution) by
centering this duration estimate on the winter solstice, then selected only occurrence records
falling within this window. Lastly, we dissolved repeat observations (e.g., across multiple studies
or survey dates) to a single record for a given site (with unique sites defined to the nearest
thousandth of a degree of latitude and longitude).

Predictor variables for five focal species

We identified landscape attributes potentially influencing bat hibernaculum selection based on
the published literature and our own knowledge of bat ecology (Table 7, Figure 12). We selected
publicly available datasets representing these predictors with sufficient spatial extent to
encompass our compiled occurrence data (United States and Canada, with northern extent limit
defined by the Arctic Circle). Where multiple candidate datasets were available, we chose those
with the highest spatial resolution and/or temporal range that best encompassed our occurrence
data. The scale at which bats perceive and respond to landscape attributes may vary among
species, attributes, and locales (see Bellamy et al. 2013; Ducci et al. 2015). We therefore
followed the example of these studies and others in deriving predictor variables at multiple
spatial scales (i.e., over different neighborhood sizes) where applicable for comparison. All
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predictors were derived and/or sampled using Google Earth Engine, a cloud-based computing
platform supporting large-scale analysis on an extensive catalog of remotely sensed,
climatological, and other geospatial datasets (Gorelick et al. 2017).
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Table 7. Summary of predictors considered in winter species distribution models for bat species Corynorhinus townsendii, Myotis californicus, M. lucifugus,

M. velifer, and Perimyotis subflavus across the United States and Canada.

Predictor Source data Resolution Neighborhood size
Winter survivorship Haase et al. 2019b, Hranac et al. In Review 1 km --
Distance to mines USGS MRDS?, BC MinFile? 1 km -
Mine density USGS MRDS, BC MinFile 1km 25 km
Karst Weary and Doctor 2014, Salkeld and Walton 2019 1km -
Elevation ALOS? Digital Surface Model v2 (Tadono et al. 2014) 30m -
Ruggedness ALOS Digital Surface Model v2 (Tadono et al. 2014) 30m 500 m, 5 km, 25 km, multiscale
Topographic position ~ ALOS Digital Surface Model v2 (Tadono et al. 2014) 30m 500 m, 5 km, 25 km, multiscale
Solar insolation ALOS Digital Surface Model v2, Theobald et al. 2015 30m 500 m, 5 km, 25 km, multiscale
Annual precipitation DayMet v3 (Thornton et al. 2019) 1 km -
Annual snow days MODIS* Global Daily Snow Cover v6 (Hall et al. 2016) 500 m -
Percent water JRC® Yearly Water Classification v1 (Pekel et al. 2016) 30m 500 m, 5 km, 25 km, multiscale
Groundwater depth Fan et al. 2013 1 km -
Percent tree cover MODIS Vegetation Continuous Fields (NASA® 2019) 250 m 5 km, 25 km
Night lights DMSP Radiance-Calibrated OLS’ v4 (NOAA® 2016) 30 arcsec --

United States Geological Survey Mineral Resources Data System; 2British Columbia Mineral Inventory; 3Advanced Land
Observing Satellite; “Moderate Resolution Imaging Spectroradiometer; >Joint Research Centre; SNational Aeronautics and Space
Administration; "Defense Meteorological Satellite Program-Operational Linescan System; 8National Oceanic and Atmospheric

Administration
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Figure 12. Maps of predictor variables used to fit winter species distribution models for bat species Corynorhinus
townsendii, Myotis californicus, M. lucifugus, M. velifer, and Perimyotis subflavus across the United States and
Canada (a-i) or, where continuous spatial data were not available for all provinces, across the United States and
British Columbia (j-1). Data for karst and mines (j-I) was not available in other Canadian provinces, but this only

impacts models for M. lucifugus as other focal species have either no, or only limited distribution in these provinces.
In all panels, warmer, brighter colors represent higher values.

Survivorship. We estimated species-specific, spatially explicit winter survivorship relative to the
duration of winter. These estimates were based on an existing bioenergetic model of bat winter
survivorship, recently updated and parameterized for western bat species. Full details are
elsewhere (see hibernation energetic model section above, Haase et al. 2019b; Hranac et al. In
Review), but briefly, the model uses the hypothesized energetic requirements of bats in torpor to
dynamically model torpor bouts for the duration of a predicted winter under specified
hibernaculum conditions. For M. lucifugus, torpor consumes approximately eighty times less
energy per unit time than euthermia, whereas the infrequent but periodic arousals to euthermic
temperatures use the majority of energy stores, with each arousal consuming approximately 5%
of total overwinter energetic costs (Thomas et al. 1990). In this model, ambient temperature was
set to the species specific best available temperature and relative humidity was set at a fixed 95%
relative humidity and we spatially interpolated the model results across the study extent to
predict the fat mass expected to remain at the end of winter at each 1-km? raster cell. Higher,
positive predicted values are expected to correspond to high survivorship, while low or negative
values indicate areas where bats are unlikely to survive.
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Topography. We derived a number of topographic covariates from the global ALOS Digital
Surface Model (DSM version 2.2; Tadono et al. 2014) at 30-m resolution, including elevation,
topographic ruggedness, and topographic position. Topographic ruggedness was quantified as the
standard deviation of elevation values within a given radius around each focal raster cell.
Similarly, topographic position was quantified as the difference between the elevation of each
focal raster cell and the mean of elevation values within a given radius, such that high values are
associated with peaks and ridges and low values are associated with valleys and canyon bottoms
(e.g., Guisan et al. 1999; Dickson and Beier 2007). We also extracted CHILI, a surrogate for
effects of solar insolation and topographic shading on evapotranspiration, also derived from the
global ALOS DSM at 90-m resolution by Theobald et al. (2015). We used a moving window
approach to derive topographic ruggedness and position at three spatial scales (diameter = 500
m, 5 km, 25 km), then the resulting values were averaged to create ‘multiscale’ metrics. We took
the focal mean of CHILI values over these multiple scales as well.

Surface attributes. We derived percent tree cover from the Terra MODIS Vegetation Continuous
Fields (VCF) product, which estimates sub-pixel-level surface vegetation cover globally,
including percent tree cover, on an annual basis (250-m resolution; NASA 2019). Because data
were not available for the entire temporal range of our occurrence data, we used data for the most
recent year available (2015). We estimated percent tree cover at two aggregated scales (diameter
=5km, 25 km). We used global nighttime lights imagery from the Defense Meteorological
Program (DMSP) Operational Line-Scan System (OLS) (Radiance-Calibrated, VV4) as a proxy
for relative intensity of human development (30-arcsec resolution; NOAA 2016). We estimated
availability of surface water based on the Joint Research Center (JRC) Yearly Water
Classification History (V1), which maps the location and seasonality of surface water from
Landsat 5, 7, and 8 imagery (30-m resolution; Pekel et al. 2016). We estimated the percent cover
of seasonal or permanent surface water at three spatial scales (diameter = 500 m, 5 km, 25 km),
focusing on the most recent year for which data were available (2015) because the data do not
span the entire temporal range of our occurrence dataset. We estimated frequency of snow cover
based on the MODIS Global Daily Snow Cover product (V6; Hall et al. 2016), which estimates
percent snow cover of each 500-m pixel on a daily basis. We counted the average number of
days per year with at least 10% snow cover over the 5-year period from July 2013 to June 2018.
We quantified precipitation using the DayMet dataset (\V3; Thornton et al. 2019), which provides
gridded daily precipitation data at 1-km resolution. We estimated mean annual total precipitation
by summing daily values annually then averaging the most recent five years available (2013-
2018) to favor consistency with the temporal range of other available predictor data.

Below-ground attributes. To represent potential availability of karst features that may provide
suitable hibernacula, we relied on a map of karst and pseudokarst features across the United
States produced by Weary and Doctor (2014) derived from state geological survey maps and
USGS integrated geologic map databases (1:24,000 to 1:500,000 resolution). We merged this
with an equivalent dataset for British Columbia provided by the Ministry of Forests, Lands,
Natural Resource Operations and Rural Development (1:250,000 resolution) (Forest Analysis
and Inventory 2019). We did not differentiate among karst types, instead creating a simple binary
indicator of karst presence vs. absence in raster format (1-km resolution). We also estimated
availability of mines as potential hibernacula, using mine site locations available from the USGS

59



Prospect- and Mine-Related Features database (v4, available for all but northeastern states;
Horton and San Juan 2019) and the Mineral Resources Data System (MRDS, used for
northeastern states; USGS 2016), and from the MINFILE Production Database for British
Columbia (British Columbia Geological Survey 2019). We included only mineral resource sites
classified as mines (Mine-Related Features and MRDS) or as producing at one time (MINFILE).
We derived two measures of mine availability: distance to the nearest mine and density of mines
within 50 km of each focal raster cell (1-km resolution), calculated using a Gaussian kernel
density function (sigma = 25 km). Karst and mine data were not available for other Canadian
provinces; these predictors were not included in models for species with ranges spanning these
areas (i.e., M. lucifugus). Finally, we estimated groundwater depth from a global water table
depth model that gap-filled point observations with a mechanistic groundwater model (1-km
resolution; Fan et al. 2013).

Model fitting for five focal species

We estimated species-specific relative probability of occurrence during winter using boosted
regression trees (BRT; De’Ath 2007; Elith et al. 2008). A BRT (a.k.a. gradient boosting machine
or stochastic gradient boosting) is an ensemble approach that combines regression trees, which
relate a response to predictors by recursive binary splits of the data, and boosting, in which
inference is drawn from the relative strength of many possible models rather than fitting a single
parsimonious model. This method offers advantages over more traditional linear regression
approaches in that a variety of response data and model forms can be accommodated (e.g.,
Gaussian, binomial, Poisson); different types of predictor variables (e.g., continuous, ordinal,
categorical) can be included with no need for transformation or outlier removal; nonlinear
relationships are easily captured; and interactions between predictors are handled automatically.
Furthermore, overfitting is well-controlled through the use of cross-validation as BRT models
are ‘grown’ (Elith et al. 2006, 2008). Importantly, a number of studies (e.g., Elith et al. 2006;
Wisz et al. 2008; Oppel et al. 2012; Maiorano et al. 2013) have shown strong BRT predictive
performance relative to other species distribution model (SDM) approaches (e.g., generalized
linear models, generalized additive models, climatic envelope models, maximum entropy).

We follow the approach detailed by Elith et al. (2008) for application of BRT to species
distribution modeling. One key difference in our application is that we make use of presence-
only data rather than presence-absence data. Use of presence-only data, in which sites where the
focal species was absent are not known with certainty, requires a shift in model assumptions and
inference. Presence-absence models compare landscape attributes of sites at which the species
was known to be present and absent to estimate the absolute probability of occurrence at any
unobserved site given its climate and/or landscape characteristics (Guisan and Zimmerman 2000;
Manly et al. 2007). Without absence data, attributes of presence locations must instead be
compared to randomly-sampled ‘background’ (a.k.a. ‘pseudo-absence’) locations (e.g., Ferrier et
al. 2002). In this case, presence is assessed relative to availability and the species’ absence at
sampled background locations is not guaranteed. This shift in comparison fundamentally alters
the inferences that can be made from the model: we cannot estimate the absolute probability of
focal species occurrence (i.e., 80% probability of occurrence at a given site), but we can
estimate, or rank, the relative probability of occurrence (Keating and Cherry 2004; but see
Phillips and Elith 2011; Royle et al. 2012).
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We sampled ‘background’ locations from extents that were broadly inclusive of each species’
known range in an effort to sufficiently capture the environmental conditions limiting their
distributions (western United States and Canada for C. townsendii, M. californicus; United States
and Canada for M. lucifugus; United States for M. velifer, P. subflavus [Razgour et al. 2016]).
Because bats were more likely to have been observed in locations already known to harbor bats
and that are more accessible (e.g., closer to population centers, accessible by roads, and in less
rugged topography; Graham et al. 2004), we generated background points so as to replicate and
thus control for this inherent spatial bias (after Hertzog et al. 2014). We first created a bias grid
based on the kernel density of occurrence locations (Venables 2002) using the MASS package
for R, then generated background points with probability dictated by occurrence density (e.g.,
Figure 13). We generated three background points for every occurrence point as a balance
between achieving coverage of available habitat and not swamping the presence locations or
artificially inflating sample size. Finally, we sampled all candidate predictor variables at each
presence and background location.
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Figure 13. To correct for bias in species occurrence data used to fit winter species distribution models for bat species
Corynorhinus townsendii, Myotis californicus, M. lucifugus, M. velifer, and Perimyotis subflavus across the United
States and Canada, a) presence locations were used to generate a bias grid (i.e., kernel density surface), which was in
turn used to b) probabilistically generate background locations that were subject to the same spatial patterns of bias.
This example illustrates these steps for C. townsendii.

To identify the most appropriate scale for each predictor (i.e., the scale at which habitat selection
was most evident), we first fit univariate generalized additive models (GAM; Yee and Mitchell
1991) for each predictor. We chose GAM for this preliminary predictor selection step to not
constrain the form of the response (as with linear regression). We selected the best performing
scale for each predictor based on a comparison of AIC scores across each scale at which the
predictor was sampled. We then assessed pairwise correlations and variance inflation factors
across the resulting set of predictors and excluded those causing standard thresholds of 0.7 and
4.0, respectively, to be exceeded to avoid multicollinearity (Belsley 1991; Booth et al. 1994). We
also excluded mine density from further consideration due to its poorer AlC-based performance
across all focal species compared to distance from mines.
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We fit and calibrated each BRT model using the stepwise cross-validation process detailed by
Elith et al. (2008) and accompanying R scripts (in Appendix S3 of Elith et al. 2008). We adjusted
the model learning rate to ensure that a minimum of 1000 trees were fit, then calibrated the tree
complexity (range: 3 —5) and bag fraction (range: 0.5 — 0.7) to minimize deviance. We tested for
the benefits of dropping uninformative model terms based on estimated reduction in deviance.
We then used this ‘optimized’ model to assess the relative contribution of each predictor, plot the
relationship between each predictor and relative occurrence probability, and evaluate model
performance. We evaluated the model’s fit to the training data (iteratively partitioned in the
cross-validation process) based on the mean proportion of deviance explained in each cross-
validation iteration, and assessed predictive performance based on the predictive deviance (Elith
et al. 2008). Because our models were fit using presence-background data, we do not follow
Elith et al. (2008) in reporting cross-validated area under the receiver operating curve (AUC), as
use of this metric to evaluate presence-background models is flawed by ‘contamination’ of
background sites with unobserved presence (Boyce et al. 2002, Jimenez-Valverde 2012; Escobar
2018). As a final modeling step, we applied the optimized model to predictor values in each 1-
km cell of the extent of interest for each species to predict and map relative probability of
occurrence (Elith et al. 2008; see ‘Spatial variation in hibernation survival’ methods above). We
summarized the percentile ranks of occurrence probability values predicted for presence and
background locations as an additional assessment of predictive performance. All model fitting
and prediction were conducted in R (version 3.4.1; R Core Development Team 2019). A data
repository for this analysis is found in Appendix A11.

Impacts of climate change on bats and WNS

We sought to estimate the change in five focal bat species’ probability of occurrence (estimated
under current conditions in ‘Bat species distribution models’ above) under two future scenarios:
a) exposure to P. destructans, and b) exposure to P. destructans along with climate change. To
estimate bats’ probability of occurrence given exposure to P. destructans, we needed to run the
bioenergetic model with parameters capturing the influence of the hibernaculum environment
(temperature and humidity) on fungal growth and the resulting impact of the fungus on bat
hibernation physiology. To estimate bats’ probability of occurrence given the additional impacts
of climate change, we needed to run the bioenergetic model with the P. destructans growth
parameters above as well as projected future climate parameters (future available temperatures
and future winter duration; Figure 14). Here, we focus on methods used to integrate future
climate scenarios into the bioenergetic model and subsequently SDMs because P. destructans
growth parameters are fully described under the section on the hibernation energetics model
above.
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Figure 14. Flowchart schematic comparing development of species distribution models (SDMs) for five focal
species under a) current conditions, b) exposure to Pseudogymnoascus destructans, and c) exposure to P.
destructans and projected climate change.

We first projected daily temperatures at midcentury (2050) under a range of possible climate
futures at high spatial resolution (1-km), which could then be used to derive our climate
parameters of interest. Global climate models (GCMs) model the energy budget of the earth
system and the impact of external factors such as solar input and greenhouse gas emissions,
simulating global patterns and processes across the earth’s major climate system components
(atmosphere, ocean, sea ice, and land surface) to project future climate attributes (e.qg.,
temperature, precipitation) under possible future scenarios of carbon and other heat-trapping gas
concentrations. Regional climate models (RCMs) mechanistically (i.e., dynamically) downscale
coarse GCM projections by resolving processes that occur at finer resolutions than GCM grid
sizes (=100 km) within a more limited geographic scope (Kotamarthi et al. 2016). They account
for the effects of e.g., complex topography and coastlines, and simulate hydrologic processes at
scales more relevant to decision-making (25 — 50 km). However, these outputs are still too
coarse for many applications. GCM and RCM projections can be further statistically downscaled
using a variety of approaches. Although many methods exist and vary considerably in their
complexity, they all fundamentally aim to account for differences between model simulations
applied to historical periods and observed climate attributes during those periods, then apply
those statistical adjustments to future projections (Kotamarthi et al. 2016).

The NA-CORDEX Program data archive (Mearns et al. 2017), hosted by the National Center for
Atmospheric Research (NCAR), contains output from RCMs run over a domain covering most
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of North America using boundary conditions from multiple Coupled Model Intercomparison
Project 5 (CMIP5) GCMs (Figure 15). These projections span a range of possible climate futures
in terms of greenhouse gas concentration scenarios and projected severity of future change, as
well as performance in capturing regionally important drivers and processes.
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Figure 15. Matrix overview of projected climate information available via NA-CORDEX.

The NA-CORDEX data archive includes outputs from two RCMs that offer 25 km spatial
resolution and span the complete range (2.4 — 4.6 °C) of GCM equilibrium climate sensitivity
(ECS), an emergent property of GCMs that serves as a metric of relative severity of projected
change. These are the Regional Climate Model 4 (RegCM4) (Giorgi et al. 2012) and the Weather
Research and Forecasting (WRF) model (Skamarock et al. 2008) (Figure 15). These models
differ in their underlying sub-models and -processes (see https://na-cordex.org/rcm-
characteristics), which may mean that each best represents the meteorological phenomena
driving future climate change in different subregions of North America. Kotamarthi et al. (2016)
suggest that it is critical to understand the phenomena that are most relevant to climate impacts
of interest when selecting the most appropriate downscaling tool. In the Mountain West,
complex terrain is the primary driver of climate, with midlatitude cyclones, katabatic winds,
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monsoons, and associated air-mass thunderstorms being the most prominent resulting
phenomena. The maritime climate along the Pacific coast also produces midlatitude cyclones, as
well as orographic lifting and atmospheric rivers (Kotamarthi et al. 2016).

For each of the above RCMs, we selected downscaled outputs run on boundary conditions from
two GCMs - GFDL-ESM2M (Equilibrium Climate Sensitivity, ECS = 2.4 °C) and HadGEM2-
ES (ECS = 4.6 °C) - in order to span the range of available models’ climate sensitivity (Figure
15). This approach is in keeping with the recommendation from Kotamarthi et al. (2016) to use
output from multiple GCMs with different physical parameterizations to cover a broader range of
model uncertainty. Thus, in total, we consider four possible climate futures (2 RCMs x 2 GCMs).

We used newly-generated versions of these outputs (Seth McGinnis, unpublished data) that were
bias-corrected using a multivariate quantile mapping method (Cannon 2018), using DayMet
temperatures as the observed dataset (Thornton et al. 2019). Because dynamically downscaled
RCMs were still considerably coarser (25-km) than our desired spatial resolution (1-km), outputs
were further statistically downscaled by spatially interpolating to 1-km, applying an adiabatic
lapse rate correction based on elevation (Seth McGinnis, UCAR, pers. comm.).

To estimate survivorship under future conditions, we first derived 30-year means centered on the
year 2050 for MAST and duration of the frost-free period (as described above) for each of our
four climate scenarios. Future MAST estimates were then used to estimate the best available
hibernaculum temperature likely to be available in any given location for a given species using
the subterranean temperature model described in the cave and mine microclimate estimation
section above. Similarly, future frost-free period estimates were used to estimate hibernation-
specific winter duration (i.e., time between immergence and emergence) as described under the
winter duration section above. The bioenergetic survivorship model was then run for each of our
five focal species under each future scenario using these projected future climate parameters.

Predictions of future survivorship under each scenario were then used as predictors in the SDMs
described in ‘Bat species distribution models’ above for each of our five focal species. We then
estimated and mapped the change in occurrence probability between current conditions and each
future scenario simply as the difference in occurrence probability for each raster cell.
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Results and Discussion

Empirical analyses of bat hibernation physiology

1. Intraspecific variation in hibernation physiology

Our M. lucifugus study sites represented a latitudinal gradient of approximately 1,500 km (Figure
16; McGuire et al. In Review). Similarly, we collected measurements from C. townsendii at
hibernacula over a region that spanned 1,200 km north to south, and 1,200 km from east to west,
including one of the northernmost hibernacula known for the species (Figure 16). Although it
was not our explicit aim to test for variation along specific environmental gradients, the M.
lucifugus sites spanned a wide temperature gradient and C. townsendii sites included both arid
sites and much more mesic sites (Table 8).
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Figure 16. Study sites for Myotis lucifugus are indicated in grey triangles and span approximately 1,500 km
(approximately 13 degrees of latitude) and study sites for Corynorhinus townsendii are indicated in yellow circles
and span approximately 1,200 km east to west, and 1,200 km north to south. For both species, the most northern
sites are among the most northerly known hibernacula for the species. Map created with ggmap package in R (Kahle
and Wickham 2013) using map tiles from Stamen Design (maps.stamen.com; CC BY 3.0).
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Table 8. We collected measurements from Corynorhinus townsendii at six sites and from Myotis lucifugus at three sites. Sites for M. lucifugus had a
notable temperature gradient, while precipitation varied widely among sites for C. townsendii. Among C. townsendii sites, the most mesic site received
approximately 6.5 times more precipitation than the most arid site. Among M. lucifugus sites, temperature decreased with latitude and the mean annual

temperature at the most northern site was below freezing. All climate data from 1981 — 2010 climate normals. Hibernation duration estimates are calculated
from Hranac et al. (In Review). We do not report precise locations of these sensitive sites, but general locations are illustrated in Figure 16.

Site Annual Precipitation Mean Annual Coldest Warmest Predicted Hibernation
(mm) Temperature (°C)  Month! (°C)  Month? (°C) Duration (days)

Corynorhinus townsendii sites

Nevada® 248 7.2 -11.7 30.9 120

Colorado 338 10.3 -9.5 33.9 89

Utah 501 9 -8.4 31.1 127

British Columbia 535 8 -7.2 28.7 139

Oregon 1597 13.2 0.6 34.6 81
Myotis lucifugus sites

Montana 563 6.3 -9.7 27.5 154

Alberta 599 4.1 -11.7 22.7 170

Northwest Territories 354 -1.8 -27 23.3 205

1. Mean of daily minimum temperature for the coldest month of the year, based on 1981 — 2010 climate normals.
2. Mean of daily maximum temperature for the warmest month of the year, based on 1981 — 2010 climate normals.
3. The two sites in Nevada were in relatively close proximity and are characterized by a single weather station.
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1.1 Corynorhinus townsendii. Our analysis included data for 152 C. townsendii from six different
sites (sample size ranged from 10 — 47 bats per site). Our dataset included a similar sex ratio
among sites (test for equality of proportions; 2 = 10.0, df = 5, p-value = 0.07) with a female bias
across sites (number females > males at all sites; binomial test p-value = 0.0001). Models of
torpid metabolic rate were better supported when they included heterogeneous variance among
temperatures (likelihood ratio = 32.38, df = 3, p-value < 0.0001) and the random effect of
individual (likelihood ratio = 100.92, df = 1, p-value < 0.0001). Torpid metabolic rate was
related to temperature (likelihood ratio = 12.84, df = 3, p-value = 0.005) but the effect of
temperature did not vary among sites (site:temperature interaction, likelihood ratio = 22.30, df =
15, p-value = 0.10) or between sexes (sex:temperature interaction, likelihood ratio = 1.70, df =3
p-value = 0.64). Torpid metabolic rates measured in winter were slightly greater (0.1 mW g?)
than when measured during swarming (likelihood ratio = 4.85, df 1, p-value = 0.03), but given
that no similar effect was observed for evaporative water loss and no seasonal effects for M.
lucifugus (below) were observed, this may be a spurious result. Torpid metabolic rate did not
vary among sites (likelihood ratio = 6.85, df = 5, p-value = 0.23) or between sexes (likelihood
ratio = 0.15, df = 1, p-value = 0.70) . Torpid metabolic rate was greater at 2 °C than either 5 or 8
°C and torpid metabolic rate at 10 °C was intermediate, suggesting decreasing torpid metabolic
rate to a minimum metabolic rate (0.33 + 0.03 mW g) over the range of 5 — 8 °C (Figure 17 a)
and minimum defended temperature between 2 and 5 °C.

Trends for evaporative water loss generally followed those observed for torpid metabolic rate.
For evaporative water loss, there was better support for models that included heterogeneous
variance among temperatures (likelihood ratio = 107.10, df = 3, p-value < 0.0001) and the
random effect of individual (likelihood ratio = 57.51, df = 1, p-value < 0.0001). Evaporative
water loss varied across temperatures (likelihood ratio = 19.03, df =3, p-value = 0.0003) but the
effect of temperature did not differ among sites (site:temperature interaction; likelihood ratio =
15.84, df = 15, p-value = 0.39) or between sexes (sex:temperature interaction; likelihood ratio =
4.49, df = 3, p-value = 0.21). Evaporative water loss did not differ between seasons (likelihood
ratio = 2.60, df = 1, p-value = 0.11) or sexes (likelihood ratio = 2.74, df = 1, p-value = 0.10).
Minimum evaporative water loss (0.010 = 0.0007 mg H.O min g1) was measured at 5 — 8 °C
(Figure 17 b), which was the same temperature range observed for minimum torpid metabolic
rate. There was one pairwise difference in evaporative water loss among sites (likelihood ratio =
13.05, df = 5, p-value = 0.02), with lower evaporative water loss measured in British Columbia
compared to Colorado. There were no other differences among sites.
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Figure 17. a) Corynorhinus townsendii (n = 152) torpid metabolic rate did not vary across six sites, nor did the
relationship between site and temperature vary across sites. Minimum metabolic rate was measured between 5 — 8
°C and metabolic rate increased at 2 °C. Measurements made during mid-winter were greater than measurements

made during pre-hibernation swarming, but both seasons have been combined here for visual simplicity and
comparison with Myotis lucifugus (below). b) A similar pattern was observed for evaporative water loss. Minimum
evaporative water loss was measured between 5 — 8 °C. There were generally no differences among sites, except for
one pairwise difference between sites in British Columbia and Colorado, but sites have been combined here for
visual simplicity. In both plots, temperatures indicated with the same letter did not differ.

1.2 Myotis lucifugus. Our analysis included data for 99 M. lucifugus from three different sites
(sample size ranged from 20 — 40 bats per site). Our dataset included males and females at all
sites, but sex ratio varied among sites (test for equality of proportions; x* = 10.0, df = 5, p-value
= 0.07), with heavy male bias in Montana and Northwest Territories (binomial test; p-value <
0.0001) and an even sex ratio in Alberta (binomial test: p-value = 0.87). In Montana we
conducted fieldwork during pre-hibernation swarming and mid-winter hibernation, but at the
Alberta and Northwest Territories sites we only conducted pre-hibernation fieldwork. In an
analysis of just data from Montana, torpid metabolic rate did not differ between fall and winter
(likelihood ratio = 0.83, df = 1, p-value = 0.36). Therefore, we pooled swarming and hibernation
data in Montana and did not include season in comparison among the three sites. As for C.
townsendii, there was better support for models that included a random effect of individual
(likelihood ratio = 27.33, df = 1, p-value < 0.0001) and allowed for differences in variance
among temperatures (likelihood ratio = 22.17, df = 3, p-value = 0.0001). Torpid metabolic rate
varied among temperatures (likelihood ratio = 15.21, df = 3, p-value = 0.002), but the effect of
temperature did not vary among sites (site:temperature interaction; likelihood ratio = 7.06, df =
6, p-value = 0.32) or between sexes (sex:temperature interaction; likelihood ratio = 6.04, df = 3,
p-value = 0.11). There were no differences in torpid metabolic rate among sites (likelihood ratio
=3.21, df = 2, p-value = 0.20) or between sexes (likelihood ratio = 0.04, df = 1, p-value = 0.84).
Torpid metabolic rate was greater at 10 °C than at any of 8, 5, or 2 °C (Figure 18 a). Minimum
metabolic rate was 0.30 + 0.02 mW g and the absence of an increase in metabolic rate at the
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lower tested temperatures indicates the minimum defended temperature is < 2 °C, the coldest
temperature we tested at.

Evaporative water loss models that included the random of effect of individual and
heterogeneous variance structure were better supported (likelihood ratio = 19.74, df = 1, p-value
< 0.0001; likelihood ratio = 67.74, df = 3, p-value < 0.0001). There was a marginally significant
interaction between site and temperature (likelihood ratio = 12.96, df = 6, p-value = 0.044) but
upon inspection the interaction was driven only by slightly greater EWL at the Alberta site at 8
°C and did not indicate any broader patterns of variation among temperatures or sites. After
excluding the potentially spurious site by temperature interaction, evaporative water loss did not
differ between sexes (likelihood ratio = 1.95, df = 1, p-value = 0.16) but was related to
temperature (likelihood ratio = 19.75, df = 3, p-value = 0.0002) with greater evaporative water
loss at 10 °C than either 8 or 5 °C (Figure 18 b). There was one site effect; bats from Montana
had greater evaporative water loss than either of the other two sites (likelihood ratio = 13.81, df =
2, p-value = 0.001) but the difference was relatively minor (Figure 18 b). Minimum evaporative
water loss (calculated at 5 and 8 °C across all sites) was 0.018 + 0.001 mg H.0 min* g,
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Figure 18. a) Myotis lucifugus (n = 99) torpid metabolic rate did not vary across three sites, nor did the relationship
between site and temperature vary across sites. Minimum metabolic rate was measured between 2 — 8°C. b)
Minimum evaporative water loss was measured between 5 — 8°C. Evaporative water loss was greater in Montana
(light grey) than either Alberta or Northwest Territories (dark grey). In both plots, temperatures indicated with the
same letter did not differ.

1.3. Discussion of intraspecific variation. Despite large geographic distances and climatic
variation among our study sites, we found no evidence of intraspecific variation, or local
adaptation, in torpid metabolic rate (McGuire et al. In Review). Torpid metabolic rate did not
vary among sites, nor did the relationship between torpid metabolic rate and temperature. There
are few studies that have previously considered similar comparisons, with mixed results. In two
studies which contrasted populations across evaporative water loss gradients, there was little to
no variation in metabolic rate among populations (Klig-Baerwald and Brigham 2017; Gearhart
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et al. 2020), consistent with the findings in our study. However, Dunbar and Brigham (2010)
found variation in torpid metabolic rate among populations of hibernating E. fuscus. However,
notably, the differences in metabolic rates among populations were only observed at the coldest
and warmest temperatures tested, both of which were outside the range of temperatures we
considered in our study. In the range of 5 — 10°C, torpid metabolic rate did not vary among the
populations considered by Dunbar and Brigham (2010), similar to our findings. Our objective
was to test hibernation physiology over a range of biologically relevant temperatures that might
be regularly experienced by hibernating bats. We might have observed intraspecific variation if
we included temperatures farther below the minimum defended temperature. However, assuming
preferred microclimates are available, hibernators should select temperatures slightly above
those that result in minimum metabolic rate (Boyles and McKechnie 2010; Boyles et al. 2020),
but note that additional factors affect hibernation strategies, including sex (Jonasson and Willis
2011; Czenze et al. 2017) and body condition (Boyles et al. 2007). Therefore, we conclude that
within the range of temperatures which are likely to be preferred during hibernation, there is no
evidence for intraspecific variation in torpid metabolic rate.

The conclusion for evaporative water loss was generally consistent with the finding for torpid
metabolic rate, but notably there were site differences in water loss. Among C. townsendii the
relationship between water loss and temperature was consistent across populations, but there was
one pairwise combination of sites (British Columbia and Colorado) that differed in evaporative
water loss. Similarly, for M. lucifugus, evaporative water loss was greater in Montana than at the
other sites. Other than these specific comparisons, there was no variation in water loss among
sites for either species. Considering biologically relevant conditions, the evidence for
intraspecific variation in evaporative water loss is even less compelling. We measured
evaporative water loss in dry air, partially because of methodological constraints (the challenge
of maintaining humidity below saturation at low temperatures) but also because measuring in dry
air exacerbates potential differences in evaporative water loss among groups (KIlig-Baerwald
and Brigham 2017; McGuire et al. 2017). Even in naturally experienced arid conditions, free-
living animals would experience less water stress than exposed to in our experimental protocol,
and the potential differences among populations would be further diminished under real world
conditions. Indeed, this was exactly the finding in a study of hibernating E. fuscus that only
observed a difference in evaporative water loss between an arid and a mesic population when
measured in dry air; when measured under higher humidity, there was no difference observed in
evaporative water loss (Klug-Baerwald and Brigham 2017).

However, the potential for more pronounced differences in evaporative water loss (even if
minimal) than torpid metabolic rate is consistent with previous studies (Klig-Baerwald and
Brigham 2017; Gearhart et al. 2020). Furthermore, variation in evaporative water loss but not
torpid metabolic rate may reflect a physical difference among populations rather than a
difference in a physiological process (Klig-Baerwald and Brigham 2017). We measured total
evaporative water loss, which consists of both respiratory and cutaneous water loss. Respiration
is related to metabolic rate, and therefore differences in total evaporative water loss in the
absence of differences in metabolic rate likely reflect differences in cutaneous water loss (Klig-
Baerwald and Brigham 2017; McGuire et al. 2017; Gearhart et al. 2020). Total water loss during
torpor is thought to be primarily driven by cutaneous water loss (Thomas and Cloutier 1992), due
to low respiration rates and greatly increased surface area due to wing and tail membranes and
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large ears. Studies of hibernating bats often consider evaporative water loss as an important
driver of hibernation energetics and success (Thomas and Geiser 1997; Willis et al. 2011; Ben-
Hamo et al. 2013; Boratynski et al. 2015; Kliig-Baerwald and Brigham 2017; Haase et al.
2019b). The lipid composition of the stratum corneum plays an important role in cutaneous water
loss (Mufioz-Garcia et al. 2012; Pannkuk et al. 2015; Ben-Hamo et al. 2016), and this may be an
important avenue for future studies considering intraspecific variation in hibernation physiology.

Although the two species in our study have very large geographic ranges encompassing a wide
gradient of environmental challenges, we did not find evidence for local adaptation. Rather, we
suggest it is likely that rather than being locally adapted to different climate conditions,
hibernating bats may be able to find suitable hibernacula with generally consistent microclimate
across their range. This is particularly plausible for hibernating bats because of their ability to fly
long distances in search of suitable hibernacula. Behavior may be more important than
physiology and bats may be able to behaviorally select suitable hibernacula rather than
physiologically specializing on locally variable conditions during hibernation. However, it is
important not to extrapolate this finding. As environmental conditions extend beyond the range
of preferred conditions, differences among widespread populations may become apparent.
Populations at range margins are often limited by the availability of suitable environmental
conditions, and this is indeed the case for hibernating bats (Humphries et al. 2002). An important
consideration in our site selection was to include populations of both species at the northern limit
of the species distribution (Northwest Territories for M. lucifugus and southern British Columbia
for C. townsendii).

Approaching the northern distribution limit M. lucifugus prepare differently for hibernation and
enter hibernation with substantially larger fat stores than more southern populations (McGuire et
al. 2016; this study — Northwest Territories 10.0 g, Alberta 8.4 g, and Montana 7.7 g). The
heaviest bats of both species were in our northernmost study sites. Additionally the more
northern M. lucifugus were longer in forearm supporting other studies (Lausen et al. 2008), with
Montana bats having nearly 2 mm shorter forearms than the bats at the Canadian sites. Although
the northern M. lucifugus populations in our study did not differ from more southern populations
in torpid metabolic rates, they did show minor differences in EWL, with the northern two sites
having slightly lower EWL than the Montana site.

Our torpid metabolic rate results suggest that populations of these two geographically
widespread species of bats are hibernating within their preferred range of conditions despite their
geographic spread. However, there may be extreme unknown populations that are forced to
hibernate outside of their preferred range and this may become increasingly true as climates
shift. Distributions of suitable hibernacula may be altered by global climate change.
Subterranean hibernacula are buffered from surface conditions and the resulting stable
microclimate is an important factor in the selection by hibernating bats (Perry 2013). However,
the conditions in hibernacula are predicted by a variety of factors at the surface (McClure et al.
2020), many of which will be affected by global climate change. If hibernacula with preferred
microclimate conditions become harder to find, hibernating bats may be pushed beyond the
range of conditions they typically prefer, and potential differences among populations may
become more pronounced.
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2. Interspecific variation in hibernation physiology

There were 13 species in our dataset (McGuire et al. In Review), including hibernating
individuals of two species not normally considered to be hibernators (Lasionycteris noctivagans
and T. brasiliensis). Sample sizes, sampling locations, body mass, and respirometry results are
summarized in Appendix A12. TMR was slightly greater in winter than during swarming for C.
townsendii (likelihood ratio = 4.38, df = 1, p-value = 0.04), but there was no seasonal effect for
any other species we could test (M. ciliolabrum, M. lucifugus, M. velifer, P. subflavus; all p-
value > 0.36). Species varied in their response to temperature, with some species arousing at
colder temperatures (Figure 19 a) and other species maintaining consistently low TMR across all
temperatures measured (Figure 19 b). The temperature range of TMRmin Varied among species
(Figure 20 a). The highest minimum defended temperature (between 5 — 8 °C) was observed for
T. brasiliensis and P. subflavus, while E. fuscus, L. noctivagans, M. californicus, M. ciliolabrum,
and M. lucifugus maintained TMRmin to < 2 °C (Figure 20 a; statistical results of temperature
effects included in Appendix A12). When measured within the temperature range of TMRmin,
EWL varied among species (n = 1,000 random draws, mean linear model p-value < 0.0001, one-
sample t-test togo = 11681, p-value < 0.0001) but TMRmin did not vary among species (n = 1,000
random draws, mean linear model p-value = 0.12, one-sample tggg = 25.1, p-value > 0.99).
Accordingly, cluster analysis indicated either two or three groups (depending on subjective
interpretation of cluster analysis elbow plot) based on evaporative water loss (Figure 20 b). L.
noctivagans had noticeably lower EWL than all other species and may represent a separate
cluster, but we conservatively present just high EWL and low EWL clusters here.
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Figure 19. Examples of metabolic responses to decreasing temperature. a) The minimum defended temperature for
Tadarida brasiliensis was between 5 — 8 °C. Below 8 °C bats aroused from torpor as reflected by the high mass-
specific metabolic rate. Between 8 — 12 °C bats remained torpid, and torpid metabolic rate (TMR) did not vary over
this range. Most species in our study did not arouse at colder temperatures, but we often detected increased torpid
metabolic rate at colder temperatures. b) The minimum defended temperature for Myatis ciliolabrum was < 2 °C and
we did not detect any differences in TMR over the range 2 — 10 °C. Note the very low metabolic rate of torpid bats
(typical of most bats in our study); the inset in panel B plots the same data, but on the same scale as panel A for
comparison.
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Figure 20. Variation in temperature responses, minimum torpid metabolic rate (TMRmin), and evaporative water loss
(EWL) among species. a) Minimum defended temperature and the range of temperatures which resulted in TMRmin
varied among species. Grey area represents the temperature range over which the species was tested, the black bars
represent the temperature range over which TMRmin was measured. The lower end of the black boxes represents the
estimated minimum defended temperature, but note that asterisks highlight cases where the TMRmin temperature
range reached either the upper or lower limit of the tested temperature range. b) Within the range of temperatures at
which TMRmin was measured, evaporative water loss (EWL) varied among species but not TMRmin. Cluster analysis
revealed a high evaporative water loss (EWL) cluster and a low EWL cluster (note EWL was not measured for
Myotis yumanensis, therefore excluded from cluster analysis). Grey ovals are presented for visual interpretation.
Species codes indicate the first two letters of the genus and the specific epithet: Tadarida brasiliensis (TABA),
Perimyotis subflavus (PESU), Myotis volans (MYVO), Myotis thysanodes (MY TH), Myotis velifer (MYVE), Myotis
evotis (MYEV), Corynorhinus townsendii (COTO), Myotis yumanensis (MYYU), Myotis ciliolabrum (MYCI),
Eptesicus fuscus (EPFU), Lasionycteris noctivagans (LANO), Myotis californicus (MYCA), and Myotis lucifugus
(MYLU). The difference in EWL but not TMRmin is supported by statistical tests for each (see main text).

Most previous studies of hibernation physiology have focused primarily on a single species,
often one of a small number of relatively well-studied species. Our study included 13 species of
bats hibernating across the western United States and Canada. Some of these species (e.g., M.
lucifugus and E. fuscus) have been the focus of previous study, but there has been little
hibernation research on many of the species in our study. Furthermore, we also included species
that may not typically be considered hibernators to encompass a potentially wider range of
hibernation physiology. Through most of their range L. noctivagans are long-distance migrants
(McGuire et al. 2012) but in the Pacific northwest they are found hibernating in caves and mines.
Similarly, T. brasiliensis populations in Texas and nearby states are renowned for migrating
long-distances to overwinter in Mexico (Villa and Cockrum 1962) but the species is now
recognized as a partial migrant with some individuals hibernating overwinter in Texas (Kunkel et
al. 2020). Therefore, the species included in our study encompass diversity in taxonomy,
ecology, and geography.

Physiological responses across a range of temperatures provide some indication of the conditions
that may be preferred by each species. Some species in our study tolerated temperatures that
approached freezing. We did not observe an increase in TMR at the coldest temperature tested (2
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°C) for M. lucifugus, M. ciliolabrum, or E. fuscus. Similarly, we did not observe increased TMR
at 2 °C for L. noctivagans or M. californicus but when the temperature decreased to freezing (0
°C, not tested for all species) TMR increased as expected to avoid freezing. In contrast, some
species from some of our southern sites did not tolerate colder temperatures. We observed an
increase in TMR at temperatures < 8 °C for P. subflavus, a species commonly found hibernating
in southern states where temperatures are warmer (e.g., Texas, Louisiana, Mississippi; Jones and
Pagels 1968; Sandel et al. 2001). For T. brasiliensis, a species where most individuals migrate
south in winter (Kunkel et al. 2020, In Prep), the response was even more pronounced, with bats
arousing from torpor at temperatures < 8 °C. Understanding how different species respond to
colder temperatures can help to understand geographic distribution in winter (McClure et al. in
prep). Hibernaculum temperatures are driven by surface temperature and a variety of other
important factors (McClure et al. 2020). Ultimately species distributions are determined, at least
in part, by physiological limitations and environmental constraints and winter conditions limit
the distribution of hibernating species (Humphries et al. 2002).

The breadth of temperatures over which TMRmin is maintained may reflect niche breadth and the
ability of species to hibernate under a broader range of environmental conditions. Although TMR
declines with decreasing ambient temperature to Tqefended, at low temperatures the decrease is
relatively minor and variation among individuals resulted in a range of temperatures over which
we did not detect variation in TMR. Two species in our study were notable in the breadth of the
TMRmin temperature range, with no evidence for increased TMR across the entire range of
temperatures tested for either E. fuscus or M. ciliolabrum. However, for nine of 13 species in our
study, we did not detect increased metabolic rate at the highest temperatures tested. We aimed to
identify the lowest defended temperature and to reduce the measurement duration and
disturbance to the study animals, and therefore focused on colder temperatures. Future study at
either a wider range of temperatures, or at warmer temperatures will help to identify potential
interspecific variation in niche breadth.

While Taefended and the temperature range of TMRmin Varied among species, there was no
difference in TMRmin across species. If measured within the appropriate temperature range for
each species, all species had similar TMR. Species that hibernate in comparatively warmer
regions may be adapted to warmer temperatures (e.g., T. brasiliensis) and species that hibernate
in comparatively colder regions may be adapted to colder temperatures (e.g., M. lucifugus) but
each can achieve comparably low TMR within their respective temperature ranges. Across the
broad geographic range of our study, winter duration varies widely (Hranac et al. In Review).
Rather than variation in TMR, our results suggest that hibernating bats are more likely to cope
with variation in the energetic demand of hibernation by adjusting the amount of fat stored for
hibernation, and the frequency of energetically costly periodic arousals. Indeed, among the most
northerly studied populations, bats have exceptionally large fat stores (McGuire et al. 2016) and
exceptionally long torpor bouts (Czenze et al. 2017).

In general, our analysis suggests two general hibernation strategies based on EWL. While
TMRmin Was comparable among species, species clustered into two groups based on EWL. One
group was characterized by high EWL, and the other low EWL. The hibernation strategy adopted
by a species is not likely to be phylogenetically driven. Phylogenetic inertia (closely related
species with similar phenotypes) may partially explain differences in hibernation strategy, but is
not likely the primary driver. Most Myotis species had high EWL but there are species from the
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same genus in both groups. Similarly, temperature preference (greater potential EWL in warm
conditions; Kurta 2014) is not likely an important driver of hibernation strategy. Species in the
low EWL cluster are found at both the top and bottom of the temperature ranking (Figure 20 a).
We suggest that adaptation to environmental conditions or behavioral adaptation to select
specific conditions are the most likely factors in determining which hibernation strategy is
adopted by a species. Although not all species can be easily categorized as occurring in either
mesic or arid habitats, species that tend to be found in more mesic regions were in the high EWL
group (e.g., M. lucifugus, P. subflavus), while species from more arid regions were in the low
EWL group (e.g., C. townsendii, T. brasiliensis). Notably, while minimal, the only indication of
intraspecific variation among our study sites was in EWL, and not TMR (see above section ‘1.
Intraspecific variation in hibernation physiology’), consistent with previous studies (Kliig-
Baerwald and Brigham 2017; Gearhart et al. 2020). Maintaining water balance is critical for
survival, but differences in EWL may also affect the energetic cost of hibernation. Periodic
arousals account for the large majority of the energetic cost of hibernation (Thomas et al. 1990)
and EWL may be an important driver of arousal frequency (Thomas and Geiser 1997; Haase et
al. 2019b). Consequently differences in the energetics of hibernation among species are likely to
be driven by the frequency of arousals (possibly driven by EWL) and not energetic costs during
torpor bouts.

We describe two hibernation strategies, high and low EWL, but these may not be strict
groupings. In our dataset L. noctivagans had notably lower EWL than any of the other species in
the low EWL group and may represent a third cluster with especially low EWL. Alternatively,
hibernating species may best be represented along a continuous gradient of EWL. Future studies
including additional species will reveal whether there are physiological and morphological
tradeoffs that give rise to two distinct hibernation strategies, or whether our dataset simply
doesn’t include species with intermediate EWL.

Interspecific differences in hibernation strategy may be an important driver of distribution
patterns, disease risk, and provide a starting point for understanding the potential impacts of
climate change. Hibernating bats in North America are threatened by WNS, a fungal disease
introduced to North America (Frick et al. 2015; Willis 2015). The sites in our study had not yet
been affected by WNS, but the disease is rapidly spreading into western North America. Many of
the species in our study have not yet been exposed to WNS and there is interest in predicting
which species may be more or less susceptible to the disease. Some of the species in our study
occur in eastern North America where WNS is widespread, but are not equally impacted (Frick
et al. 2015). Notably, the species in our study that have been heavily impacted in the east (M.
lucifugus, P. subflavus) were included in the high EWL group, while the species that have been
less affected in the east (C. townsendii, E. fuscus) were included in the low EWL group. This is
consistent with the growing recognition of the importance of EWL in the impacts of WNS
(Willis et al. 2011; McGuire et al. 2017; Haase et al. 2019b). As climate change alters
environmental conditions, and WNS spreads across the west, the interspecific differences in
hibernation physiology that we observed will contribute to species differences in response to
these threats.

Our study included 13 species with data collected from field sites spread >2,800 km from North
to South, and > 2,000 km from East to West. Conducting studies on this scale is logistically
challenging, but provides key insights into the physiological differences that underlie
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differentiation among species. Previous studies focused on a few ‘model’ species have
undoubtedly provided fundamental insights into the biology of hibernation, but we provide
insight into variation in hibernation among species. Furthermore, doing this work in the field is
extremely complicated, but provides best estimates of natural measurements of these parameters,
and not values from individuals that may be habituated to captivity. Meta-analyses make it
possible to compare data collected over the course of multiple studies, but in the Anthropocene
(Voigt and Kingston 2016) the landscape is rapidly changing, both literally and figuratively.
Understanding variability in physiological limitations is critical to understanding adaptive
potential and how species, assemblages, communities, and ultimately ecosystem processes will
be affected by the numerous stressors they face.

3. Lean mass contribution to hibernation energetics and water balance

We recorded data from 184 M. velifer during swarming, including 52 females and 132 males
(McGuire et al. In Review). Female body mass (15.4 £ 0.3 g) was greater (Figure 21 a; F1,182 =
26.15, p-value < 0.0001) than male body mass (14.0 + 0.1 g), including more fat (Figure 21 b;
F1.182 = 69.38, p-value < 0.0001) but not more lean mass (Figure 21 c; F1,182 = 3.00, p-value =
0.08). There was a significant interaction between sex and body mass for both fat (F1,180 = 15.99,
p-value < 0.0001) and lean mass (F1,180 = 8.47, p-value = 0.004), indicating that males and
females differed in the relative contribution of fat and lean to body mass (Figure 21 d, ). Each
gram of body mass increase in males was comprised of 0.59 + 0.03 g of fat and 0.38 + 0.03 g of
lean, compared with 0.77 £ 0.03 g fat and 0.25 £ 0.03 g lean in females.
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Figure 21. Body composition of Myotis velifer during pre-hibernation swarming in Oklahoma. a) Females weighed
more than males b) driven by larger fat stores. c) There was no difference in lean mass of males and females.
Females and males differed in the relative contributions of fat and lean to body mass gain. d) Females (red squares,
dashed line) deposited relatively more fat (female: 0.77 g fat per g body mass increase, male: 0.59 g fat per g body
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mass increase) than males (grey triangle, solid line). €) Conversely, males deposited relatively more lean mass than
females (male: 0.38 g lean per g body mass, female: 0.25 g lean per g body mass).

Body composition of C. townsendii was related to sex and season. As expected, fat mass
decreased during hibernation (Figure 22 a; F1,62 = 69.45, p-value < 0.0001). Males had less fat
than females (F1,62 = 16.39, p-value = 0.0001), but the change in fat did not differ between sexes
(sex:season interaction; F161 = 0.65, p-value = 0.42). Lean mass also decreased during
hibernation, as predicted (Figure 22 b; F162 = 4.52, p-value = 0.037). Sex patterns for lean mass
were the same as for fat mass, with greater lean mass in females (F162 = 14.96, p-value = 0.0003)
but no difference between sexes in the way lean mass changed during hibernation (sex:season
interaction; F161 = 0.60, p-value = 0.44).

Our statistical results did not suggest a difference between sexes in the decreases of fat or lean
mass but visual examination (Figure 22 b) might suggest a greater decrease in lean mass for
males than females. The calculations that follow are not meant to imply that this difference exists
(our statistical analysis suggests it does not) but rather to illustrate the energetic and water
balance consequences of a biologically relevant scenario of increased lean mass catabolism. The
overall change in fat and lean mass was similar for males and females, but males catabolized
more lean and less fat than females (Table 9). Lean mass accounted for approximately 18% of
mass change in females, compared with 35% of mass change in males. Due to the higher energy
density of fat, females consequently produced more energy than males. Lean mass accounted for
approximately 3% of the energy budget of females compared with 7% of the energy budget of
males. Total water production was similar, but lean mass accounted for 29% of water production
in males compared to only 14% in females. After accounting for the water that would be required
to excrete the urea produced in protein catabolism, net water production was approximately four
times greater in females than males, despite producing approximately the same amount of total
water. Note that net water production was substantially less than total water production in both
Sexes.
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Figure 22. Body composition of Corynorhinus townsendii measured during pre-hibernation swarming and mid-
hibernation in Nevada. a) In both seasons, females (red boxes) had greater fat mass than males (grey boxes) and fat
mass predictably declined through hibernation. There was no sex by season interaction, indicating that the seasonal

pattern of fat decrease was the same in both sexes. b) The same pattern was observed for lean mass. Females had

more lean mass than males in both seasons, and lean mass decreased through hibernation. As for fat, there was no
interaction to suggest a difference in the seasonal pattern of lean mass use between sexes.
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Table 9. Calculations of the contribution of fat and lean to energy and water balance in hibernating Corynorhinus
townsendii (Townsend’s big-eared bats). Note that statistical comparison (Figure 22) does not support a difference
in the relative contribution of fat and lean between males and females, but we have used the means for each group in
these calculations to illustrate the potential impact of biologically relevant scenarios of lean mass catabolism in
hibernation. All values here are numerical calculations based on mean fat and lean mass measured for males and
females, with error propagation with each calculation. Total mass change was similar for females and males, but
males catabolized more lean mass and less fat than females. Consequently, lean mass contributed a smaller
proportion of the energy budget and females produced more energy. Total water production was similar, but the
water required to excrete the urea produced by protein catabolism resulted in smaller net water production in males.
Despite similar total water production, net water production was approximately four times greater in females.

Female Male
Mass
Pre-hibernation lean mass (g) 7.58+0.11 7.10+0.11
Pre-hibernation fat mass (g) 2.72+0.08 212 +0.25
Hibernation lean mass (g) 7.34+0.21 6.63 +0.12
Hibernation fat mass (g) 1.65+0.10 1.25+0.10
Decrease in lean mass (g) 0.23+0.24 0.48 £0.16
Decrease in fat mass (g) 1.07+£0.13 0.87 £0.27
Decrease in lean + fat mass (g) 1.30 £1.09 1.34 £0.99
Lean mass contribution to mass change (%) 17.9+18.9 35.4+14.5
Energy
Energy from lean (kJ) 1.23+1.27 252 +0.85
Energy from fat (kJ) 40.04+4.80 32.60+9.96

Total energy production (kJ) 41.27+496 35.12+10.00

Lean contribution to energy (%) 2.98 £3.10 7.18 £3.17
Water

Water from lean (mL) 0.19+£0.20 0.39+0.13

Water from fat (mL) 1.17+0.14 0.95+0.29

Total water production (mL) 1.36 £0.24 1.34+£0.32

Lean contribution to water (%) 13.97 £14.65 29.04 +11.99

Net water production (mL) 0.81 +£0.62 0.21 +0.50

The two datasets in our analysis illustrate the importance of lean mass for hibernating bats. Lean
mass accounted for 25 — 38% of pre-hibernation body mass increase in M. velifer, and decreased
substantially through hibernation in C. townsendii. Fat is the most important energy substrate,
but our results indicate that lean mass dynamics in hibernating bats are greater than have
previously been considered. Many studies, whether implicitly or explicitly, have assumed that
lean mass change is negligible, and that most or all mass change is due to fat.
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The importance of fat as the primary energy substrate is clear, but changes in lean mass may
result from, and contribute to, multiple functions. Fat may be stored as triglycerides in adipose
tissue, and carbohydrates may be stored as glycogen in the liver (though carbohydrate
metabolism is thought to not represent an important component of the energetics of hibernation).
For lean mass, there is no storage molecule or tissue, but rather changes in lean mass represent
changes in the mass of functional tissues. Hyperphagic bats may adaptively increase fat mass by
eating more and converting ingested nutrients to fatty acids for storage. Increased lean mass prior
to hibernation is likely the consequence of functional changes in muscles and organs. One likely
scenario is muscle hypertrophy as a consequence of load carrying. Flight performance is
compromised when carrying heavy loads (MacAyeal et al. 2011), and as bats fatten for
hibernation they may require larger muscles to maintain flight efficiency (as observed in
migrating birds which also must fly while carrying large fuel loads; Piersma 1998).
Alternatively, or coincidentally, hyperphagic bats may increase the size of the digestive tract to
facilitate rapid assimilation of ingested nutrients (McGuire et al. 2013). Larger digestive organs
would represent an increase in lean mass, which would similarly contribute to a load carrying
effect. Regardless of the mechanism of lean mass increase, the consequence is that hibernating
bats have larger lean mass stores available during hibernation. The load carrying effect is also
consistent with spring demands. After many weeks or months of hibernation, bats weigh less and
therefore no longer require extra muscle mass to support flight. Therefore, lean mass catabolism
is possible due to functional increases in lean tissues prior to hibernation, and the decreased load
carrying capacity required when emerging from hibernation in spring.

The available literature is consistent with hibernating animals catabolizing both muscle and
digestive organs during hibernation. Fasting-related reductions in the digestive tract are expected
and have been demonstrated in several species of hibernators (Carey 1990; Paksuz 2014).
Notably, intestinal mass of thirteen-lined ground squirrels (Ictidomys tridecemlineatus) and
alpine marmots (Marmota marmota) decreases in hibernation, but begins to decline prior to
hibernation (Carey 1990; Hume et al. 2002), suggesting that in bats, lean mass increases prior to
hibernation may be a unique consequence of the load carrying requirements of flight. Similarly,
studies have shown decreases in muscle and kidney mass during hibernation (Yacoe 1983).
While decreases in muscles and digestive organs come at a functional cost, if these tissues were
increased due to autumn load carrying and hyperphagia demands, then the excess capacity that is
not required in spring would allow for partial catabolism of these tissues (e.g., for
gluconeogenesis or metabolic water production, see below) with minimal functional
consequence upon emergence in spring. However, changes in the muscle fiber composition of
gastrocnemius but not pectoralis muscles in hibernating bats suggests that lean mass is not
catabolized equally among tissues and differential changes preserve priority functionality
(Brigham et al. 1990). In other biological systems lean mass catabolism can result in important
functional consequences. For example, migrating birds that catabolize digestive tissues while
crossing ecological barriers have reduced foraging ability upon arrival at refuelling stopovers
(Piersma 1998; Karasov and Pinshow 2000). If perturbation of normal hibernation patterns (e.g.,
by disease such as WNS; McGuire et al. 2017) leads to increased lean mass catabolism, it is
possible that hibernators may emerge in spring with exhausted nutrient stores and digestive
systems that are functionally compromised.

Fat remains the primary fuel source for hibernation, but the contribution of protein is not
negligible. In our example calculations protein contributed 3 to 7% of the energy budget of
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hibernating bats. Sex differences in the contribution of lean mass to energy and water budgets
may be important to consider. In M. velifer, males put on proportionately more lean mass than
females, and in C. townsendii our calculations illustrated potential sex differences in the role of
lean mass catabolism. Sex differences in the relative deposition of lean mass suggest it is not
simply a consequence of increased load carrying capacity, but may represent an adaptive
strategy. The “Thrifty Female” (Jonasson and Willis 2011) and “Frisky Male” (Czenze et al.
2017) hypotheses suggest that sex-differences in hibernation energetic strategies result from
differences in the timing of reproductive investment. Copulation occurs in fall, and while
females must emerge in spring in sufficient condition to support pregnancy, males have low
energetic demands in spring and therefore may face weaker selection for strict energy budgeting
during hibernation compared to females (Willis 2017). Males generally arouse more frequently
than females (e.g., Jonasson and Willis 2011; Czenze et al. 2017), possibly in search of
additional mating opportunities (Gustafson 1979), which likely results in greater protein
catabolism. The rate of protein catabolism is greatly reduced during torpor compared to periodic
arousals (Yacoe 1983). Therefore, contrary to the general consideration of ‘protein sparing’
strategies described in the starvation literature (McCue 2010), the relatively greater lean mass
deposition in male M. velifer may be an adaptive strategy to support increased arousal frequency
during hibernation, consistent with the greater calculated contribution of lean mass in hibernating
male C. townsendii.

One of the major differences of using protein as a fuel instead of fat is the lower energy density
and greater water produced by burning protein. On a dry mass basis, protein has lower energy
density than fatty acids (39.6 kJ g dry mass for lipids compared with 17.8 kJ g in proteins).
But the apparent difference in energy density is further exacerbated by the high water content of
lean tissues. Adipose tissue contains only ~ 5% bound water by weight, compared with 70% for
protein. This relationship accentuates the already lower energy density of protein compared to
fatty acids. Water is further produced as a byproduct of metabolism (metabolic water
production), such that when combining bound and metabolic water production, fat provides more
water on a wet tissue basis (1.05 g H20 per g wet tissue for lipids, 0.82 g H20 g* for protein).
But when calculated on an equivalent energy basis, protein catabolism yields ~ 5x more water
than fat.

Our study demonstrates that lean mass is dynamic in hibernating bats, with hibernating bats
increasing lean mass in advance of hibernation and catabolizing lean mass during hibernation.
The lack of a storage tissue for protein makes the functional considerations of lean mass
deposition and catabolism important to consider. Furthermore, sex-differences suggest that
protein catabolism contributes to adaptive strategies of male and female hibernating bats. We
have presented ideas and hypotheses, but there remain many opportunities for investigations of
the previously underappreciated role of protein catabolism in hibernation. Protein contributes a
small, but not negligible amount to the energy budget of hibernation, but may have many
impacts on gluconeogenesis, water balance, and indirect effects on energetics through effects on
arousal frequency.

4. Tadarida brasiliensis (Mexican free-tailed bats) case study

We captured 28 T. brasiliensis (14 pre-hibernation, 14 hibernation). The overwintering
population was almost exclusively comprised of males, and all individuals in our analysis were
male. Bats readily entered torpor during the acclimation period of respirometry. Metabolic rate
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did not differ between seasons (F1,106 = 2.34, p-value = 0.13) but varied across temperatures
(Fa,206 = 89.13, p-value < 0.001). Minimum defended temperature was the highest observed
among all species in our study. Metabolic rate did not differ among 8 °C, 10 °C, and 12 °C (all p-
values > 0.05) but increased when T, was lowered to 5 °C and again when T, was lowered to 2
°C (all p-values < 0.001) (Figure 20). Therefore minimum defended temperature was between 5 -
8 °C. Based on the mixed effects breakpoint model, we estimated the minimum defended
temperature to be 5.9 °C (95% C15.8 - 6.1 °C).

We deployed temperature-sensitive transmitters on 30 bats in February 2019 (all males) but only
successfully recorded data from four. All bats used torpor each day of the field study and three of
the four exhibited at least one torpor bout lasting > 24 h (Table 10). Patterns of torpor varied
between milder periods where bats aroused in the evening at dusk and departed the roost (Figure
23 a) and colder periods when bats remained torpid for multiple days (Figure 23 b). Maximum
torpor bout duration ranged from 12.3 — 126.0 h (0.5 — 5.3 days) while median bout duration
ranged from 10.2 — 36.2 hr. Bats used longer torpor bouts in colder weather (F1,20 = 7.58, p-value
=0.012).

Table 10. Male Tadarida brasiliensis used torpor daily, and in some cases for multiple days, during winter.

Bat Body  #days # torpor Max torpor Median torpor Mean minimum

ID mass  ofdata  bouts bout duration bout duration  torpid Tsk (°C) £ SE
(9) (h) (h)

109 10.3 12 8 55.5 22.4 104 +1.51

110 10.6 13 5 126.0 36.2 852+1.2

117 14.4 4 3 32.0 15.3 853+10

123 138 8 7 12.3 10.2 8.84 £ 0.7
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Figure 23. Tadarida brasiliensis exhibited both single a) and multi-day b) torpor bouts in response to varying
environmental conditions. Solid lines denote T while dashed lines denote T, outside the roost. Shaded areas
represent the nighttime period between sunset and sunrise.

This case study of hibernation physiology of T. brasiliensis, adds to a small, but growing, body
of literature studying hibernation away from north temperate regions with implications for WNS
susceptibility and pathogen spread (Kunkel 2020; Kunkel et al. In Prep). Our observations that T.
brasiliensis alternated between daily and multi-day torpor lends support to the framework that
hibernation energetics are governed by balancing trade-offs (Boyles et al. 2020). With relatively
mild winters at this study site, T. brasiliensis varied the duration of torpor bouts in response to
varying environmental conditions. In other research we have shown that bats remained active on
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warmer winter nights without foraging (Kunkel 2020), indicating flexibility in the need to
minimize energy expenditure. This dynamic hibernation strategy is a southern extension of the
latitudinal gradient of hibernation patterns seen in other bat species (Dunbar and Brigham 2010;
McGuire et al. 2016) and agrees with evidence of torpor avoidance (Willis 2017; Boyles et al.
2020). This work builds on the growing body of evidence showing environmental variability
influences hibernation phenotype and provides valuable context for future studies of hibernation
physiology and behavior.

Minimum defended temperature was 5.9 °C, which predicts T. brasiliensis should select winter
roosts which do not experience frequent drops in below 5.9 °C. The minimum defended
temperature measured is comparable to other sub-tropical hibernating bat species (e.g., 6 °C for
T. aegyptiaca (Cory Toussaint et al. 2010), 6.7°C for T. teniotis (Marom et al. 2006); 7.3 °C for
Nyctophilus bifax (Stawski et al. 2009)) and higher than typical northern hibernating bats (e.g.,
1.3 °C for M. lucifugus (Jonasson and Willis 2012) and 1.0 °C for E. fuscus (Willis et al. 2005)).
Although we were unable to access the roosting locations of free-living bats to directly measure
roost microclimate, the telemetry data provides some insight. Assuming Tsk is approximately
equal to Ta (as is typical for roosting heterotherms; Ruf and Geiser 2015), the bats we observed
consistently selected microclimates above the minimum defended temperature as mean minimum
torpid Tsk was 8.5 —10.4 °C (Table 10). Metabolic rate did not differ between 8 — 12 °C (Figure
20), suggesting bats selected roost microclimates which were within the range of temperatures
that would minimize energy expenditure while maintaining a safety margin above their minimum
defended temperature.

While bats overwintering in temperate regions typically exhibit extended bouts of torpor, we
recorded daily torpor by all four bats monitored and multi-day bouts in three of the four bats.
Like other subtropical bats (e.g., Stawski et al. 2009), T. brasiliensis aroused from torpor during
warm winter nights. However, this did not preclude bats from entering prolonged torpor during
cold periods. Because bats remained torpid longer in colder weather, our findings indicate this
species uses facultative hibernation and adjusts heterothermy use with environmental changes. In
additional research not presented here, we found that winter activity is not associated with
foraging at this site and thus roost departures may serve alternative purposes such as drinking or
roost switching. It is unclear how frequently this species uses daily or multi-day torpor on a long-
term scale, but our small sample size indicates heterothermy is used extensively.

As the southern United States is predicted to warm significantly in the next century
(Intergovernmental Panel on Climate Change 2018) it is likely the energetic costs of
overwintering will decrease, perhaps leading to range expansion and decreased propensity to
migrate in this species. The frequency of overwintering increased in the last 50 years and it is
estimated this pattern will continue (Weaver et al. 2015). Expansion of overwintering raises
concerns of WNS pathogen infection and transmission. As subtropical migrants, T. brasiliensis
have not been considered threatened by WNS, but this may change if overwintering range and
hibernation behavior increases in the future. Since we only observed short-term facultative
hibernation, we suggest T. brasiliensis are at low risk of WNS-induced population declines but
their ability for extensive travel (> 50 km/night; Davis et al. 1962; Williams et al. 1973) suggests
this species may accelerate the transmission of the fungal pathogen which causes this disease.
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Arousal Frequencies

In the United States sites, arousal data from temperature sensitive transmitters were not obtained
due to the movement of bats out of the range of detection of the receiving dataloggers. Only a
single logger recorded any data, but the recordings were not extensive enough to calculate
arousal frequencies. This was also the case for the Canadian mine site (Phoenix Mine). Arousals
were documented in both years (2017 and 2018) from radiotransmittered M. lucifugus in
Cadomin Cave site in Alberta, Canada, and in 2018 from C. townsendii using attached modified
iButtons in Phoenix Mine, British Columbia, Canada. At Cadomin Cave (radio-telemetry), the
mean torpor bout duration of M. lucifugus was 23.3 + 15.2 SD days, mean arousal duration was
1.74 + 1.3 SD hours, and the mean number of arousals during the period monitored was 1.2 + 0.4
SD per bat (n = 22 bats; 27 arousals documented; mean monitoring period 37 days). At Phoenix
Mine (modified iButtons), C. townsendii mean torpor bout duration was 21.4 + 11.3 SD days,
mean arousal duration was 0.75 £ 1.1 SD hours, and the mean number of arousals during the
period monitored was 3.4 £ 1.5 SD per bat (five bats; 17 arousals documented; mean monitoring
period 75 days).

Improving the energetic costs of cooling model

Cooling cost from our model was not different from measured cost (slope = 0.99 [0.93, 1.04],
F17 = 1220, p-value = < 0.001, R? = 0.99; Table 11, Figure 24). Mass-specific costs of cooling
ranged from 0.36 ml O, g* in the Northern birch mouse (Sicista betulina [10 g]), one of the
smallest species, to 41.9 ml Oz g in the short-beaked echidna (Tachyglossus aculeatus [4600
g]), the largest species in our dataset. Warming ranged from 2.8 ml Oz gt in the bicolored shrew
(Crocidura leucodon [12 g]) to 26.4 ml O, gt in the arctic ground squirrel (Urocitellus parryii
[406 g]). Cooling was more energetically costly than warming in four species (Marmota
flaviventris, M. broweri, M. marmota, and T. aculeatus), all of which had low thermal
conductance values (< 0.05 ml O, g* °C* h'h), large body sizes (>2000 g), and thus slow cooling
rates (< 0.5 °C h'%).

Table 11. Measured and modeled costs (ml O2 g*) of cooling into torpor from euthermia. Measured costs are
reported from the referenced papers and modeled costs are from Equation 2.

Measured Modeled

Species Ta Costs Costs Data Reference
Erinaceus europaeus 5 4.73 4.65 Webb and Ellison 1998
Glis glis 4 2.65 2.86 Wilz and Heldmaier 2000
Marmota flaviventris 6 9.25 8.53 Armitage et al. 2003
Marmota marmota 7 3.76 3.86 Heldmaier et al. 2004
Urocitellus richardsonii 13 -15 4.22* 4.50 ** Wang 1978

Urocitellus richardsonii 8 -10  3.16* 3.85** Wang 1978

Urocitellus richardsonii 2 -6 4.09* 3.98** Wang 1978

Zapus princeps 5 5.09 5.17 Cranford 1983

*mean over all individuals
**mean over all temperatures
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Figure 24. Measured and modeled cooling cost (ml O2 g*) of hibernating species used to validate a cooling cost
model. Dashed line represents 1:1 line. Modeled cost was not different from measured cost (slope = 0.99 [0.939,
1.04], F1,7 = 1220, p-value = <0.001, R? = 0.99).

Both body mass and thermal conductance were significant predictors of mass-specific cooling
cost (F151= 226.4, p-value < 0.001, R? = 0.90), with body mass and thermal conductance
accounting for 88.9% and 10% of the variation in cooling cost across species, respectively.
Mass-specific cooling cost decreased with increased cooling rate (F1,51 = 506.4, p-value < 0.001,
R? = 0.91; Figure 25 a), and cooling rate was inversely proportional to body mass (F1,51 = 611.1,
p-value < 0.001, R? = 0.92; Figure 25 b).
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Figure 25. Relationship between cooling rate (CR; °C h't) and a) body mass (g) and b) mass-specific cooling cost
per arousal (ml O2 g*) for 55 mammalian hibernators.

The oft-used 67% proportion of warming cost estimate of cooling cost (Appendix A13) did not
describe cooling cost across taxa (slope = 0.07 [-0.03, 0.16], F15: = 1.83, p-value = 0.18, R? =
0.03; Figure 26 a). Body mass, however, explained 47% of the variation in the difference
between the two calculations (F1 51 = 44.36, p-value < 0.001; Figure 26 b). The mean cooling
cost was 47.9 + 18% of warming cost, ranging from 3.8% in Perognathus longimembris (8.4 g),
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the little pocket mouse, to 383% in T. aculeatus (4600 g). Cooling cost represented 67% of
warming cost in all ground squirrel species and one other species of similar body size:
Callospermophilus lateralis (137 g, 58% [48 — 68%)]) , Cricetus cricetus (370 g, 76% [66 —
86%]), Ictidomys mexicanus (190 g, 74% [64 — 84%)]), |. tridecemlineatus (190 g, 70% [60 —
80%]), Otospermophilus beecheyi (502 g, 57% [47 — 67%]), Spermophilus citellus (290 g, 58%
[48 — 68%]), U. parryii (406 g, 60% [50 — 70%]), and U. richardsonii (406 g, 67% [57 — 77%]).
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The common assumption that the cost of cooling is equal to 67% of the cost of warming during
arousal in hibernation is not broadly applicable across taxa. The cost of cooling scaled with body
mass, which was expected given the relationship between the rate of heat loss and surface area to
volume ratio (Bakken, 1976a, 1976b). Consequently, cooling rate was inversely related to mass-
specific cooling cost (Figure 25 a), suggesting cooling rate, as a function of body size and
thermal conductance, is an important factor in hibernation energetics.

We attributed the mismatch between the two estimates of cooling cost to the fact that the 67%
proportion relied on metabolic measurements from a squirrel species (U. richardsonii), which
has a body mass that is not representative of the body size of most hibernating mammals. Due to
the scaling relationship between body mass and surface area (Schmidt-Nielsen 1984), smaller
species have a greater amount of surface exposed to the environment per unit volume compared
to larger species (Kleiber 1972; Strunk 1971). Greater surface area leads to greater heat loss and
thus faster cooling rates, which we observed in the relationship between cooling rate and body
mass (Figure 25 b). Therefore, the estimated 67% of the cost of warming overestimated the cost
of cooling in species smaller than ground squirrels and underestimated the cost of cooling in
larger species (Figure 26). The fact that most of the variation in the relationship between both
cooling cost calculations was described by body mass also supports these patterns. Incorporating
both body size and surface area (scaled from body mass) in the calculation of cooling cost leads
to more accurate estimates of the differences in cooling across taxa.

The physiological mechanisms behind the cooling and warming processes also suggest it is
inappropriate to estimate cooling cost from warming estimates. Warming is considered to be an
active process in our analysis, where animals increase Tp using endogenous heat production to
warm tissues (Geiser 2004; but see discussion of passive rewarming below). In placental
mammals, brown adipose tissue provides high metabolic heat production for nonshivering
thermogenesis (Smalley and Dryer 1963; Smith and Hock 1963), while non-placentals
(monotremes and marsupials) and birds generate heat by shivering (Johnston 1971; Schmidt-
Nielsen 1987). Nonshivering thermogenesis has been reported to produce as much heat as
shivering in species that do both (Jansky 2008), but the energetic costs of brown fat consumption
compared to muscular activity required by shivering have yet to be compared. Differences in the
efficiency between these two processes may potentially lead to interspecific differences in
warming costs, which makes assumptions inaccurate for some species.

In contrast with active warming, our model assumed that entry into torpor was a passive process
— that is, cooling was driven by heat loss rather than active metabolic suppression (Snapp and
Heller 1981). Snapp and Heller (1981) observed that the rate of metabolism decreases in
response to temperature, i.e. the Quo effect, supports the hypothesis that most mammals passively
enter torpor. However, active metabolic inhibition (e.g. suppression of enzyme activity) may be
required for deep torpor (Geiser 2004, 2016). If active suppression is required for the cooling
phase to occur, then cooling rate would also be driven by the ability to inhibit metabolism rather
than just body size and thermal conductance. Due to the uncertainty behind when and in which
species metabolic inhibition occurs, we assumed passive cooling, and did not account for any
changes to metabolic rate. However, our model can be revised to include alterations to input
parameters (e.g. metabolic rate) if active suppression alters metabolic rate for a species of
interest.
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A common assumption used to predict the energetic cost of cooling may not represent cooling
cost of all hibernators due to interspecific variation in body size, thermal conductance, and Ta
exposure. We considered how mechanisms differed between the cooling and warming processes
and how these differences may lead to a mismatch between the assumed proportion and modeled
costs. We found that cooling rate scaled linearly with body mass and was a strong predictor of
overall cooling cost. Our model allows for generalization of energetic cost for multiple taxa
using species-specific physiological and morphometric parameters, and for predictions over
variable environmental conditions. Accurate predictions are especially important in the context
of wildlife conservation, as is the case with predicting the energetic effects of WNS on bat
species across North America.

Refinement of the hibernation energetic model

We captured 183 M. lucifugus over the capture periods of 2016 — 2018 (140 during fall, 43
during winter; Appendix A7; Table 12). There was minimal variation in hibernaculum
microclimate measured by the HOBO and iButton loggers within the hibernaculum (temperature:
mean = 4.80 + 0.60 °C, range = 2.77 — 5.68 °C; water vapor pressure deficit: mean = 0.11 + 0.26
kPa, range = 0.00 — 2.57 kPa) across winters. We found all bats roosting in the cathedral room,
where hibernaculum microclimate was stable throughout the winter (Ta = 4.8 °C, RH = 100%).
Activity decreased < 50 passes day-1 by mid-October (mean date among years 14 October) and
increased beyond 50 passes day-1 by mid-April (mean date among years 13 April). We therefore
concluded that hibernation duration in central Montana was 181 days.

Table 12. Morphometric and physiological data measured from Myotis lucifugus captured at a hibernaculum in
central Montana. N = sample size, TMR: mass-specific torpid metabolic rate, EWL: mass-specific evaporative water
loss.

Variable Value + SD N
Body mass (g) 8.30 £ 0.98 176
Fat mass (Q) 2.09+£0.74 65
Lean mass (Q) 4,56 £0.72 65
TMR (ml Oz g* h'h 0.03 +0.02 49
EWL (mg H20 gt h?) 0.93+0.60 49

Measured EWL from our respirometry procedures in dry air (0% relative humidity) ranged from
0.31t0 1.53 mg H20 h g (mean: 0.71 + 0.25 mg H.0 h* g 1) depending on temperature and
individual. Our model accurately predicted EWL for M. lucifugus in Montana (F161= 570.3, p-
value < 0.001, slope = 0.97 [0.89, 1.06]; Figure 27). Given the hibernaculum conditions
measured at the roosting location (Ta = 4.8 °C, RH = 100%), we predicted EWL from M.
lucifugus as 0.06 + 0.40 mg H.0 h* glin healthy bats. P. destructans had no impact on EWL
early in infection, but by late hibernation had increased EWL to 2.19 mg H.0 h't gL,

Our model accurately estimated torpor bout duration in captive bats infected with P. destructans

(F132=18.64, p-value = 0.0001, slope = 0.65 [0.43, 1.16]; Figure 27), but the estimates had a
wide variance and lacked precision (only 25% of the variation in the data was explained by the
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model). Without the inclusion of EWL, however, the model did not accurately describe torpor
bout duration (F1,32 = 0.40, p-value = 0.53, slope =-0.15 [-0.59, 0.30]) and did not describe
variation in the data (R? = 0.02). We therefore predicted torpor bout duration using our modified
model including EWL. For healthy bats, torpor bouts lasted 16.10 + 5.04 days within the
microclimate conditions of the hibernaculum at the field site (range: 4.54 — 18.3 days). Torpor
bouts ranged from < 1 day to 18.3 days (mean: 6.20 + 5.40 days) for bats infected with P.
destructans.

Our modified hibernation model accurately predicted mass loss in healthy wild bats (F147 =
74.38, p-value < 0.0001, slope = 0.87 [0.67, 1.07]; Figure 27). Though there was a lack of
individual metabolic rate and EWL data for the bats used in this validation procedure, our model
still explained 62% of the variation in the dataset. Our model was also more precise than the
hibernation model that lacked EWL, which was not accurate (F147 = 1.04, p-value = 0.84, slope
=-0.02 [-0.18, 0.15]) and described less than 1% of the variation in the data. Using the model
with EWL, the mean time until total fat exhaustion for healthy M. lucifugus predicted in the
hibernaculum microclimate conditions at our field site in Montana was 317.5 + 105.50 days at a
rate of 0.006 + 0.002 g day*. Bats were predicted to survive for over 360 days in the
microclimate selected for roosting (T.= 4.8 °C, RH = 100%). The shortest time until fat
exhaustion (176 days) was at the warmest temperature available in the hibernaculum (5.5 °C)
and lowest humidity (90%). Almost all other available microclimate conditions within the
hibernaculum (2 — 5 °C and > 90% RH) result in predicted hibernation duration greater than
winter duration (181 days).

Our sensitivity analysis revealed that fat loss was influenced by host-specific parameters,
including body mass, the proportions of body mass comprised of fat and lean mass, and
parameters that influenced EWL, including wing surface area and the area-specific rates of
cutaneous EWL (Figure 28). Model parameters that were most influential to survival were
physical traits that vary both within and among species. There was little effect of metabolic rate
during torpor or euthermia, nor time spent euthermic.
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Figure 27. Comparison of measured and modeled a) evaporative water loss (EWL), b) torpor bout duration, and ¢)

fat loss in Myotis lucifugus. EWL and fat loss were measured/modeled in healthy bats, while torpor bout duration

was measured/modeled in bats that were inoculated with Pseudogymnoascus destructans. Dashed lines represent
one-to-one line and solid lines represent fitted relationships with 95% confidence intervals (shaded blue).
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decrease in predicted time until fat exhaustion with an increase in parameter value.

We showed complete survival capacity (100% survival) in the entire microclimate space
inhabited by healthy M. lucifugus in a cave system in central Montana (Figure 29). The shortest
time until fat exhaustion (176 days) was at the warmest temperature available in the
hibernaculum (5.5 °C) and lowest humidity (90%). Almost all other available microclimate
conditions within the hibernaculum (2 — 5 °C and > 90% RH) result in predicted hibernation
duration greater than winter duration (181 days). Unfortunately, these hibernaculum
temperatures and predicted torpor bout durations are comparable to hibernacula inhabited by
highly impacted M. lucifugus populations in WNS-affected regions. Our results reflect these
trends, as almost all microclimate conditions available at our field site resulted in mortality for
infected bats, and suggest that M. lucifugus within the Montana cave system would be highly
impacted by WNS. Within the hibernaculum conditions available at our field site, we predicted a
higher and more variable rate of fat loss (range: 0.006 — 0.32 g day™*) for infected bats. However,
our model predicts a small window of microclimate space that would allow for survival, where
cooler temperatures and moderate humidity reduce fungal growth, resulting in longer torpor bout
duration and decreased arousal frequency. These results are consistent with observations of
WNS-affected bats roosting in colder temperatures compared to unaffected bats (Reeder et al.
2012; Storm et al. 2011).
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little brown bats (Myotis lucifugus) over a range of hibernaculum temperature (°C) and water vapor deficit (kPa)
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saturated at 0.50 kPa and cannot hold more water).

Our model supports the role of EWL as a driver of periodic arousals in hibernation, and
contributes to addressing one of the longest-standing questions in hibernation biology. It also
showcases how interactions between host and pathogen physiology, and the environment can
exacerbate or mitigate the costs of a disease. The model allows for species-specific
parameterization and interspecific variation in morphometrics, physiology, and roosting habitats,
suggesting that morphometric and physiological data from western bat species is needed. With
this modified hibernation energetics model, we now have the tool to assess the potential impact
of WNS on populations that have different hibernation behaviors than previously impacted
species.

Inter-species WNS survivorship estimates

Our application of hibernation modeling to empirical field data allows for the estimation of
survival from WNS across multiple species groups in varying hibernacula. We confirm our
predictions that hibernaculum water vapor deficit and body mass are strong predictors of
susceptibility to WNS. Species that are adapted to drier environments have higher survival than
those that are adapted to surviving in hibernacula at or near saturation. Saturated conditions,
though less energetically costly for healthy individuals, lead to greater fungal growth rates and
thus higher mortality, which suggests a trade-off between water conservation and fat
conservation in regards to WNS. There were species differences in survival during hibernation
with WNS predicted at our sampling sites (X? = 529.6, df = 8, p-value < 0.001, critical difference
=117.53). There were no differences in survival between M. velifer and E. fuscus (observed
difference = 90.10 days) nor M. velifer and C. townsendii (observed difference = 82.38 days). All
three species survived winter with WNS for most, if not all, of the modeled environmental
conditions (Figure 30). E. fuscus survived in all scenarios and contained enough fat to hibernate
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for an additional 120 days in hibernation past the predicted spring emergence date. M. velifer and
C. townsendii survived for most of the scenarios, but not all. Both species had enough fat to
survive an additional month in hibernation, on average. There was no difference in survival
among all small Myotis species, including M. ciliolabrum, M. evotis, M. lucifugus, M.
thysanodes, and M. volans. These five species were not predicted to survive in most of the
microclimate scenarios and model predictions showed mortality between 3 — 4 months of
hibernation. M. thysanodes had high mortality, but was predicted to survive in some
microclimate scenarios. P. subflavus had a wide range of survival across microclimate scenarios,
but on average, did not have enough fat to survive hibernation. There were no patterns of
differences in body mass, mass-specific torpid metabolic rate, mass-specific evaporative water
loss, or hibernaculum microclimate, as we predicted.
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Corynorhinus townsendii

Myotis velifer - t

Perimyotis subflavus b O

Myotis thysanodes -

Myolis volans
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Figure 30. Difference between predicted days until fat exhaustion and predicted winter duration (with standard
deviation error bars). All small Myotis species, including M. ciliolabrum, M. evotis, M. lucifugus, M.thysanodes, and
M. volans, did not exhibit differences in predicted survival at our measured sampling sites. Additionally, M. velifer
did not differ from Corynorhinus townsendii nor Eptesicus fuscus in predicted survival.

Hibernaculum temperature and water vapor deficit, mass-specific minimum torpid metabolic
rate, mass-specific evaporative water loss, and body mass explained 58% of the variation in
winter survival with WNS. Hibernaculum water vapor deficit explained more variation (9.0%)
than mass-specific evaporative water loss (1.5%) and thus the model with water vapor deficit
explained more overall variation in survival (adjusted R? = 0.89) compared to mass-specific
evaporative water loss (adjusted R? = 0.75) (Figure 31). Body mass (p-value = 0.004) and
hibernaculum water vapor deficit (p-value = 0.043) were the only significant predictors of the
probability of survival through hibernation with WNS. When assessing each covariate alone,
water vapor deficit (8.27%) and body mass (47.0%) explained over half of the variation in
survival, while the other covariates explained less than 4%. According to the estimated
parameter values, high humidity and smaller body mass resulted in decreased survival with
WNS.
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Figure 31. Predicted survival over hibernation with white-nose syndrome in response to a) hibernaculum
temperature (°C), b) hibernaculum water vapor deficit (kPa), and c) body mass (g) of nine species: Corynorhinus
townsendii (COTO), Eptesicus fuscus (EPFU), Myotis ciliolabrum (MY ClI), Myotis evotis (MYEV), Myotis
lucifugus (MYLU), Myotis thysanodes (MY TH), Myotis velifer (MYVE), Myotis volans (MYVO), and Perimyotis
subflavus (PESU).

The relationship between predicted survival and hibernaculum water vapor deficit demonstrates
how microclimate can mitigate WNS susceptibility. Our results are comparable to empirical
studies which associate population declines with humid environments. Suboptimal environments
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for fungal growth are potentially suboptimal environments for bat hibernation given bat
physiology and behavior.

Insights on winter duration and spatial variation in hibernation survival

Hibernation duration

The acoustics dataset provided 34 observations for the duration of hibernation across western
Canada. An additional seven observations were gleaned from literature and 11 research groups
provided observations of hibernation duration for M. lucifugus, providing estimations at 49
unique locations (Figure 8, Appendix A8). The top model for hibernation duration included
latitude (Northing), elevation (DEM), and the number of days in frost (Daystrost), but with only
the latter two variables identified as significant terms. Residuals were not significantly correlated
(Moran’s I: -0.0036, p-value = 0.354) and no spatial corrections were needed. Given we were
interested in prediction, we kept the model despite the non-significant, and co-linear terms. The
selected model outperformed the original a priori estimate of the duration of winter (Original,
AAIC 19.06; Hayman et al. 2016; Table 13). Median predicted hibernation duration was ~179
days (mean = 169.16, sd = 45.36). Maximum hibernation duration across the study extent was
estimated at ~289 days in the upper portions of Manitoba, Ontario, and Quebec, 45 days longer
than the longest observation in the training data (from Manitoba, Canada (Norquay and Willis
2014); Figure 32). Despite this 95% of all cells had a predicted hibernation duration below 225
days, and only 5% of cells predicted a duration below 80 days.

100



60°N -

50°N A

40°N +

30°N -

140°W 120°W 100°W 80°W

Predicted _
Duration
Wnter 50 100 150 200 250
(Days)

Figure 32. Predicted hibernation duration across temperate North America for Myotis lucifugus. Maximum
hibernation duration (289 days) was predicted in the northern reaches of Manitoba, Ontario, and Quebec Canada.
The central 95% of all values fell between 80 — 224 days.

Body mass

There was no statistical difference in pre-hibernation lean body mass between any of the
populations sampled with the QMR as seen in Figure 33. As such, any spatial variation in body
mass is likely due to differences in body fat. Pre-hibernation fat stores were strongly related to
body mass (fat mass = -2.839 + 0.597 x body mass; F1171 = 826.7, p-value = < 0.001, adjusted R?
= 0.8276; Figure 33).
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Figure 33. Body fat and mass data comparison for Myotis lucifugus. Top left: Comparison of lean body mass by
state. Top right: Linear relationship between body fat and body mass. Each point represents an individual bat and
colors indicate the state each record originated from. Bottom left: Predicted mass of M. lucifugus across the species’
distribution. Bottom right: Predicted pre-hibernation body fat resources resulting from the application of the linear
relationship between fat mass and body mass.

We obtained 47 observations of pre-hibernation body mass (Appendix A9) representing 43
unique cell locations and one outlier observation was removed from further analysis, leaving 42
locations. The top performing model included latitude (Northing) and the number of days below
freezing (Daystreeze), although the model including latitude, number of annual days below
freezing, and elevation performed similarly (AAIC < 2; Table 13). Across the distribution of M.
lucifugus, the median predicted pre-hibernation body mass was 8.65 g (mean =9.14 g, sd = 1.84
g) and 95% of the cells predicted values between 7.04 g — 12.52 g. Median pre-hibernation fat
stores were predicted at 2.32 g (mean = 2.61 g, sd = 1.10 g) with 95% of cells predicting
available fat available ranging between 1.36 g and 4.63 g.

Localized clines in body size and body mass of M. lucifugus have previously been recorded
(Lacki et al. 2015; Lausen et al. 2008). However, when we compare more detailed metrics of
body composition, lean mass, and body fat content, these clines are better understood: the lean
mass of bats generally stays consistent while the difference in body mass is due to increases in
fat. Our model selection suggests that variation in the duration of winter hibernation may in part
drive variation in both body mass and fat stores across the range of the species. The relationships
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between mass (and thus fat) and latitude and days below freezing also suggest stronger selection
pressure for heavier bats in more extreme conditions. While still useful, the relationship between
the selected abiotic variables and body mass of bats showed strong spatial autocorrelations
among residuals, and there may be additional continental scale drivers or local determinants not
investigated in this study.

The scaling relationship identified between pre-hibernation fat stores and body mass is a
departure from the fixed 30% value used in previous energetic modeling studies (Hayman et al.
2016; Humphries et al. 2002), and is supported by contemporary findings (Cheng et al. 2019).
More localized body mass — body fat relationships may exist, yet without increased data
resolution, drivers of the true relationship will remain difficult to assess. Here we assumed bats
did not forage during hibernation, but some bats (primarily from southern hibernacula) have been
known to forage over winter (Thomas and Cloutier 1992). Without data, we were required to
assume bats relied exclusively on pre-hibernation fat stores.

Table 13. Model selection by AIC for alternative spatial models. Terms included degrees of latitude North
(Northing), elevation as represented by a digital elevation model (DEM), number of days in frost per year (DaySsrost),
number of days below freezing during a year (Daysireeze), the number of days outside of the growing season
(Daysngrow), and the original a priori estimate from Hayman et al. 2016 (Original). Best model values are underlined
and is the difference between the respective model and the corresponding top model (underlined).

Hibernation Duration Body Mass
Covariate Structure AlCc AAIC AlCc AAIC
DEM 523.01 33.72 172.73 10.16
Northing 515.44 26.16 172.24 9.67
DaySfrost 490.02 0.73 164.22 1.66
DayStreeze 507.77 18.48 168.58 6.02
DaySngrow 494,90 5.61 163.59 1.03
Original 508.35 19.06 167.46 4.89
Northing + DEM 514.68 25.39 174.67 12.11
Northing + DaySsrost 491.46 2.18 166.65 4.08
Northing + DaySreeze 509.83 20.55 169.85 7.28
Northing + DaySngrow 497.05 7.76 162.57 0.00
Northing + Original 510.36 21.07 167.97 5.40
Northing + DEM + DayStrost 489.29 0.00 164.78 221
Northing + DEM + DayStreeze 511.95 22.67 168.05 5.48
Northing + DEM + DaySngrow ~ 499.17 9.88 164.32 1.76
Northing + DEM + Original 512.59 23.30 167.63 5.07

Overwinter hibernation survival

Overall, our energetic model predicted nearly ubiquitous survival of uninfected bats throughout
the range of M. lucifugus with < 0.0001% of cells falling below the threshold for survival. Our
results found that 95% of all uninfected bats roosting at 4 “C and 98% relative humidity during
hibernation would only require 0.21 — 0.60 g of fat to survive the duration of hibernation (median
=0.48, mean = 0.45 g, sd = 0.12). When considering the amount of fat that bats were taking into
hibernation this meant that the median bat emerged with 1.85 g of body fat remaining (mean =
2.16 g, sd = 1.01 g) and the heaviest 95" percentile of bats had up to 4.05 g of fat remaining.
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Considering these residual fat values in the terms of days spent in hibernation, the median bat
would have sufficient fat resources to survive an additional 181 days (mean = 190.83 days, sd =
45.35 days) and those bats with < 4 g of fat remaining could be capable of surviving another 280
days in those optimal roosting conditions.

When P. destructans infection was included into the optimal roosting conditions, the median
value of fat required to survive hibernation was increased by 0.72 g to 1.21 g (mean = 1.16 g, sd
= 0.45) and the residual fat values dropped to a median of 1.22 g (mean = 1.45 g, sd = 0.76). In
total 95% of bats were predicted to emerge with between 0.61 — 2.93 g of fat remaining after the
duration of hibernation. Translating the fat values into days, the median value was reduced ~135
days to 45.63 days (mean = 55.41 days, sd = 45.35 days). Mortality of bats prior to the end of
the hibernation period was predicted in 4.82% of the cells where the survival capacity of
hibernating bats fell below zero and are visible in the northeastern provinces of Canada (Figure
34).
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Figure 34. Top row: Predicted survival capacity for Myotis lucifugus hibernating at 4 °C and 98% relative humidity.
Survival capacity (in days) is calculated by subtracting the maximal days in hibernation that an individual can
tolerate based upon prehibernation fat stores from the predicted duration of winter. Positive values (purple) suggest
that bats will likely survive the duration of hibernation under those conditions for the duration of winter while values
below 0 imply that the fat stores were insufficient for survival. Uninfected bats are on the left, and bats infected with
Pseudogymnoascus destructans are on the right. Bottom: Relative increase (%) in fat used over a predicted
hibernation period when infected with P. destructans compared with healthy bats.

The majority of the predicted best available subterranean hibernacula were expected to have
available temperatures at or above 4 °C. Despite this, 32.64% of cells fell below that
temperature, and 6.44% of cells fell below the lower critical temperature of 2 °C that M.
lucifugus defends during hibernation (Figure 35).
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Figure 35. Predicted best available roosting temperatures. Left, yellow pixels indicate areas where the best available
temperature is below 4 °C. Right, yellow pixels indicate where temperatures were predicted to be below 2 °C.

Despite these lower than optimal temperatures, M. lucifugus was predicted to survive across
most of its distribution with only 0.5% of cells predicted to fall below the survival threshold,
primarily around Denali National Park in Alaska. Median fat required to survive hibernation as
an uninfected bat dropped 0.71 g to 1.11 g (mean = 1.41 g, sd = 0.93) with a nearly identical
95% interior range. When including infection with P. destructans, the hibernation energetics
model predicted the median fat required for hibernation increased 0.72 g to 1.21 g, (mean = 1.20
g, sd = 0.40 g). Similar to optimal roosting conditions infection resulted in 4.74% of cells falling
below the survival threshold, although the geographic distribution of where mortality is likely to

occur was different as highlighted in Figure 36.
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Figure 36. Top row: Predicted survival capacity for Myotis lucifugus hibernating at the best available temperature
predicted to exist in caves or mines and 98% relative humidity. Survival capacity (in days) is calculated by
subtracting the maximal days in hibernation that an individual can tolerate based upon pre-hibernation fat stores
from the predicted duration of winter. Positive values (purple) suggest that bats will likely survive the duration of
hibernation under those conditions for the duration of winter while values below 0 imply that the fat stores were
insufficient for survival. Uninfected bats are on the left, and bats infected with Pseudogymnoascus destructans are
on the right. Bottom: Relative increase (%) in fat stores used over a predicted hibernation period when infected with
P. destructans compared with healthy bats when hibernating at the best available temperature predicted to occur
within caves and mines and 98% relative humidity.

While neither of the considered hibernation conditions predict large areas to drop below the
survival threshold, the increased percent of fat needed to hibernate with P. destructans highlights
the metabolic consequences of infection. At 4 °C and 98% relative humidity, bats were predicted
to expend a median of 154% more body fat resources to hibernate while infected for the same
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duration of winter (Appendix A14). Overall, 95% of infected bats are predicted to increase their
metabolic expenditure between ~66% and 195% compared to their healthy counterparts.
Hibernating at the predicted best available temperature suggested similar increases in the energy
expended, however again the geographic distribution of where the greatest increases occurred
were different than those observed under static conditions.

Discussion on winter duration

Here we examined the spatial variation in hibernation duration across North America, created
estimates of the fat stores bats take into the hibernation period, and applied an updated model of
hibernation energetics (Haase et al. 2019b) to estimate the overwinter fat necessary for M.
lucifugus to survive the duration of hibernation. By comparing the required fat and the fat
available, we were able to predict survival of M. lucifugus across its distribution for two different
ecological situations; one in which bats roost within their most preferred conditions, and one in
which they roost in the best conditions predicted to be available. Finally, we modeled the
possible impact of P. destructans infection, in particular to understand the implications for
western M. lucifugus populations where bats have yet to be impacted by WNS.

Winter hibernation duration is a key determinant of the overwintering survival for any
hibernating species. While local variation in winter onset due to unique landscape features may
create refugia where bats may persist later than or emerge from hibernation earlier than average,
the lack of any previous broad-scale estimates for this critical variable highlights the need for
this study. Prior work (Hayman et al. 2016; Humphries et al. 2002) had defined the hibernation
period a priori as the yearly number of nights with a mean nightly temperature below freezing.
Our results suggest that substantial improvements in the estimation of hibernation duration can
be made by including elevation, latitude, and the number of days with frost. The number of days
of frost, rather than the number of days freezing, and the counter-intuitive negative coefficients
for both Northing (-0.45) and DEM (-0.04) in the model suggest that there is more nuance to the
relationship between bats and low temperatures than currently understood. Our model is
potentially biased in part by the over-representation of Canadian data, low elevation sites, and
the collinearity of elevation and latitude with other explanatory variables. Notably, however,
when included in univariate models, the coefficient signs regress as expected with the
coefficients increasing with latitude and elevation; yet the univariate models do not predict
hibernation duration as well and had higher AIC scores. Because we were interested in
prediction, we kept the best model by AIC, but clearly more work is required to understand what
predicts overwinter duration in bats. Also, there were few estimates of hibernation duration from
the western-most states and the more southern latitudes within the species’ distribution. These
factors likely impacted model results in unpredictable ways and highlights the need for
additional data collection.

Species such as M. lucifugus may not hibernate across their broadest summer distribution, but
likely rather seek out locations with more favorable conditions to overwinter. The maximum
winter hibernation duration predicted within the JUCN distribution of M. lucifugus was a month
and a half longer than the longest observation within our dataset and this did not consider the
portion of the species’ distribution that extended into the Arctic Circle. In all probability, bats
likely do not overwinter within these regions for multiple reasons. First, while our survival
models predict that an uninfected bat could survive the longest predicted hibernation winter
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duration, the necessary roosting microclimate conditions may not exist on the landscape
(McClure et al. 2020). A series of complex interactions between surface features (e.g., slope,
aspect, elevation, suitable crevices) or cave features (e.g., number of entrances, air flow, depth)
ultimately define when and where suitable hibernacula conditions exist for hibernation (Perry
2013; McClure et al. 2020). These site level determinants of microclimate conditions make it
difficult to define a relationship between landscape-level features and the available subterranean
conditions and create challenges in attempting to predict where suitable hibernacula conditions
exist (Perry 2013; McClure et al. 2020). Despite this, our use of modeled subterranean
temperatures offers an improvement over assuming either static optimal conditions or MAST
used in Hayman et al. 2016. Second, and perhaps more importantly, regions where extended
winters reduce the summer active period to < 100 days likely create significant challenges to
reproductive success. With a gestation period of ~60 days (O’Farrrell and Studier 1973; Kurta et
al. 1989), a female bat would be hard pressed to gestate, nurse, and wean young, while still
allowing the young of the year time to fatten sufficiently to survive such an extended hibernation
period. These results highlight the fact that only a subset of summer distributions may be suitable
for overwinter survival, an idea rarely considered in the definition of bat species’ distributions.

Localized clines in body size and body mass of M. lucifugus have previously been recorded
(Lacki et al. 2015; Lausen et al. 2008). However, when we compare more detailed metrics of
body composition, lean mass, and body fat content, these clines are better understood: the lean
mass of bats generally stays consistent while the difference in body mass is due to increases in
fat. Our model selection suggests that variation in the duration of winter hibernation may in part
drive variation in both body mass and fat stores across the range of the species. The relationships
between mass (and thus fat) and latitude and days below freezing also suggest stronger selection
pressure for heavier bats in more extreme conditions. While still useful, the relationship between
the selected abiotic variables and body mass of bats showed strong spatial autocorrelations
among residuals, and there may be additional continental scale drivers or local determinants not
investigated in this study.

The scaling relationship identified between pre-hibernation fat stores and body mass is a
departure from the fixed 30% value used in previous energetic modeling studies (Hayman et al.
2016; Humphries et al. 2002), and is supported by contemporary findings (Cheng et al. 2019).
More localized body mass — body fat relationships may exist, yet without increased data
resolution, drivers of the true relationship will remain difficult to assess. Here we assumed bats
did not forage during hibernation, but some bats (primarily from southern hibernacula) have been
known to forage over winter (Thomas and Cloutier 1992). Without data, we were required to
assume bats relied exclusively on pre-hibernation fat stores.

For our modelled roost conditions, virtually all uninfected M. lucifugus were capable of
surviving the estimated duration of winter. Observed rates of survival among uninfected
overwintering bats is high (Boyles and Brack 2009) and bats are likely capable of overwintering
across most of their summer distribution where suitable hibernacula exist. These results are an
improvement over previous models which did not predict survival where hibernation duration
was greater than six months (Hayman et al. 2016) despite our prediction that some 51% of the
study extent may experience winters longer than that. In previous models, roosting microclimatic
space was derived exclusively from surface metrics (i.e., MAST and relative humidity). Our use
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of a static, optimal roosting scenario served as a baseline for a best available temperature
scenario which provided more biologically relevant conditions for M. lucifugus as bats have been
known to preferentially roost in these conditions when available (Haase et al. 2019a; CLL,
unpublished data; Thomas and Cloutier 1992). In areas where WNS has devastated hibernating
colonies of M. lucifugus, available microclimates are often warmer with temperatures reaching
10 °C (Perry 2013), which has a significant impact on energy expenditure during hibernation
(Figure 37). Despite this, our predictions for overwinter survival using estimates of the best
roosting temperatures available suggest that survival may still be possible, provided that bats use
the coldest areas within the cave or mine system. In a rare ray of hope, all of the hibernation
temperatures that we recorded in the West were well below the 10 ‘C mark, with hibernating M.
lucifugus in northeastern Alberta and Northwest Territories roosting at ~2°C and 100% relative
humidity (CLL, unpublished data). While the high relative humidity is generally beneficial to the
growth of P. destructans (and thereby a promoter of WNS pathology), the cooler temperatures
may slow fungal growth in comparison to the warmer roosts of the eastern United States.
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Figure 37. Rate of energy expenditure at various roosting conditions for Myotis lucifugus. Each panel is a unique
temperature (°C), and relative humidity is depicted by line color. Infectious status is denoted by line type with solid
lines representing uninfected bats and dashed lines represent bats infected with Pseudogymnoascus destructans.

Our model predicted uninfected bats to emerge from hibernation with remaining fat quantities far
greater than the amount of fat thought to be needed to hibernate for the entire duration of winter.
Some of this may be an artifact of our modeling, as we may be missing additional energetic costs
such as flight during the arousal periods or sex-related differences, and we do not model
deviance from the most optimal arousal patterns that can result from arousals of individuals
sharing the hibernacula (neighbor-initiated arousals; Czenze et al. 2017; Hayman et al. 2017;
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Jonasson and Willis 2012; Turner et al. 2015). Alternatively, remaining fat stores may be
retained as a buffer against adverse abiotic conditions experienced after emergence, especially
among females that undergo pregnancy immediately upon exit from hibernation (Czenze et al.
2017; Johnson et al. 2017) and whose reproductive success stands to benefit from a longer
growing season. Early emergence would provide a selective advantage to the young of the year,
as even one or two extra weeks foraging on the landscape could increase fat stores, making them
more prepared for hibernation (Reynolds and Kunz 2000). As of yet, little is known about the
energetic demands of the emergent bats as they return to the landscape, and accurate
parameterization of this factor could significantly change our definition of survival capacity and
increase our estimates of WNS-related mortality.

Modeled hibernation survival predictions of bats infected with P. destructans at either 4 °C and
98% relative humidity or using the best available temperature do not match observations from
the eastern United States where mass mortality events have occurred due to WNS (Blehert et al.
2009; Frick et al. 2010, 2015). While our analysis did demonstrate infection with P. destructans
dramatically increases the amount of energy expended during hibernation, nearly 95% of all cells
analyzed predicted survival despite infection. Interestingly, however, the areas with the greatest
increase in hibernation energy expenditure using the best available temperature were much more
in line with regions where bat populations have experienced the greatest mortality.

Irrespective of the absolute values for survival predicted within this work, our modeling predicts
that western M. lucifugus populations, especially those along the Rocky Mountains, Alberta,
British Columbia, and Alaska will require similar increases in energetic expenditure when
affected by WNS as the eastern populations. Thereby, if the increase in energy expenditure
results in the same pattern of mortality, M. lucifugus populations in the West may be expected to
suffer mortality events similar to those experienced in eastern populations (Frick et al. 2010,
2015). The long duration winters, especially in northern British Columbia, northern Alberta,
Alaska, Yukon, Northwest Territories, and portions of the Rocky Mountains, may result in
severe WNS-associated pathology and disruption to hibernation physiology, although use of cool
available hibernacula microclimates in some of these areas may slow fungal growth (Reeder et
al. 2012; Verant et al. 2014); identifying and describing roosting microclimates in these areas
will allow for better predictive models at a regional scale. Some northern hibernacula may
provide a refugia for M. lucifugus infected with WNS, but to better determine this, microclimate
availability needs to be known, and spring energy requirements quantified. For example, if
gleaning of arthropod prey in spring is typically required for successful reproduction in northern
latitude M. lucifugus (Kaupas and Barclay 2018; Talerico, 2008), then this extra energy
expenditure associated with gleaning (Norberg and Rayner 1987) may require additional fat
stores and WNS-related mortality rate may in fact be higher than predicted. Additionally, even if
WNS related mortality is not directly observed, reproductive success may decline resulting in
more long-term population decline.

The outputs of the energetic model that we applied are sensitive to a number of parameters and
assumptions (Haase et al. 2019b). The hibernation energetic model is largely derived from first
principles and deviations in parameters, especially those defining the frequency or duration of
arousal (cluster-based arousal, partial arousals, disturbances, etc. Carey 1993) or increasing these
costs (e.g. increased number of mid-winter flights or disease pathophysiology), have the
potential to alter the amount of resources required to survive hibernation. Roost microclimates
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are important to survival predictions and impact bat energetic and fungal growth dynamics
(Marroquin et al. 2017), and further study is required to understand how relative humidity may
vary across the landscape and within hibernacula. Additionally, western bats hibernate
differently than eastern populations with more solitary hibernators as opposed to the large
hibernation colonies that were frequent in the East prior to the arrival of WNS (Langwig et al.
2012; Speakman and Thomas 2003). Arousals account for > 90% of total energy expended
during the hibernation period, and the lower probability of neighbor-initiated arousals in the
West may play a significant role in reducing the disruption of hibernation physiology among
western populations (Czenze et al. 2013).

Overall, this work represents an effort to iteratively refine both individual and landscape models
of bat hibernation physiology and the impacts of WNS on bat populations. By specifically
addressing the spatial heterogeneity of both abiotic phenomena and host traits, we offer some of
the most detailed predictions for the potential impacts of WNS on M. lucifugus as P. destructans
continues to spread through western North America.

Cave and mine microclimate estimation

Surface-subterranean temperature relationships

The final inferential model is summarized in Table 14. Elevation and snowpack were dropped
from the model due to high collinearity with MAST. MAST and distance from site entrance were
the most important predictors of subterranean temperatures, followed by whether the site was a
cave or a mine. As predicted, we observed a positive relationship between MAST and
subterranean temperature, such that an increase of 1 standard deviation (2.82 °C) in MAST
corresponded to a 1.67 °C increase in subterranean temperature (95% CI: 0.785 — 2.55).
Similarly, subterranean temperatures increased with distance from site entrances, such that an
increase of 1 standard deviation (53.4 m) in distance from the site entrance corresponded to a
1.62 °C increase in temperature (95% CI: 1.16 — 2.08). However, these positive effects of MAST
and distance from site entrance on subterranean temperature were not strictly additive, as
suggested by a negative interaction term (-0.32 °C; 95% CI: -0.970 — 0.327), though the
confidence interval on this estimate did include zero. After controlling for these influences,
mines tended to be warmer than caves (by 3.08 °C; 95% ClI: 1.22 — 4.94). Other landscape
predictors, such as elevation, topographic position, and solar insolation, had less discernible
effects on subterranean cave temperatures as evidenced by lower variable importance, smaller
standardized coefficients, and confidence intervals that spanned zero.

Table 14. Summary of the inferential model, including model-averaged coefficient estimates (on standardized scale),
unconditional standard errors (SE), 95% confidence intervals (CI), and cumulative AIC weights for predictors used
to estimate subterranean temperatures.

Parameter Estimate  SE 95% CI AIC weight
Intercept 2.75 0.612 1.555 3.955 --
Distance from entrance 1.62 0.236 1.159 2.083 1.00
MAST 1.67 0.451 0.785 2.553 1.00
Site Type (Mine) 3.08 0.949 1.216 4.936 1.00
MAST * Distance from entrance  -0.32 0.331 -0.970 0.327 0.64
Solar Insolation 0.14 0.316 -0.478 0.761 0.36
Snow Days 0.18 0.407 -0.619 0.975 0.35
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Percent Tree -0.09 0.285 -0.646 0.470 0.30
Multiscale TPI 0.10 0.301 -0.490 0.691 0.30
Groundwater Depth -0.07  0.297 -0.657 0.508 0.28

ANOVA model comparisons indicated that inclusion of random intercept terms for loggers
nested within sites, as well as distance from entrance as a covariance parameter, was warranted
(Table 15). This parameter’s coefficient, estimated as -0.614 in the top-ranked model, indicated
that as predicted, variance in observed subterranean temperature decreased with increasing
distance from site entrances. The top-ranked model was 56.8 AIC units better (i.e., lower) than a
null model containing random intercept terms for loggers nested within sites and exponential
covariance structure, but was 86022.6 AIC units better than a null model with no random effects
or covariance structure. These results suggest that the fixed effects of MAST, distance from site
entrance, and other site characteristics approximated the data well; however, explicitly
accounting for residual spatial structure in the data dramatically improved model performance.

Table 15. Results of ANOVA model comparisons assessing the need for inclusion of random intercepts and
covariance structure.

Comparison Purpose dAIC likelihood ratio p-value
fixed + random effects Test need for random 46472.0 46476.0 <0.0001
vs. fixed effects effects

fixed + random effects + Test need for 26718.1 26720.1 <0.0001

covariance structure vs. fixed + covariance structure
random effects

fixed + random effects + Test overall model 86022.6 86036.6 <0.0001
covariance structure vs. null performance

model

fixed + random effects + Test contribution of 56.8 64.8 <0.0001

covariance structure vs. random fixed effects
effects + covariance structure

Mapping predicted available temperature ranges

By applying the inferential model to predictor values at each 1-km raster cell across western
North America, we mapped mean winter temperatures predicted to be available in caves and
mines if such features exist at any given site, at distances of 10 m and 100 m from site entrances
as bracketing examples (Figure 38); species tolerant of temperature fluctuations can be found as
close as 10 m to site entrances (e.g., C. townsendii; C. Lausen, pers. comm.), whereas 100 m is
representative of the stable dark zone selected by many species for hibernation (McClure et al.
Forthcoming). We also mapped MAST across the same extent for comparison (Figure 38 e).
These maps reiterate that predicted mine temperatures are warmer than predicted cave
temperatures at a given distance from the site entrance and that for a given site type (cave or
mine), temperatures were warmer with increasing distance from site entrance. We also show that
modeled temperatures were more moderate than MAST; they were warmer than MAST in cold
regions, and colder than MAST in warm regions.
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Figure 38. Maps of model-predicted subterranean temperatures 100 m into a) caves and b) mines; 10 m into c¢) caves
and d) mines; and predicted by e) MAST alone.
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To relate these maps back to vespertilionid bat hibernation, we masked areas where mean
temperatures of 2 — 10 °C are not predicted to be found anywhere between 50 m and 100 m from
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the site entrance (where bats other than C. townsendii typically hibernate; C. Lausen, pers.
comm.), again comparing these ‘hibernation-suitable windows’ to those predicted based solely
on MAST (Figure 39). We show considerably broader windows of potentially suitable
hibernation conditions using our model of subterranean temperature compared to that
approximated by MAST. Notably, our model more frequently predicts suitable conditions at
known hibernacula in Alberta and Texas that MAST alone would predict to be unsuitable (Figure
40). Similarly, our model consistently predicts conditions within and centered on the range of
hibernaculum temperatures tolerated by M. lucifugus as reported in the literature at sites where
M. lucifugus has been observed in winter (Figure 41; Tables 4 — 5).

a) Cave, 50 - 100m % b) Mine, 50 - 100m

Predicted subterranean temperature

10°C

2°C

- No suitable (2-10°C)
hibernation temperature

ch

c) MAST

500km N

Figure 39. Model-predicted windows of hibernation-suitable temperatures (2 — 10 °C) for a) caves (50 — 100 m) and

b) mines (50 —100 m), and predicted by c) MAST alone. These maps illustrate the performance of the models
compared to MAST alone. Parameterizing the model with species- or guild-specific hibernation information
provides an estimate of region-wide potential suitability of hibernaculum conditions under present or future climate.
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Figure 40. Density of model-predicted temperatures for caves (green) and mines (blue) and MAST (pink) at known
hibernacula in a) Alberta and b) Texas. The estimated range of suitable hibernation temperatures for most

vespertilionid bats (2 — 10°C) is shown in gray.
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Figure 41. Density of model-predicted temperatures for caves (green) and mines (blue) and MAST (pink) at winter
occurrence locations of Myotis lucifugus. The range of hibernation temperatures tolerated by M. lucifugus estimated
from published literature is shown in gray, along with the median of the distribution (solid line) and interquartile
range (dashed lines).

Discussion of cave and microclimate estimation

The central aim of this study was to quantitatively test the qualitative relationships between
subterranean temperature, MAST, and site attributes presented by Perry (2013), using what is to
our knowledge the largest set of available cave microclimate data compiled to date. We
confirmed that although MAST is a strong determinant of subterranean temperature, MAST
alone is a fairly poor direct proxy for ambient temperature of caves and mines. Caves, in
particular, tended to be colder in winter than MAST would suggest, and temperatures deviated
more from MAST as one approaches cave and mine entrances, becoming both colder and more
variable. This has important implications when estimating the conditions likely to be experienced
by hibernating bats in a given location. MAST is often used as a proxy for subterranean
temperature in the absence of ground-based data (e.g., Grieneisen 2011; Hayman et al. 2016).
Our results demonstrate that better estimates of ambient subterranean temperatures can be made
by accounting for site type (cave vs. mine), distance from site entrance, and other landscape
attributes that tend to drive subterranean temperatures below MAST. This holds despite
inescapable variability around predicted means due to aspects of site configuration, such as
number of entrances that would modulate airflow, that could not be accounted for here.

Many site attributes discussed by Perry (2013) had little or no detectable effect on cave and mine
temperatures in our compiled dataset. Our failure to detect these relationships may have been due
to any effects of surface-level landscape attributes (i.e., topography, vegetation, snow cover)
dampening with greater distances from site entrances. Our ability to detect these relationships
may also have been obscured by noise in the data resulting from the coarse resolution of
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remotely-sensed metrics (i.e., 30-m to 1-km) and/or spatial error in reported site locations,
although any such noise is likely minimal relative to real variation in subterranean temperatures
within and among sites. This natural variability is likely driven by variability in site
configuration attributes (e.g., cave size, number and orientation of entrances, placement of
loggers on walls vs. in crevices) that were generally not recorded or reported in the datasets
available to us.

Our analysis focused on estimation of subterranean temperature, but temperature is only one
determinant of suitable subterranean conditions. It has been widely hypothesized that
hibernaculum humidity impacts the hibernation physiology of bats (Willis et al. 2011; McGuire
et al. 2017), as well as habitat suitability for other subterranean species. Thus, a location that
exhibits a suitable temperature regime may not be usable for some bat species that require high
humidity to hibernate normally, which includes numerous species under threat from WNS
(Langwig et al. 2012). However, it is likely that hibernating bats adaptively use high-humidity
micro-refugia inside hibernacula (e.g., crevices, blind adits) to avoid otherwise excessively dry
conditions, thereby increasing the suitability of a site through fine-scale selection of structure and
substrate. Hibernacula that contain water, whether standing, flowing, or seeping, are also more
likely to offer sufficiently humid conditions. Humidity is also a critical determinant of suitable
conditions for growth of P. destructans (Marroquin et al. 2017) and the severity of its
physiological effects on hibernating bats (Cryan et al. 2010). Consequently, it is important for
future monitoring efforts to reliably record humidity and for future analyses to estimate how
subterranean humidity may vary with surface conditions and site attributes as the present study
has done for temperature, although this may prove an unavoidably difficult task as current
loggers saturate and fail in the high-humidity conditions of most hibernacula.

Our model enables prediction of mean ambient winter temperature expected to be available at
any given location and distance into a cave or mine, should such a feature exist. Together with
knowledge about the locations and conditions within hibernacula that bats tend to select, we can
approximate the mean conditions experienced during hibernation and where suitable conditions
are likely to occur. However, we do not recommend application of the model at the individual
site level. Given the limited nature of the available data, the model is intended for use in
understanding general patterns and predicting over broad geographic extents. Although the
model outperforms MAST alone for predicting ambient hibernaculum temperatures, it remains a
coarse estimate that should be treated as a hypothesis to be further tested and refined as
additional data become available. Cave microclimates are complex over space and time, as is
selection of microclimate conditions by bats during hibernation. Cave and mine attributes, such
as the number and orientation of entrances, amount of airflow, whether the site includes refugia
from microclimatic variation (e.g., rock crevices or blind adits), as well as how hibernating
animals dynamically use these features (i.e., by moving among different locations within a
hibernaculum throughout the winter) will influence the suitability of a site on a finer scale than
our model can resolve. Some bat species (e.g., M. lucifugus) require hibernacula with highly
stable microclimates (Thomas and Cloutier 1992), whereas other species (e.g., E. fuscus) tolerate
a wider range of or more variable microclimates (Klig-Baerwald and Brigham 2017). Intra-
specific temperature preference and tolerance may vary geographically (Klig-Baerwald and
Brigham 2017) and may also depend on whether hibernating bats are solitary or clustered
(Langwig et al. 2012; Boratynski et al. 2015). These factors may contribute to selection of
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hibernacula depending more on the specific morphology of the site that governs temperature
variability than on average ambient temperature.

Despite these considerations, we suggest that our approach is the best available given the data,
offering a clear improvement over MAST as a simple proxy for understanding the relationship
between surface and subterranean conditions at this scale. Furthermore, our model’s ability to
predict a range of mean available temperatures over a range of distances from site entrances may
more reasonably capture the range of temperatures resulting from the complexity described
above in habitat selection and hibernaculum use than MAST alone. MAST has been used widely
as a proxy for subterranean temperature, e.g., to estimate susceptibility of M. lucifugus to WNS
(Grieneisen 2011) and to predict duration of winter survivorship given species-specific
physiology and exposure to WNS (Hayman et al. 2016). Our model offers a refinement to this
generalization that we suggest can improve inference and prediction in similar future studies. We
also suggest that the more feasible hibernaculum temperatures predicted by our model can aid
prediction of species occurrence in a given region should a sufficiently deep cave or mine exist.
Our model may also be applied to smaller, shallower features used by some species as
hibernacula (e.g., crevices and depressions) by assuming a minimal distance from site entrance,
though results of this application should be interpreted with caution because the model was not
informed by data from these types of features. Although predicted hibernation-suitable windows
(e.g., Figure 39) are likely to be geographically broad for many species, these could be further
refined by, e.g., karst, known mine locations, or other landscape attributes of known importance
to a focal species to help target survey and monitoring efforts for potential hibernacula.

We strongly recommend that future monitoring efforts and field studies of subterranean
microclimate record not only temperature and humidity at multiple sites and at multiple positions
within a given cave or mine, but also record site attributes (e.g., distance from entrance, number
of entrances, presence of water, airflow, etc.) in a standardized manner. This would enable future
analyses to improve understanding of surface-subterranean relationships and to more fully
account for the influence of site characteristics when estimating microclimate conditions. Spatial
predictions of suitable hibernaculum conditions would also be improved by integrating both
temperature and humidity and their relationships with surface conditions and site attributes. In
turn, the combination of estimated temperature and humidity ranges for a given potential
hibernaculum would better support prediction of P. destructans impacts on the bat species that
may occur there. And although the present study has focused on estimating hibernaculum
conditions for bats, we expect this information to have important applications to other cave fauna
that are poorly understood and far understudied relative to bats but that may be highly dependent
on particular subterranean conditions to persist (Mammola et al. 2019).

Our study offers an improved understanding of the determinants of subterranean climate and an
improved ability to predict subterranean temperatures. We suggest that further refinement can be
achieved by more standardized collection of cave and mine attribute data that may influence
subterranean climate, and that similar assessments of patterns in humidity are needed to more
fully understand and predict subterranean conditions for cave dwelling organisms. This
information has the potential to improve understanding of the distributions and unique habitat
needs of not only hibernating bats, but also a variety of poorly studied cave-obligate species,
many of which are rare and endemic. Furthermore, we suggest that a quantitative understanding
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of the link between surface and subterranean climate can help researchers and managers to better
anticipate and plan for the impacts of future climate change on subterranean environments and
the species they support, as well as how changes in climate may impact disease spread (see
section ‘Impacts of climate change on bats and WNS’). Although we have focused on the
importance of subterranean climate for bat hibernaculum suitability in western North America,
with implications for the severity of WNS impacts as the disease spreads through this region, our
approach and findings are applicable to subterranean environments in other temperate regions
and to the wide range of organisms that depend on them.

Bat species distribution models

After filtering the compiled dataset to unique winter locations, an average of 240 presence
locations per species (range: 72 — 450) were available to fit SDMs (Table 6; McClure et al. In
Review). Of the neighborhood sizes compared, moderate to large neighborhoods (5-km, 25-km
diameter) tended to capture the scale at which bats responded to landscape attributes better than a
small neighborhood (500-m), but scale of selection for each attribute varied among species
(Appendix A16). Sampling landscape predictors at finer resolution (1-km) tended to produce
stronger relationships with bat occurrence than coarse-resolution sampling (10-km), and the
tendency for each predictor to perform best at either a fine or coarse sampling resolution was
fairly consistent across species (Appendix A16).

Optimal BRT parameters varied among species, but higher tree complexity (4 — 5) and higher
bag fractions (0.6 — 0.7) were favored (Table 16). Model performance was fairly similar across
species, with a mean of 54.7 — 74.4% of the total deviance in the training data explained and
predictive deviance of 0.753 — 0.881. The model for M. californicus had the best fit to the data
(74.4% deviance explained), while the model for C. townsendii had the best predictive
performance (0.753 + 0.027 predictive deviance). The model for P. subflavus had the poorest
performance in terms of both fit (54.7% deviance explained) and predictive performance (0.881
+ 0.027 predictive deviance).
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Table 16. Final boosted regression tree (BRT) model parameters and performance metrics for winter species distribution models for bat species
Corynorhinus townsendii, Myotis californicus, M. lucifugus, M. velifer, and Perimyotis subflavus across the United States and Canada.

Mean Mean

Mean Mean Mean Predictive  predicted predicted

Tree Bag N total residual  deviance deviance  percentile percentile

Species complexity fraction trees deviance deviance explained (£ SE) (presence) (background)
C. townsendii 5 0.7 3400 1.122 0.391 65.2 0.753 +0.026 89.4 53.6
M. californicus 4 0.7 1850  1.106 0.283 744 0.782+0.072 94.6 56.8
M. lucifugus 5 06 4500 1.141 0.409 64.2 0.836 +£0.024 80.3 43.4
M. velifer 3 0.6 1800  1.125 0.318 71.7  0.759 £ 0.041 83.7 38.7
P. subflavus 5 05 2300 1.126 0.51 54.7 0.881 +0.027 88.0 58.1
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We found considerable interspecific differences in the relative influence of each predictor on
occurrence probability (Figure 42). Ruggedness, topographic position, and percent tree cover
were among the most consistently strong contributors, based on mean relative influence across
species (11.64% + 1.96 SD, 9.62% + 4.14 SD, and 9.62% + 2.31 SD, respectively). Winter
survivorship, on average, also had high influence, but its influence varied considerably across
species (9.58% + 6.67 SD). Karst had the lowest influence overall (mean 4.6% + 3.31 SD,

though it was not considered in the M. lucifugus model).
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Figure 42. Final predictor influences in boosted regression tree (BRT) models estimating winter species distributions
of bat species Corynorhinus townsendii, Myotis californicus, M. lucifugus, M. velifer, and Perimyotis subflavus
across the United States and Canada. Brighter colors indicate higher influence; predictors that were dropped from a
given model are shown in gray. Variables are ordered by their average influence across species (decreasing left to
right).

Consistency in a predictor’s degree of influence across species did not necessarily correspond to
similar relationships between that predictor and relative occurrence probability among species
(Figure 43). The effect of ruggedness was fairly consistent among species, with low relative
occurrence probability predicted in very flat, open areas (very low ruggedness). M. velifer, and
particularly P. subflavus appeared to favor low topographic positions (i.e., canyon bottoms); M.
lucifugus also showed this pattern, in addition to an avoidance of open, flat topography
(topographic position ~0). Relationships with solar insolation and elevation varied widely. For
example, C. townsendii showed some preference for low elevations with high insolation, while
M. velifer selected for low elevation, low insolation sites and P. subflavus preferred higher
elevations (elevation was excluded from models for M. californicus and M. lucifugus due to high
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collinearity with other predictors). Occurrence probability generally increased with predicted
winter survivorship, as expected, particularly in species for which survivorship had strong
influence (M. californicus, M. lucifugus, P. subflavus). Similarly, occurrence probability was
generally higher with greater tree cover and fewer days of snow annually. The shape and
direction of responses to groundwater depth, surface water, and annual precipitation (excluded
from C. townsendii and M. californicus models due to collinearity) were highly variable. Before
correcting for bias in presence locations, night lights were a strong predictor of most species’
occurrence, but this relationship primarily reflected the distribution of sampling effort, not
distribution of the species of interest. Still, even after correcting for sampling bias closer to
human habitation, all species had very low relative probability of occurrence where night light
intensity was lowest (darkest). However, in all species the rest of the response curve is quite flat,
indicating minimal lingering effect of night lights in the models. Similarly, occurrence
probability tended to be highest very close to mines, but beyond a minimum distance, the
presence of mines had little effect on species distributions. Three species showed evidence of a
preference for karst features (karst could not be considered for M. lucifugus due to missing karst
data in portions of the species’ range).
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Figure 43. Fitted probability of occurrence functions for each predictor from boosted regression tree (BRT) models
estimating winter species distributions of bat species Corynorhinus townsendii, Myotis californicus, M. lucifugus, M.
velifer, and Perimyotis subflavus in the United States and Canada. Variables are ordered by their average influence
across species; percentages indicate the relative influence of each predictor in the model. Rug plots (i.e., tic marks)
indicate the deciles of the distribution of predictor values represented in the full presence/background location
dataset.

We observed high relative probability of occurrence at presence locations compared to
background locations, as expected (Appendix Al16, Figures 44 — 49). The mean percentile rank
of predicted occurrence probability at presence locations ranged from 80.3 (M. lucifugus, M.
velifer) to 94.6 (M. californicus), 29.9 - 45 percentile points higher than the mean values
predicted for background locations. In some cases, conspicuous exclusions and inclusions
evident in existing species range extents (e.g., exclusion of Great Plains for C. townsendii,
exclusion of Texas panhandle and mid-Atlantic coast for M. lucifugus, inclusion of Great Salt
Lake area for M. californicus, inclusion of Arizona’s Sky Islands for M. velifer) are mirrored by
low and high predicted probabilities, respectively. Often, areas outside the focal species’ known
ranges have high predicted occurrence probability, reflecting the similarity of landscape
attributes in these areas to those of known presence locations. Conversely, areas with low
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occurrence probability often occur within the species’ known ranges, highlighting the

generalized nature of simple polygon range extent estimates.
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Figure 44. Predicted relative probability of occurrence of Corynorhinus townsendii (predictive deviance = 0.753 +
0.026) across the western United States and British Columbia. The species’ current range extent (turquoise outline)
and winter occurrence locations used to fit the model are overlaid (turquoise points). Occurrence probability is
scaled using a quantile symbolization to reflect the fact that predictions represent relative occurrence probability;
while absolute values cannot be reliably interpreted relative to one another, percentile ranking is permitted (i.e.,
yellow areas of the maps represent the 10% by area of the mapped landscape with the highest occurrence

probability, regardless of the underlying distribution of values).
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Figure 45. Predicted relative probability of occurrence of Myotis californicus (predictive deviance = 0.782 £+ 0.072)
across the western United States and British Columbia. The species’ current range extent (turquoise outline) and

winter occurrence locations used to fit the model are overlaid (turquoise points).
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Figure 46. Predicted relative probability of occurrence of Myotis lucifugus (predictive deviance = 0.836 + 0.024)
across the United States and Canada (below the Arctic Circle). The species’ current range extent (turquoise outline)
and winter occurrence locations used to fit the model are overlaid (turquoise points).
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Figure 47. Predicted relative probability of occurrence of Myotis velifer (predictive deviance = 0.759 * 0.041) across
the southwestern United States. The species’ current range extent (turquoise outline) and winter occurrence locations
used to fit the model are overlaid (turquoise points).
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Figure 48. Predicted relative probability of occurrence of Perimyotis subflavus (predictive deviance = 0.881 + 0.027)
across the eastern and central United States and eastern Canada. The species’ current range extent (turquoise outline)

and winter occurrence locations used to fit the model are overlaid (turquoise points).
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Figure 49. Distributions of predicted relative probability of occurrence of a) Corynorhinus townsendii, b) Myotis
californicus, c) M. lucifugus, d) M. velifer, and e) Perimyotis subflavus in the United States and Canada at presence
locations (green) compared to background locations (pink).

This study provides insights into the drivers and spatial patterns of bat hibernaculum selection in
the West, a topic that is poorly understood, yet critical for advancing bat research, conservation,
and management of WNS impacts. We demonstrate that the nature and scale of bats’ responses
to the landscape when selecting hibernacula varies among species and across different landscape
attributes. Our results point to ranges of landscape attribute values where each focal species may
be most likely to hibernate and highlight the importance of protecting mine features as
hibernacula for multiple species. Importantly, our findings indicate that topographic attributes
are important predictors of hibernaculum selection, suggesting that bat winter occurrence can, in
part, be predicted from readily mapped above-ground features. We also found that our
mechanistic estimate of winter survivorship contributed to prediction of winter occurrence
probability for all focal species; in one case (M. californicus), it was by far the strongest
predictor.

Because so little is known about how bats choose winter hibernacula and bat winter distributions
in the West have never been modeled, we felt it was important to use methods that allow for
flexible, nonlinear relationships between predictors and relative probability of occurrence. Peaks
in our modeled response curves may help to identify ranges of preferred attributes (e.g.,
preferred elevation bands or density of forest cover). Flat portions of response curves may
indicate an absence of selection (e.g., beyond a threshold distance, bats don’t care how far they
are from the nearest mine) or they may indicate ranges of attribute values where we simply have
no data (see wide gaps in decile rug plots on response curves, Figure 43). Our use of bias
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correction when generating background locations (Hertzog et al. 2014) impacted model results
and was important given the opportunistic sampling of winter bat locations reflected in the public
databases we relied on. Prior to bias correction, night lights were a strong predictor of most
species’ occurrence probability and suggested a preference for more intense night lights, but this
uncorrected result would have reflected the distribution of sampling effort rather than the
ecology of the focal species.

Although topographic attributes were often strong predictors of hibernaculum selection,
preferred topographic characteristics (e.g., high versus low topographic position) varied among
species. Karst presence was a weak predictor, perhaps because we did not consider differential
selection among different types or depths of karst, or because the available map of karst features
does not necessarily indicate where karst features are accessible to bats via caves or crevices.
Mines were clearly important features for several species, and their relative influence appeared to
scale sensibly with species’ tendency to use mines: influence was lowest for M. velifer (cave
myotis), which is more frequently found in caves. Our models suggest the importance of
generating and making public spatial karst and mine datasets in other Canadian provinces to
better predict occurrence for M. lucifugus and other species frequently found in mines in these
regions. Our results support the preservation of western mines as critical winter habitat for which
there are significant opportunities to enhance existing protected area status (Weller et al. 2018).

Our mechanistic winter survivorship estimate (see section ‘Insights on winter duration and
spatial variation in hibernation survival”) contributed to all species’ predicted occurrence, but to
varying degrees. The direction of the relationship between survivorship and relative occurrence
probability was positive overall, as expected, but its strength varied among species. This
complex, model-based estimate of survivorship is unavoidably subject to uncertainty, but it has
greater direct relevance to winter bat distributions than generic climate metrics (e.g., mean
surface temperature) with no mechanistic link to bat physiology. Future quantitative comparisons
between predictions from this mechanistic predictor and those generated using standard, off-the-
shelf climate predictors may be of interest. We also see worthwhile opportunities to continue
honing this survivorship model as additional empirical data for parameterization become
available (e.g., for estimating species-specific, spatially explicit winter duration, better
estimating subterranean temperatures and humidity experienced by hibernating bats and how
they respond physiologically).

The maps of relative occurrence probability presented here (Figures 44 — 48) should help to
guide future work to survey and monitor western bat populations, inform future conservation
efforts, and provide a baseline for understanding potential impacts of future change, namely the
spread of WNS through the West and climate change. These maps should be interpreted with
care outside the known range of each species, as places with predictor values similar to those
currently occupied will be highlighted but other limits on species distributions (e.g., historic
spread processes, species interactions) may exist that were not captured here. Occurrence
probability of generalist species with broad geographic ranges is particularly difficult to model
effectively (Hernandez et al. 2006; Razgour et al. 2016). Predictive maps for such species (e.g.,
M. lucifugus, P. subflavus), which have lower predictive performance, should be interpreted with
caution. Still, we expect that these maps can be useful for considering the potential occurrence of
the focal species in areas predicted to be suitable beyond their coarsely mapped range extents,
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which are likely inaccurate or out of date in some areas. Places that are predicted to have low
occurrence probability may in fact be unlikely to support hibernacula, or they may simply have
attributes not well represented in our presence data. These areas should be considered in the
context of existing knowledge of the focal species and their hibernation patterns: Do these places
lack karst or mine features, topographic relief, or trees to shelter hibernating bats? Or are they
simply remote and characterized by rare landscape features that were underrepresented in our
sample? It is also important to recognize that mapped occurrence probabilities are relative
values. We cannot estimate absolute occurrence probability from the available data, and our
estimates may not be strictly proportional to absolute probability. The predicted values should be
interpreted as rank probabilities, as reflected by the quantile symbology used in our maps
(Figures 43 — 48).

These are complex models based on relatively small sample sizes, so uncertainty remains and
portions of the predictor space are undersampled. We may also be missing key predictors that we
simply don’t yet understand to be important for hibernaculum selection or cannot map
continuously with currently available spatial data. Future efforts to improve on these models
would benefit from additional winter location data (particularly for species other than C.
townsendii and M. lucifugus) in novel locations. Future survey efforts could perhaps target places
predicted to be highly suitable but where no occurrence data exist (e.g., M. californicus in the
Great Salt Lake region, M. velifer in south Texas and northeast Arizona), or places with
landscape characteristics not well represented in the current sample. Absence data would
improve the robustness of distribution models considerably (e.g., in comprehensive survey and
monitoring efforts, which species were searched for but not found?), although reliable absences
would be extremely difficult to obtain (due to low detection probabilities that vary with survey
techniques and site characteristics).

Winter hibernation is clearly a critical part of temperate bats’ annual cycle, yet it is largely a
black box for many species; we have only limited knowledge of where these widely-distributed
species go for approximately half the year or what drives them there. This lack of understanding
of the ecology of these species hinders conservation and management responses to ongoing and
future threats to their persistence. Insights from SDMs are valuable for locating, studying, and
managing species with low detectability (Razgour et al. 2016). SDMs may also help to define
winter critical habitat for bats, as they have for other species (Heinrichs et al. 2010; Brotons et al.
2004). Unlike the East, there has simply not been a ‘where’ on which to focus conservation
policy in the West; models like ours could begin to fill this gap.

Impacts of climate change on bats and WNS

Mean projected climate parameters (MAST and frost-free period) among the four climate
scenarios assessed are mapped in Figure 50, along with the inter-scenario range and the mean
projected change in each parameter from current conditions. Spatial patterns in the mean
parameter values reflect latitudinal, topographic, and coastal influences on temperature and frost-
free period, as expected. We observed high agreement among climate scenarios (i.e., low inter-
scenario range) for projected MAST, with increasing disagreement at very high latitudes.
Disagreement among climate scenarios in length of the frost-free period was higher in places and
more sporadic, likely reflecting a stronger influence of topography. Projected change in MAST
increased with latitude and with elevation, while projected change in frost-free period was more
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spatially variable, with the largest increases in the Appalachian region and localized portions of
the West coast.

Projected changes in probability of occurrence for each of five focal species under future
scenarios are mapped in Figures 51 — 55. We focus on projections from SDMs in which the
survivorship predictor accounted for at least 5% of the boosted regression tree (BRT) model fit
(Figure 42), which included models for M. californicus, M. lucifugus, and P. subflavus.
Projections from SDMs to which survivorship contributed less than 5% (C. townsendii, M.
velifer) are expected to be less useful because little clear relationship between known species
occurrences and survivorship emerged.

Generally, as expected, probability of occurrence was projected to decline following exposure to
P. destructans (with the exception of C. townsendii, Figure 54). However, projected occurrence
probability increased for most species in most places when climate change was also considered.
The greatest projected declines with P. destructans exposure were typically in areas with the
highest occurrence probability under current conditions (i.e., the areas currently expected to be
most suitable for a given species). Spatial patterns in climate impacts were more variable. For M.
californicus, we projected moderate declines in occurrence probability in British Columbia, but a
strong increase in other high occurrence probability portions of the range. For M. lucifugus, we
projected decreases in the severity of declines, but climate change had little impact on areas
already expected to remain stable or experience increased occurrence probability. In contrast, we
observed thresholding behavior in P. subflavus such that projected rangewide declines under P.
destructans exposure were replaced by a marked increase in occurrence probability in the
southeast given climate change. This threshold appears to follow and is thus probably driven by
spatial patterns in the frost-free period (Figure 50). We do not interpret projected changes under
each future scenario for C. townsendii or M. velifer because the low contribution of winter
survivorship estimates to SDM fits appear to result in unreliable and counterintuitive behavior of
models for these species (Figures 54-55).

All four climate scenarios showed close agreement regarding future changes in occurrence
probability. This agreement may be driven by one or more factors. First, derived estimates of
MAST and frost-free period may not be sensitive to differences among scenarios in projected
daily temperatures. This appears to be more true for MAST than for frost-free period (Figure 50)
and is not surprising given that calculation of the frost-free period is threshold dependent (i.e.,
definition of the frost-free period is dependent on the first and last day of the year on which a
precise threshold temperature is reached). Second, the subterranean temperature model and/or
winter duration model may not be sensitive to MAST and frost-free period parameters,
respectively. This is unlikely in the case of the subterranean temperature model, given that
MAST is the model’s strongest predictor. It is also unlikely in the case of the winter duration
given that inclusion of frost-free period as a predictor improved the model by 25.39 AIC units
(Table 13). Third, the survivorship model may not be sensitive to variation in the best available
temperature estimate derived from the subterranean temperature model and/or our estimate of
winter duration. We suggest that derivation of the ‘best available’ temperature for a given
species at a given location from the subterranean temperature model likely absorbs the majority
of the variability among climate scenarios. Finally, SDMs may not be sensitive to variation in
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survivorship estimates. SDM sensitivity to survivorship is expected to be directly related to the
contribution of the survivorship predictor to the BRT model for a given species (Figure 42).

Although all climate scenarios produced very similar projections of future change in occurrence
probability, differences were apparent in some places for most species. For M. californicus,
differences were most apparent along the Pacific coast near the California-Oregon border and
around the state of Oklahoma (Figure 51). For P. subflavus, the location of the threshold between
increasing and decreasing occurrence probability fluctuated across the Appalachian region
among scenarios (Figure 53). Model disagreement was also evident in Oklahoma for C.
townsendii and M. velifer, as well as the Columbia Plateau of eastern Washington and the Sierra
Nevada range of California, respectively (Figures 54 — 55).

We suggest that our predictions of species distributions in the presence of P. destructans and
future climate conditions can help managers to better anticipate the species- and place-specific
impacts of these stressors, individually and synergistically, across the West. Our findings suggest
that mid-century climate change may ‘rescue’ many bat populations from the deleterious effects
of P. destructans. However, given the pace of P. destructans’ spread from the East and its recent
leap to Washington state (USFWS 2020), this rescue effect may arrive too late for many
hibernacula. Furthermore, a warming climate is not predicted to shield all species in all areas
(e.g., M. californicus in British Columbia, M. lucifugus in mountainous regions, P. subflavus in
the northeastern United States). It is therefore important that managers continue to strive for
effective conservation strategies as P. destructans continues to spread in order to minimize
mortality.

Our results may help to inform placement of passive acoustic detectors for monitoring as P.
destructans continues to spread and the climate continues to warm. For example, monitoring of
bat populations could be targeted in areas where our projections suggest that suitable hibernation
conditions are likely to be lost and that occurrence probability is likely to decline (vulnerable
hibernacula). Conversely, these efforts could target hibernacula that are likely to be retained
(potential refugia). Our prediction may also enable assessment of the distribution of at-risk and
stable hibernacula across federal, state, and private lands to guide engagement strategies for
conservation. Additionally, they may help managers to prepare for possible range expansions
into or contractions from their jurisdictions under future climate conditions.
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Figure 50. Projected mid-century climate condltlons (30-year averages centered on 2050) used to parameterize
bioenergetic survivorship models: mean annual surface temperature (left) and duration of frost-free period (right).
Survivorship estimates were subsequently used as predictors of occurrence probability in species distribution models
for five focal bat species. Future climate scenarios were driven by each combination of two global circulation
models (GCMs): GFDL-ESM2M and HadGEMZ2-ES, and two dynamically-downscaled regional climate models
(RCMs): RegCM4 and WRF. We show the mean (top) and range (center) among the four scenarios as well as the
mean projected change from current conditions (bottom).
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and e,f) HadGEM2-ES global circulation model. Darker green indicates a projected increase in occurrence
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Figure 52. a) Current occurrence probability of Myotis lucifugus and change in relative probability of occurrence
given b) exposure to white-nose syndrome (WNS), and exposure to WNS under projected mid-century climate
conditions. Future climate scenarios shown here were driven by each combination of dynamically-downscaled

regional climate models ¢,e) RegCM4 and d,f) WRF run on boundary conditions defined by the c¢,d) GFDL-ESM2M
and e,f) HadGEM2-ES global circulation model. Darker green indicates a projected increase in occurrence
probability; darker purple indicates a projected decrease. The species’ current known range (gray outline) and points
of recorded winter occurrence (gray points) are overlaid.
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Figure 53. a) Current occurrence probability of Perimyotis subflavus and change in relative probability of
occurrence given b) exposure to white-nose syndrome (WNS), and exposure to WNS under projected mid-century
climate conditions. Future climate scenarios shown here were driven by each combination of dynamically-
downscaled regional climate models c,e) RegCM4 and d,f) WRF run on boundary conditions defined by the c,d)
GFDL-ESM2M and e,f) HadGEM2-ES global circulation model. Darker green indicates a projected increase in
occurrence probability; darker purple indicates a projected decrease. The species’ current known range (gray

outline) and points of recorded winter occurrence (gray points) are overlaid.
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Figure 54. a) Current occurrence probability of Corynorhinus townsendii and change in relative probability of
occurrence given b) exposure to white-nose syndrome (WNS), and exposure to WNS under projected mid-century
climate conditions. Future climate scenarios shown here were driven by each combination of dynamically-
downscaled regional climate models c,e) RegCM4 and d,f) WRF run on boundary conditions defined by the c,d)
GFDL-ESM2M and e,f) HadGEM2-ES global circulation model. Darker green indicates a projected increase in
occurrence probability; darker purple indicates a projected decrease. The species’ current known range (gray
outline) and points of recorded winter occurrence (gray points) are overlaid.
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Figure 55. a) Current occurrence probability of Myotis velifer and change in relative probability of occurrence given
b) exposure to white-nose syndrome (WNS), and exposure to WNS under projected mid-century climate conditions.
Future climate scenarios shown here were driven by each combination of dynamically-downscaled regional climate
models c,e) RegCM4 and d,f) WRF run on boundary conditions defined by the ¢,d) GFDL-ESM2M and ef)
HadGEM2-ES global circulation model. Darker green indicates a projected increase in occurrence probability;
darker purple indicates a projected decrease. The species’ current known range (gray outline) and points of recorded
winter occurrence (gray points) are overlaid.
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Conclusions and Implications for Future Research

Conclusions and main findings

Our project set ambitious scientific objectives to measure, for the first time, key bioenergetic
parameters of western bats. We then combined these new data with existing data sets that we
compiled or sourced to improve or create models that revealed our best scientific understanding
of the environmental conditions and host attributes that contribute to WNS susceptibility. We
generated species-level predictions about WNS outcomes in the West and made spatial
projections about survivorship that leveraged both environmental attributes and the estimates of
winter survival from a refined bioenergetic model. Below we revisit our three main scientific
objectives and share our main conclusions and findings for each. Over the course of the project,
various research results were shared with the larger scientific, bat management, and WNS-
response communities through attending scientific and WNS management meetings and
publishing findings in peer-reviewed scientific journals. We remain committed to sharing the
remaining results and findings widely in these same venues (see Appendix B materials for a
summary of these communication efforts).

Objective 1

Collect robust morphometrics, bioenergetics, and hibernacula environmental data on up to five
western North American bat species representing different hibernating behaviors and geographic
settings at three to five sites each year.

e Species with broad geographic ranges may experience variable environmental conditions
throughout their range leading to local adaptation. Variation among populations reflects
potential adaptability with implications for populations impacted by disease, climate
change, and other anthropogenic influences. However, behavior may counteract divergent
selection among populations. We examined intraspecific variation in hibernation
physiology in M. lucifugus (little brown myotis) and C. townsendii (Townsend’s big-
eared bat), two species of bats with large geographic ranges. We studied M. lucifugus at
three hibernacula which spanned a latitudinal gradient of 1,500 km, and C. townsendii
from six hibernacula spread across 1,200 km latitude and similar longitude. We found no
difference in torpid metabolic rate among populations of either species, nor was there a
difference in the effect of ambient temperature among sites. Similarly, EWL was similar
among populations of both species, though for C. townsendii there was one pairwise site
difference and for M. lucifugus one site differed from the others. We suggest the general
lack of regional variation is a consequence of behavior. As volant animals, bats can travel
relatively long distances in search of preferred microclimates for hibernation. Despite
dramatic macroclimate differences among populations, hibernating bats are able to find
preferred microclimate conditions within their range, resulting in similar selection
pressures among populations spread across wide geographic ranges. This suggests the
energetic consequences of WNS infection will be range-wide within species.

e Hibernation is a taxonomically diverse phenomenon among mammals, and occurs across
a wide range of geographic and ecological contexts. However, most studies have focused
on a relatively small number of species, few studies consider more than one species and
typically bat studies have targeted M. lucifugus. Multi-species studies can identify
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important differences from commonly studied species, and provide insight into general
patterns of hibernation strategies and in the case of bats, potential physiological WNS
risk factors. We studied 13 species of free-living bats, including hibernating populations
spread over thousands of kilometers, representing diverse hibernation contexts. We
measured TMR and EWL (two key parameters for understanding the energetics of
hibernation) across a range of hibernation temperatures. The minimum defended
temperature varied among species, but when measured within the appropriate
temperature range, all species had similar torpid metabolic rate. Conversely, EWL varied
among species, which clustered into two groups. Our results suggest there are two
general hibernation strategies in North America bats, representing high and low
evaporative water loss groups. Notably, species that have suffered large population
declines due to WNS fall in the high EWL group, and those species that are less affected
fall in the low EWL group.

Hibernation requires balancing energy and water demands over periods of several months
with no food intake for many species. Many studies have considered the importance of
fat for hibernation energy budgets but protein catabolism has received less attention, and
whole animal changes in lean mass have not previously been considered. We predicted
hibernating bats deposit lean mass prior to hibernation, and while fat provides the major
energy source, hibernating bats would catabolize protein with implications for energy and
water budgets. We further predicted that males and females would differ in the deposition
and use of lean mass due to reproductive differences. We used QMR body composition
analysis to measure fat and lean mass in two systems of hibernating bats. First, we
considered the body composition of M. velifer (cave myotis) during pre-hibernation
swarming. Second, we compared C. townsendii measured during pre-hibernation
swarming and in mid-winter. We illustrated the functional consequences of protein
catabolism by calculating the relative contributions of lean mass to mass change,
energetics, and water production in male and female C. townsendii. M. velifer deposited
lean mass prior to hibernation, with males depositing relatively more (38% of mass gain)
than females (25% of mass gain). In C. townsendii, females had more fat and lean mass
than males in both seasons, and lean mass decreased substantially through hibernation.
Although lean mass accounted for 18 or 35% of mass loss (in females and males
respectively), it only contributed 3 and 7% of the energy budgets. Combining fat and lean
catabolism, net water production was much less than gross water production when
accounting for water required to excrete urea. Mammals generally cannot catabolize
protein for metabolic water production due to the water cost of excreting urea. However,
we propose a variation on the protein-for-water strategy whereby hibernators could
benefit from protein catabolism by temporally compartmentalizing the benefits to periods
of torpor, and costs to periodic arousals. Combined, our analyses demonstrate that lean
mass is dynamic in hibernation, and changes in lean mass have important functional
consequences for energy and water budgets, which may have possible implications on the
energetics of surviving WNS.

Hibernation requires animals to balance the energetic benefits with the physiological
costs incurred with prolonged torpor use. While long, harsh winters at northern latitudes
necessitate obligate hibernation, winter is relatively mild at southern latitudes and torpor
expression may be flexible with environmental conditions. T. brasiliensis mexicana
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(Mexican free-tailed bats) are a subtropical species where most individuals migrate south
for winter, but small remnant populations forgo migration and overwinter. We
hypothesized that this species uses facultative hibernation to persist through winter and
predicted bats use heterothermy ranging from daily to multi-day periods depending on
ambient temperature. We also predicted that T. brasiliensis are capable of deep torpor, as
observed in other hibernating bats, but that they would have a minimum defended
temperature higher than northern hibernators. We used open-flow respirometry on bats at
five temperatures between 2 °C and 12 °C to establish a temperature-response curve and
attached temperature-sensitive radiotransmitter to free-living bats to quantify torpor use.
Bats used deep torpor and began to defend body temperature, on average, at 5.9 °C, a
similar temperature to other subtropical bat species but higher than northern hibernating
bats. Free-living bats used torpor ranging from a few hours to 5.5 days, with torpor bout
duration increasing in colder weather. This work adds to the growing body of research
about the diversity of hibernation strategies, particularly facultative hibernation at lower
latitudes, and allows us to assess the WNS susceptibility and vector potential of this
partially migratory and more southern species.

Obijective 2

Examine the transferability of the mechanistic WNS bioenergetics survivorship model (based on
host, pathogen, and environmental characteristics) developed for bat species affected by WNS in
the East to a set of five representative bat species found in the West.

e \Warming and euthermic costs are regularly included in energetic models, but although

cooling to torpid body temperature is an important phase of the torpor-arousal cycle, it is
often overlooked in energetic models. When included, cooling cost is assumed to be 67%
of warming cost, an assumption originally derived from a single study that measured
cooling cost in ground squirrels. Since this study, the same proportional value has been
assumed across a variety of hibernating species, including its use in the Hayman et al.
(2016) model that we set out to parameterize for western bats. However, no additional
values had been derived, so we derived a model of cooling cost from first principles and
validated the model with empirical energetic measurements. We compared the assumed
67% proportional cooling cost with our model-predicted cooling cost for 53 hibernating
mammals. Our results indicate that using 67% of warming cost only adequately
represents cooling cost in ground squirrel-sized mammals. In smaller species, this value
overestimates cooling cost and in larger species, the value underestimates cooling cost.
Our model now allows for the generalization of energetic costs for multiple species using
species-specific physiological and morphometric parameters, and for predictions over
variable environmental conditions.

Hibernation consists of extended durations of torpor interrupted by periodic arousals. The
‘dehydration hypothesis’ proposes that hibernating mammals arouse to replenish water
lost through evaporation during torpor. Arousals are energetically expensive, and
increased arousal frequency can alter survival throughout hibernation. Yet we lack a
means to assess the effect of EWL, determined by animal physiology and hibernation
microclimate, on torpor bout duration and subsequent survival. WNS causes increased
frequency of arousals during hibernation and EWL has been hypothesized to contribute to
this increased arousal frequency. P. destructans grows well in humid hibernaculum
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environments and damages wing tissue important for water conservation. Here, we inte-
grated the effect of EWL on torpor expression in our hibernation energetics model,
including the effects of fungal infection, to determine the link between EWL and
survival. We collected field data for M. lucifugus, a species that experiences high
mortality from WNS, to gather parameters for the model. In saturating conditions, we
predicted healthy bats experience minimal mortality. Infected bats, however, suffer high
fungal growth in highly saturated environments, leading to exhaustion of fat stores before
spring. Our results suggest that host adaptation to humid environments leads to increased
arousal frequency from infection, which drives mortality across hibernaculum conditions.
We predicted almost complete mortality for M. lucifugus within the current hibernaculum
conditions of a Montana cave system, in part because the high humidity selected by
hibernating bats also results in high fungal growth. Our modified hibernation model
provides a tool to assess the interplay between host physiology, hibernaculum
microclimate, and diseases such as WNS on winter survival.

Caves and other subterranean features provide unique environments for many species.
The importance of cave microclimate is particularly relevant at temperate latitudes where
bats make seasonal use of caves for hibernation. WNS has brought renewed interest in
bat hibernation and hibernaculum conditions that lead to catastrophic bat population
declines. A recent review synthesized current understanding of cave climatology,
exploring the qualitative relationship between cave and surface climate with implications
for hibernaculum suitability. However, we realized a more quantitative understanding of
the conditions in which bats hibernate and how they may promote or mediate WNS
impacts was required. We compiled subterranean temperatures from caves and mines
across the western United States and Canada to: a) quantify the hypothesized relationship
between MAST and subterranean temperature and how it is influenced by measurable site
attributes, and b) use readily available gridded data to predict and continuously map the
range of temperatures that may be available in caves and mines. Our analysis supports
qualitative predictions that subterranean winter temperatures are correlated with MAST,
that temperatures are warmer and less variable farther from the surface, and that even
deep within caves temperatures tend to be lower than MAST. Effects of other site
attributes (e.g., topography, vegetation, precipitation) on subterranean temperatures were
not detected. We then assessed the plausibility of model-predicted temperatures using
knowledge of winter bat distributions and preferred hibernaculum temperatures. Our
model unavoidably simplifies complex subterranean environments, and is not intended to
explain all variability in subterranean temperatures. Rather, our results offer researchers
and managers improved broad-scale estimates of the geographic distribution of potential
hibernaculum conditions compared to reliance on MAST alone. Later, we used this
information to better support range-scale estimation of winter bat distributions and
projection of likely WNS impacts across the West.

While we worked to improve hibernation energetics models we also critically examined
spatial heterogeneity in host traits linked to survival. To do so, we developed predictive
spatial models of body mass for the M. lucifugus and reassessed previous definitions of
the duration of winter hibernation. Using data from published literature, public databases,
local experts, and our own fieldwork, we fit a series of generalized linear models with
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hypothesized abiotic drivers to create distribution-wide predictions for the duration of
winter and pre-hibernation body fat. Our results provide improved estimations of the
duration of winter hibernation and identify a scaling relationship between body mass and
body fat allowing us to create the first continuous estimates of pre-hibernation body mass
and fat across the species distribution. We used these results and a mechanistic
hibernation energetic model to create spatially varying winter fat use estimates for M.
lucifugus. These results predict that WNS mortality of M. lucifugus in western North
America may be comparable to the substantial die-off observed in eastern populations.

e In multi-host disease systems, differences in mortality between species may reflect
variation in host physiology, morphology, and behavior. In systems where the pathogen
can persist in the environment, microclimate conditions, and the adaptation of the host to
these conditions, may also impact mortality. We assessed the effects of body mass, torpid
metabolic rate, evaporative water loss, and hibernaculum temperature and water vapor
deficit on predicted overwinter survival of bats infected by P. destructans. We used our
refined hibernation energetics model in an individual-based model framework to predict
the probability of survival of nine bat species at eight sampling sites across North
America. The model predicts time until fat exhaustion as a function of host
characteristics, hibernaculum microclimate, and fungal growth. We fit a linear model to
determine relationships with each variable and predicted survival and semi-partial
correlation coefficients to determine the major drivers in variation in bat survival. Six of
the species modeled were predicted to not survive WNS, including all five small Myotis
species and P. subflavus (tricolored bat). We found host body mass and hibernaculum
water vapor deficit explained over half of the variation in survival with WNS across
species. These results indicate that larger bats that roost in drier conditions are less
susceptible to the disease due to increased fat stores and roosting conditions that are
unsuitable for the fungus that causes WNS. Our results highlight some key predictors of
interspecific survival among western bat species and provide a framework to assess
impacts of WNS as the fungus continues to spread into western North America.

Obijective 3

Develop approaches that integrate the mechanistic WNS survivorship model with species
distribution models to evaluate the presence of WNS with plausible scenarios of non-stationary
conditions (e.g. climate change) and to explore the sensitivity of the integrated model to different
parameters and data availability.

e Western North America hosts the highest bat diversity in the United States and Canada,
yet little is known about western hibernacula and western bats’ hibernation behavior. An
improved understanding of where bats hibernate in the West and the conditions that
create suitable hibernacula is critical if land managers are to anticipate and address the
conservation needs of WNS-susceptible species in the United States and Canada. We
estimated the relative probability of occurrence during winter across the ranges of five
bat species occurring in the West. We estimated winter survival capacity from our
mechanistic survivorship model based on bat bioenergetics and climate conditions.
Leveraging the Google Earth Engine platform for spatial data processing, we used
boosted regression trees to integrate these survivorship estimates with key landscape
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attributes and relate them to bat occurrence data in a hybrid correlative-mechanistic
approach. We show that winter survival capacity, topography, land cover, and access to
caves and mines are important predictors of winter hibernaculum selection, but the shape
and relative importance of these relationships vary among species. Our findings suggest
that the occurrence of bat hibernacula can, in part, be predicted from readily mapped
above-ground features, and is not only dictated by below-ground characteristics for which
spatial data are lacking. Furthermore, our mechanistic estimate of winter survivorship
was among the strongest predictors of winter occurrence probability across focal species.

e Our findings not only offer an improved understanding of the likely winter distribution of
bats occurring in the West, but also a baseline for assessing the potential species-level
impacts of P. destructans as well as future climate change. Using our hybrid species
distribution model, we substituted survivorship under current conditions with
survivorship given exposure to P. destructans, under both current climate conditions and
four future climate scenarios derived from multiple regional climate models run on
boundary conditions derived from multiple global circulation models. We demonstrate
that in general, occurrence probability is expected to decline following exposure to P.
destructans, but that projected changes in climate may offer a rescue effect for many
species in some or all of their ranges. We observed minimal variability in both the
magnitude and spatial patterns in these projections among climate scenarios. However,
managers must consider whether these potential positive effects of a warming climate for
bat survivorship will arrive soon enough to benefit bats exposed to P. destructans and
should design monitoring and conservation efforts accordingly.

Implications for future research and conservation efforts

As a bat-killing pathogen reaches new western species and populations, how do we effectively
build on what the scientific and management community has learned? Since it appeared in 2006
we have acquired an astounding amount of knowledge about the pathogen, hibernating bat
species as hosts, their interactions, and the environmental conditions that influence both. With
the increased funding for bat research due to this disease threat, our understanding of basic bat
biology, physiology, and ecology has expanded. Augmenting the foundational research that
began in 2006, recent studies of remnant populations in the East offer a glimmer of hope that
genetic adaptations and evolutionary rescue may be underway. There is also new physiological
trait data and research on western hibernating bats from this project showing how certain
environmental niches could allow some bats to survive the energetic consequences of the
infection. Combined, these findings support the need for proactive interventions for existing
populations to reduce other simultaneous threats such as habitat loss and fragmentation, loss of
water sources, and climate change. To give susceptible species the best chance at evolutionary
rescue, we will need policies that protect populations and conserve the greatest amount of
genetic diversity. The initial surveillance and containment response effort provided much needed
time for us to understand this threat, but the spread of the fungal pathogen across North America
now appears inevitable. To protect susceptible bat species in the West (and those in the East) we
can start applying what we have learned in the preceding years, redouble our scientific and
conservation efforts, and seek opportunities for broader western coalitions and effective
conservation policies.

Hibernating bat species are diverse and unique (and so are their responses to WNS)
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As the outbreak grew, it was clear that not all exposed species experienced high mortality.
Diagnostic symptoms of WNS occurred in some hibernating bat species and in the remainder, P.
destructans was detected in the absence of, or in the presence of limited disease pathology
(United States Fish & Wildlife Service 2020). This contradiction was one of the motivating
questions behind this project. Traits associated with roost microclimates, bat morphology,
physiology, behavior, and immune response were hypothesized as possible explanations for the
differentiation. Complicating matters, beyond roost microclimate and basic morphologic data,
prior to this project, there was very little science on the risk factors that could inform the
interspecies susceptibility debate. We moved the science forward on interspecies susceptibility,
likely linked to both hibernation ecophysiology and immune responses to P. destructans
infection (Bernard et al. 2020), by measuring key bioenergetic parameters of 13 western bat
species. EWL appears to be disrupted in WNS-affected bats, and in particular our efforts show it
appears that species with high rates of water loss are those that preferentially select roost sites
with high humidity, where the fungus also grows well (Haase et al. In Review). Prior to our
contributions, the hibernation literature (and even our own thinking) was heavily biased towards
a focus on traits of fat and metabolic, but our collective work has raised the profile of the
importance of EWL and how non-fat components might come into play for water balance. There
are now also indications of differential immune responses among species. A new transcriptome
study tracked the regulation of immune and defense genes in infected versus control tissues from
individual bats and reported M. lucifugus (high WNS mortality) and M. myotis (European
species, no WNS mortality) both mounted a more systematic host immune response than E.
fuscus (low WNS mortality), which mounted an ‘extremely localized response’ (Davy et al.
2020). The authors point to phylogenetic-based differences in host immune response and micro-
flora known to be associated with E. fuscus that inhibit P. destructans growth as possible
explanations.

Evolution as an intervention

Hopefully, and counter to initial extinction projections, some populations of M. lucifugus, persist
and may even be increasing at sites that experienced massive WNS population crashes (Dobony
and Johnson, 2018; Langwig et al. 2015; Maslo et al. 2015; Langwig et al. 2012; Frick et al.
2015; Frank et al. 2019). Evolutionary rescue is ‘the idea that evolution might occur sufficiently
fast enough to arrest population decline and allow population recovery before extinction ensues’
(Gonzalez et al. 2013). In early support of evolutionary rescue, Auteri and Knowles (2020)
examined the genome of M. lucifugus survivors and non-survivors for single nucleotide
polymorphisms and found changes in genes associated with torpor arousals, fat breakdown, and
vocalizations. These initial findings will need further scientific replication and scrutiny, but
altogether these are hopeful indications that eco-evolutionary dynamics may at least help some
populations of M. lucifugus and perhaps other species overcome WNS (Bell 2017).

The mechanism of evolutionary rescue is the genetic selection of host traits, physiological,
immune or otherwise, that influence the survival outcome of P. destructans infection. An
underlying assumption of evolutionary rescue is that some proportion of individuals have a
genotype and phenotype that results in WNS survival. Selected traits will depend on existing
natural variability within the population and their probability of occurrence. The hibernation
energetics of susceptible bat species indicate that critical differences in survival may hinge on
small shifts of roost temperature and humidity, fat stores, and arousal frequency or torpor bout
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duration (Haase et al. 2019b; Haase et al. In Review; Hranac et al. In Review; Lilley et al. 2016
Cheng et al. 2019). For example, our energetic model of M. lucifugus at a hibernaculum in
central Montana predicted high mortality but also suggested a small survival window exists,
where cooler temperatures would reduce fungal growth and greater fat mass would prolong
survival (Haase et al. 2019b; Hranac et al. In Review). Observations of mean torpor bout
duration shifting from 7.6 days during the first year of severe mortality to 14.7 and 12.9 days in
years six and seven, respectively, is potential evidence of physiological adaptation (Frank et al.
2019). Evidence of fungal load reductions in surviving eastern M. lucifugus populations also
suggests resistance to the pathogen may have developed (Langwig et al. 2012, 2017). That
resistance may be immune-related or associated with shifting attributes of clustering, density,
and microclimate that reduce fungal growth (Langwig et al. 2012). That said, evolution or
adaptations to survive WNS may not be occurring in all populations or species. A precautionary
approach to retain as much of the existing natural variability both within and among populations
as possible is warranted because the distribution of potential survival traits remains unknown.

Keep in mind the survival of western species and populations will be dependent on their ability
to cope with other significant population threats, including but not limited to WNS, and the
capacity for adaptation. WNS has already placed some species in a population bottleneck
(Langwig et al. 2012; Lilley et al. 2016) and it may yet result in extinctions. At present almost all
bat evolutionary rescue research has focused on a single species, M. lucifugus, and it is not clear
if the beneficial traits will evolve in all threatened, diseased or otherwise, populations or species.
However, if there is sufficient population size and diversity of western bat species, evolution
may allow susceptible species to escape this bottleneck and overcome WNS as well as other
threats (Bell et al. 2017; Maslow and Fefferman 2015; Frank et al. 2019).

We should all keep in mind that any recovery will be slow: a typical insectivorous bat population
of 10,000 bats that suffered a 10% population decline would take ~100 years to rebound
assuming pre-WNS rates of population growth (Langwig et al. 2012). Even if trajectories are
positive, stochastic events may result in extirpations or extinction, and the former may indicate
the subsequent need for translocations or accepting a new species assemblage equilibrium.

Bat ecology research is bat survival research

Like many other threatened species, we are playing catchup and it will be necessary to keep
growing our ecological knowledge of bat species. The science behind evolutionary rescue holds
that, ‘abundance, variation, and dispersal have pronounced and repeatable effects on the rescue
of populations and communities’ (Bell et al. 2017). We need greater understanding of these
baseline attributes and more science that studies how threats impact these attributes.

As a starting point we need more information on the diverse ecology of western bat species,
including habitat type and range size requirements, and dynamics throughout the year. For
example, systematic range-wide efforts like the North American Bat Monitoring Program
(NABat) are essential to understand variation of bat habitat use in space and time. NABat is one
standardized methodology to collect acoustic bat occurrence data that has not yet reached its full
operational potential, but its unbiased sampling approach promises to provide much improved
estimates of species summer occurrence across North America (Rodhouse et al. 2015). For
winter habitat, a recent effort documented nearly 3,000 known western cave and mine
hibernacula along with population trends, but it was a retrospective study limited to analyses of
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C. townsendii and Myotis at the genus level (Weller et al. 2018). Accurate species range maps
and habitat needs are essential to build the information on western bat ecology needed to design
effective conservation policies. For the WNS threat, just as important as where species are found
is how they overcome the energetic challenge of hibernation. Our first-of-its-kind study
measured critical baseline aspects of hibernation physiology across 13 species at sites from
Texas to northern Canada, from Oklahoma to Oregon (McGuire et al. In Review). Combining
our empirical data with a bioenergetic model of winter hibernation, we identified interspecific
differences of water loss and associated bioenergetic costs that elevated WNS susceptibility
(Haase et al. In Review). Further risk assessments and refined range maps can help prioritize
western species for research and lands for conservation action.

We need more granular ecological science too. Outstanding research questions for western
species include the use of non-traditional hibernacula, like exposed rock outcrops or talus slopes,
patterns of co-roosting, winter activity patterns, and intra-annual movement patterns. Related to
dispersal and the potential for bats to move survival traits to new populations, technology may
soon be small enough to provide a clearer understanding of bat movement patterns throughout
the year (Weller et al. 2016; Castle et al. 2015; Taylor et al. 2017).

We also need to bolster research on the understudied threats to western populations (Jones et al.
2009; Voigt et al. 2016) that may present additional selective sweeps alongside the pressure of a
selection for WNS survival traits. Stressful environments are known to further impede
evolutionary rescue and amplify extinction risk (Seltmann et al. 2017; Lachapelle et al. 2017;
Davy et al. 2016). Climate change is a global threat and source of uncertainty that will alter both
summer and winter bat habitat, perhaps with likely more immediate effects on drought and water
availability in the arid West but it could also help abate the energetic stress of WNS (Adams et
al. 2010; Jones et al. 2009; McClure et al. 2020). Then there are the unknown impacts of habitat
and wetland loss on high-quality roosting and foraging habitat (Korine et al. 2016; Jung and
Threlfall 2016; Fuller et al. 2020; United States Environmental Protection Agency 2016). A
critical open question is whether global insect declines, driven by habitat loss and pollution from
pesticides and fertilizers, compromise bat prey biomass and consequently fat stores (Forister et
al. 2019; Sanchez-Bayo et al. 2019; Lister and Garcia 2018; Hallmann et al. 2017; Jones et al.
2009; Cheng et al. 2019). More fundamentally, we do not know if bat populations are presently
limited by prey availability and researchers have yet to rigorously tackle the potential threat of
pesticides on bat prey species and overall health. This overwhelming lack of knowledge about
proposed threats is a threat unto itself that further compounds efforts to conserve bats (Frick et
al. 2019).

There is clearly a lot of scientific discovery ahead, and an urgent need to fill knowledge gaps and
synthesize findings with an ever-shortening window to gain additional pre-WNS baseline data.
Once listed, well-intentioned regulations for endangered species can end up impeding research
and create perverse incentives to obscure the presence of listed species to avoid restrictions and
requirements, whether real or perceived. If species are protected, policies should be made with
consideration for how they will impact research and management interventions necessary to
advance conservation priorities.

Customize interventions for the West
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First and foremost, the basic rule of do no harm applies, but we should not shirk from
improvisation either. Creative use of proactive bat conservation research and measures that
support the adaptive capacity of susceptible western species is likely to help reduce the risk of
extinction from WNS and other threats. A precautionary principle approach to evolutionary
rescue necessitates instituting strong conservation measures that maintain and support all
populations of susceptible species, not just those in regions where WNS is currently endemic.
The western WNS response has an unprecedented opportunity to leverage proactive
interventions across vast amounts of land that are under public land management. The United
States federal government manages 47% of the land area across 11 contiguous western states
(excluding Alaska), versus just 4% in the remaining lower 48 (Poschman et al. 2014). Acting
independently or together, the Department of the Interior, Department of Agriculture,
Department of Defense, state, as well as tribal land-management agencies are positioned to be
significant bat conservation stakeholders. The size of western public and tribal land allotment
would amplify the value of any proactive measures implemented on federal and tribal lands.

Current federal species listings due to WNS focus solely on species already in a tailspin and the
United States and Canada have implemented different levels of protection (Table 17). Why not
place proactive protections for at-risk western bat species at the federal, state, or provincial level
now, whether or not they have shown dramatic declines? And if a species is listed, regulations
should cover whole population conservation, the genetic diversity of the species, and remnant
populations. Only M. septentrionalis has received Endangered Species Act protections in the
United States due to WNS and as a threatened species, the main restrictions only apply to areas
already affected by WNS (Table 17).

Table 17. Summary of existing policy tools compared against an ideal proactive policy tool designed to support
evolutionary rescue.

Designed to
Covers WNS protect genetic Restrictions
threatened Whole diversity and against
species not yet  population  remnant incidental
Policy tool in rapid decline conservation populations take
United States Endangered No No No Limited*
Species Act 4(d) rule for
Myotis septentrionalis
Canada Species at Risk No Yes Yes Limited¥
Act listings for M.
lucifugus, Perimyotis
subflavus, & M.
septentrionalis under
section 41(1)
Proactive policy Yes Yes Yes Yes

*Incidental take of M. septentrionalis (northern long-eared bat) outside of hibernacula resulting from activities other than tree
removal is not prohibited” (https://www.fws.gov/midwest/endangered/mammals/nleb/pdf/FRnlebFinal4dRule14Jan2016.pdf).
tAllows permitting of activities in which incidental take will occur.
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The Recovering America's Wildlife Act of 2019 to ‘amend the Pittman-Robertson Wildlife
Restoration Act to make supplemental funds available for management of fish and wildlife
species of greatest conservation need as determined by State fish and wildlife agencies, and for
other purposes’ (https://www.congress.gov/bill/116th-congress/house-bill/3742/text) is currently
under congressional review. Such funds could be channeled to proactive bat conservation efforts
to help avert future listings.

Moving into 2020 and beyond, land managers at any level in the United States and Canada
should make a concerted effort to evaluate proposed activities for impacts on bat species that are
susceptible to WNS, to avoid or minimize those impacts, and to sponsor research when impacts
are unknown. For example in 2020, the Arkansas Game and Fish Commission amended a state
wildlife management regulation to ban nuisance bat killing unless rabies testing was indicated
due to a potential exposure (https://www.agfc.com/en/wildlife-management/nuisance-wildlife/).
Integrated pest-management plans and policies should require non-lethal exclusionary measures
to remove nuisance bats from structures with exceptions for cases of potential rabies exposure.
Monitoring and testing, when possible, will be critical to track disease progression and extinction
threats. Early P. destructans detection sets a starting point for monitoring and attributing
subsequent impact. Survival rate data can help us understand specific drivers of survival or
mortality in susceptible species (DiRenzo et al. 2018).

COVID-19 has also introduced new challenges to managing bats, with some agencies
recommending euthanasia of bats coming in contact with humans, and cessation of rehabilitation
in some states (e.g., Association of Fish & Wildlife Agencies 2020). With the widescale
accessibility of personal protective equipment, and a deeper understanding of the spread of the
SARS-CoV-2 virus, these reactionary lethal policies were later partially lifted in some
jurisdictions, but this shines light on the unpreparedness to deal with wildlife disease issues as it
pertains to species at risk and species that are otherwise protected.

We should carefully evaluate each tech-based disease management strategy for the western
context. These include biological or chemical agents that target the fungus, vaccination of bats,
genetic engineering of host or pathogen that reduces mortality (i.e. CRISPR-type methods), or
mechanically changing microclimate bat environments (USFWS 2020). Many existing strategies
are not suited to the dispersed and inaccessible nature of western bats (i.e. direct treatment
hibernaculum sites, vaccinations). At minimum there needs to be full transparency of an
intervention’s benefits, risks, efficacy, and long-term costs. Risks now include potentially
altering the natural trajectory of evolutionary rescue. While much remains unknown about the
potential of evolutionary rescue, it should be considered just as feasible as other tech-based
interventions that likewise remain unproven, and it is the only real long-term sustainable solution
among available options. Other interventions that provide a short-term benefit could wind up
being a net-loss if they offset an evolutionary rescue process. These same considerations apply to
more supportive interventions, such as those inoculating bats with local probiotics to reduce
fungal growth or those seeking to improve spring maternal survival with ‘hot boxes’. Western
agency managers are going to face tough decisions to optimize management objectives and
balance risk and uncertainty. Structured decision making processes have been used to help
managers navigate the WNS intervention problem space (Bernard et al. 2020), i.e. whether to
invest in costly treatments and/or invest in proactive conservation measures. The Achilles’ heel
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of structured decision making is that it relies on available information and research to inform
options, and managers, as the name implies are liable to choose a short-term intervention over
what may appear to be a passive ‘do nothing’ outcome. In reality, precautionary principle
proactive approaches are really ‘do more’ results with interventions designed to support diverse
populations of bats.

It is only a matter of time before all North American bat species are exposed to P.

destructans. The potential of evolutionary rescue warrants greater proactive conservation actions
than have been considered. Bold action is needed, including extended protections on state,
federal, private, and tribal western lands to at-risk species, support for more fundamental or
baseline research on bats, and a willingness to keep trying new things.
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Appendix AS. Parameters used to apply cooling model across mammalian species: cooling rate (CR; °C h-1), warming rate (WR; °C h'1), body mass (My; g),
thermal conductance (C; ml O, g °C™Y), euthermic (Tey; °C) and torpid (Twr; °C) body temperature, air temperature (T,; °C), and Qo rates.

Species, by Order CR WR M C Te Twr Ta Qi Reference [Conductance Reference]
Chiroptera
Chalinolobus gouldii 1.29 840 12 034 36 6 5 3.27 Hosken and Withers 1997

Corynorhinus townsendii 0.80 91.2* 10 020 37 9 8 3.32 CGH etal. unpublished data
[Speakman and Thomas 2003]

Eptesicus fuscus 0.61 90.0>° 18 020 37 16 15 3.19 Halsalletal. 2012 [Willis 2015]

Lasionycteris noctivagans ~ 0.59 162.0> 11 015 35 6 5 3.30 Dunbar 2007

Lasiurus borealis 0.46 106.8% 13 013 35 6 5 3.26 Dunbar and Tomasi 2006

Lasiurus cinereus 0.53 128.4% 25 018 35 6 5 3.11 Cryanand Wolf 2003

Myotis californicus 1.26 774 5 026 35 11 10 3.47 CGH etal. unpublished data
[Speakman and Thomas 2003]

Myotis lucifugus 1.11 64.0' 9 026 37 5 4 3.33 Czenze and Willis 2015 [Hayman et al. 2016]

Myotis myotis 051 242 25 020 35 17 16 3.11 Wojciechowski et al. 2007

Myotis nattereri 0.77 630! 8 018 35 10 8 3.36 Hopeand Jones 2012 [Speakman and
Thomas 2003]

Myotis velifer 0.70 500 14 020 37 9 8 3.23 CGH etal. unpublished data
[Hirshfeld and O’Farrell 1976]

Myotis yumanensis 072 276 6 015 37 9 8 3.44 Lichtand Leitner 1967 [O’Farrell and Studier
1970

Nyctalus noctula 021 94.8' 27 007 37 5 5 3.09 Kays%er 1964

Nyctophilus geoffroyi 1.57 80.4> 8 036 36 6 6 3.37 Geiser and Brigham 2000 [Herreid and
Kessel 1967]

Pipistrellus pipistrellus 1.10 57.0' 6 023 37 6 5 343 Kayser 1964

Tadarida brasiliensis 0.90 43.8' 12 025 36 11 10 3.27 Herreid and Schmidt-Nielsen 1966

Tadarida teniotis 0.45 46.8' 30 0.18 35 22 15 3.07 Marom etal. 2006

Dasyuromorphia
Dasyuroides byrnei 0.21 33.0'! 120 0.13 34 11 10 277 Geiserand Baudinette 1987
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Appendix A5, continued

Species, by Order CR WR Mp C Te Twr Ta Qi Reference [Conductance Reference]
Planigale gilesi 1.19 57.0 8 033 33 10 15 3.36 Geiserand Baudinette 1988 [Stone and
Purvis 1992]
Sminthopsis macroura 0.50 8.0 28 022 34 21 19 3.09 Songetal 1995
Diprotodontia
Burramys parvus 032 264' 54 014 36 3 2 294 Fleming 1985 [Herreid and Kessel 1967]
Cercartetus concinnus 0.70 474 17 021 34 6 5 3.20 Geiser1987
Cercartetus lepidus 078 540' 12 021 34 6 5 327 Geiser1987
Cercartetus nanus 022 240 70 011 35 6 5 2.88 Songetal. 1997
Eulipotyphla
Crocidura leucodon 0.61 54.0' 12 020 36 24 20 3.27 Nagel 1977
Crocidura russula 0.69 54.0! 14 020 36 19 10 3.24 Nagel 1977
Crocidura suaveolens 1.56 54.0 8 037 36 20 10 3.38 Nagel 1977
Erinaceus europaeus 0.19 102 505 018 34 11 10 2.45 Webb and Ellison 1998
Rodentia
Baiomys taylori 1.44 20.4 6 039 36 22 20 341 Hudson 1965
Callospermophilus lateralis 0.18 20.0 137 0.12 35 16 15 2.74 Larkinand Heller 1996 [Snapp and Heller
1981
Chaetodipus californicus 0.70 54.6 22 023 34 11 5 314 Tuck]er 1965
Chaetodipus hispidus 047 210 40 021 38 18 17 3.01 Wangand Hudson 1970
Cricetus cricetus 0.15 30.0' 370 013 35 10 8 252 WaRmerand Wollnik 1997 [Kayser 1964]
Eliomys quercinus 034 540! 80 0.17 33 6 5 286 Pajunen, 1970 [Kayser 1964]
Glis glis 0.20 51.0' 100 011 36 8 8 281 WilzandHeldmaier 2000 [Kayser 1961]
Ictidomys mexicanus 0.18 21.0' 190 0.14 36 15 17 2.66 Neumannand Cade 1965 [Snyder and Nestler
1990
Ictidomys tridecemlineatus 0.16 27.0' 190 011 35 7 6 266 Pohl :!and Hart 1965 [Aschoff 1981]
Marmota broweri 003 29 2400 0.04 30 10 2 211 Leeetal 2016
Marmota flaviventris 002 23 3405 0.04 36 9 8 203 Arnold 1988 [Florantand Heller 1977]
Marmota marmot 0.02 50! 3870 0.04 34 10 7 200 Ortmann and Heldmaier 2000 [Kayser 1964]
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Appendix A5, continued

Species, by Order CR WR Mp C Te Twr Ta Qi Reference [Conductance Reference]

Mesocricetus auratus 035 258 80 017 37 5 4 286 Lyman, 1948

Microdipodops pallidus 053 480 15 015 39 9 8 3.22 Bartholomew and MacMillen 1961

Muscardinus avellanarius  0.87 66.0'! 15 026 36 11 10 3.22 Pretzlaff and Dausmann 2012
Rodentia, continued

Otospermophilus beecheyi  0.11 2.6 502 0.12 32 15 14 245 Strumwasser 1959 [Aschoff 1981]

Perognathus longimembris  1.18 24.0* 8 027 3 5 3 335 Bartholomew and Cade 1957

Phodopus sungorus 032 87 31 013 32 18 12 3.07 Heldmaier et al. 2004
Sicista betulina 153 720 10 038 38 6 5 3.31 Johansenand Krog 1959
Spermophilus citellus 015 24.0' 290 0.11 36 6 1 257 Hutetal 2002) [Aschoff 1981]
Tamias amoenus 052 560 50 021 38 3 1 296 Geiserand Kenagy 1988 [Kenagy and Vleck
1982

Tamias striatus 025 600 92 013 35 6 5 282 Neal ]1976 [Wang and Hudson 1970]
Urocitellus parryii 014 70 406 011 35 0 -2 250 BoyerandBarnes, 1999 [Hock 1960]
Urocitellus richardsonii 019 94 400 0.17 37 10 10 250 Wang 1978)[Snyder and Nestler 1990]
Zapus princeps 072 600 26 025 33 6 5 3.10 Cranford1983

Monotremata

Tachyglossus aculeatus 001 43 4600 0.03 33 2 2 196 Griggetal. 1992 [Nicol and Andersen 2007]

Y(Geiser and Baudinette 1990)
2(Menzies et al. 2016)
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Appendix A6. Parameters for the energetics model for the little brown bat (Myotis lucifugus), their units, and the reference.

Parameter Name Parameter Value Units Reference

Basal metabolic rate BMR 2.6 ml Oz gt h' Calculated from Speakman and
Thomas 2003

Minimum torpid metabolic rate TMR pin 0.14 ml O, gt h' Measured in this study

Lower defended temperature Tior—min 2 °C Hock 1951; Hanus 1959; Speakman et

during torpor al. 1991

Lower critical temperature Tic 32 °C Hock 1951; Hanus 1959; Speakman et
al. 1991

Euthermic body temperature Teu 37 °C Thomas et al. 1990; Hock 1951; Hanus
1959; Speakman et al. 1991

Change in torpid metabolism Q1o 1.6 +0.26 Ta- - Hock 1951

0.006T22

Torpid thermal conductance Ci 0.20 ml Oz g*°Cth?! Calculated from McNab 1980

Euthermic thermal conductance Ceu 0.26 ml Oz gt°Cth?! Calculated from Fenton 1970

Wing surface area SAwing 19.68 cm? Calculated in this study

Body surface area SAbody 39.26 cm? Calculated from Gouma et al. 2012

Area-specific rate of rEW Lwing 0.33 mg hrt AWVP?  Calculated in this study

evaporative water loss for wing cm?

Area-specific rate of rEWLbody 0.10 mg hrt AWVP?  Calculated in this study

evaporative water loss for body cm?

Time in euthermia per arousal teu 1.10 h Jonasson and Willis 2012; French
1982, 1985

Maximum time in torpor tror-max 1300 h Brack and Twente 1985

Specific heat of tissue S 0.173 ml O, gt°C?  Wang 1978

Rewarming rate WR 0.80 °C min? Haase et al. 2019a; Czenze and Willis
2015; Geiser and Baudinette 1990;
Hirshfeld and O’Farrell 1976

Body mass M 7.80 g Measured in this study

Proportion of lean mass pLean 0.58 g Measured in this study

Proportion of fat mass pFat 0.26 g Measured in this study
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Appendix A6, continued

Parameter Name Parameter Value Units Reference

Proportion of body water pMass 0.027 mg Calculated in this study
threshold

Humidity-dependent fungal 1y 1.51 x10* - Hayman et al. 2016
growth parameter

Humidity-dependent fungal L, -9.92 x 1073 - Hayman et al. 2016
growth parameter

Temperature-dependent fungal B4 1.15x 1073 - Hayman et al. 2016
growth parameter

Temperature-dependent fungal B, 0.27 - Hayman et al. 2016

growth parameter
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Appendix A7. Lick Creek M. lucifugus data for Haase et al. 2019b. Full data and
metadata available at https://doi.org/10.5061/dryad.2280gb5n2
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Appendix A8. Winter hibernation duration data for Myotis lucigugus. Location data was coerced to the center of
the cell to protect hibernacula locations. Some dates were given arbitrary years to calculate duration

Winter
Latitude Longitude Start End Duration Reference
53.12 -99.19 15/09/2018  15/05/2019 242 Czenze and Willis 2015
51.44 -97.38 13/09/2018  15/05/2019 244 Norquay and Willis 2014
53.12 -99.19 15/09/2018  15/05/2019 242 Jonasson and Willis 2012
59.75 -112.20 15/10/2018  15/05/2019 212 Reimer et al. 2014
44.93 -110.67 15/10/2018  10/4/2019 177 Johnson et al. 2016
38.83 -92.29 NA NA 83 Brack Jr. and Twente 1985
36.61 -83.66 4/12/2018 1/4/2019 118 Hayman et al. 2017
58.30 -134.40 24/10/2018  31/03/2019 158 Karen Blejwas
61.00 -135.00 30/09/2018  18/04/2019 200 Tom Jung
59.60 -133.60 15/10/2018  24/03/2019 160 Cori Lausen
58.90 -125.80 21/10/2018  15/04/2019 176 Cori Lausen
59.40 -126.10 7/10/2018 7/4/2019 182 Cori Lausen
60.00 -111.88 15/10/2018  15/04/2019 182 Sharon Irwin and Cori Lausen
53.80 -116.50 15/09/2018  15/05/2019 242 Cori Lausen
43.24 -73.51 10/10/2018  15/05/2019 217 Davis and Hitchcock 1965
60.96 -117.33 5/10/2018 20/04/2019 197 Joanna Wilson
47.12 -111.00 NA NA 180 SERDP
51.75 -124.72 15/10/2015 21/03/2016 158 WCS-C Recorder
51.52 -122.29 21/10/2015 27/03/2016 158 WCS-C Recorder
49.12 -116.63 6/11/2012 27/04/2013 172 WCS-C Recorder
55.20 -129.10 28/10/2015  1/3/2016 125 WCS-C Recorder
49.01 -119.50 1/12/2012 11/3/2013 100 WCS-C Recorder
53.88 -124.59 25/09/2015  30/03/2016 187 WCS-C Recorder
51.50 -122.30 22/10/2015 29/03/2016 159 WCS-C Recorder
49.02 -118.34 13/12/2010  4/3/2011 81 WCS-C Recorder
55.24 -127.67 11/10/2014  8/4/2015 179 WCS-C Recorder
54.30 -129.40 4/10/2014 16/03/2015 163 WCS-C Recorder
49.91 -116.90 20/11/2013  27/03/2014 127 WCS-C Recorder
49.30 -116.66 28/12/2014  4/3/2015 66 WCS-C Recorder
54.41 -128.52 3/11/2015 5/3/2016 123 WCS-C Recorder
55.21 -129.14 21/11/2015 25/03/2016 125 WCS-C Recorder
59.43 -126.10 25/09/2015  24/04/2016 212 WCS-C Recorder
50.52 -121.72 26/11/2014 17/04/2015 142 WCS-C Recorder
50.83 -121.88 4/11/2014 18/04/2015 165 WCS-C Recorder
50.63 -121.86 9/12/2014 2/3/2015 83 WCS-C Recorder
50.28 -115.85 31/10/2013  25/03/2014 145 WCS-C Recorder
50.28 -115.85 21/09/2012  26/03/2013 186 WCS-C Recorder
55.06 -129.47 14/10/2014  15/03/2015 152 WCS-C Recorder
49.30 -116.76 17/11/2012  14/03/2013 117 WCS-C Recorder
49.01 -118.35 17/12/2011  14/03/2012 88 WCS-C Recorder
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Appendix A8, continued

Winter

Latitude Longitude Start End Duration Reference

49.78 -119.74 23/10/2013  19/04/2014 178 WCS-C Recorder
49.08 -116.58 17/11/2012  27/04/2013 161 WCS-C Recorder
49.45 -119.56 15/06/2012  31/08/2012 77.5 WCS-C Recorder
49.44 -119.57 16/11/2012  23/03/2013 127 WCS-C Recorder
49.91 -126.65 24/10/2014  1/3/2015 128 WCS-C Recorder
57.90 -131.17 4/10/2015 20/03/2016 168 WCS-C Recorder
49.76 -124.57 3/12/2015 4/3/2016 92 WCS-C Recorder
59.57 -133.70 6/10/2015 2/5/2016 209 WCS-C Recorder
54.07 -131.80 30/12/2014  4/3/2015 64 WCS-C Recorder
53.58 -124.79 18/10/2014  11/3/2015 144 WCS-C Recorder
49.30 -119.55 30/12/2013  4/3/2014 64 WCS-C Recorder

187



Appendix A9. Spatial body mass data for Myotis lucifugus. Locations were obscured to
the center of the raster cell from which the data was taken.

Latitude Longitude Mass (g) Reference

39.40 -105.47 8.5 VertNet.org 2014
39.51 -121.55 7 VertNet.org 2014
39.55 -107.79 5.9 VertNet.org 2014
39.72 -96.64 7.3 VertNet.org 2014
40.41 -121.37 7 VertNet.org 2014
40.63 -105.15 7.7 VertNet.org 2014
42.66 -77.96 8.8 VertNet.org 2014
42.69 -77.96 6.9 VertNet.org 2014
43.65 -108.21 5.1 VertNet.org 2014
43.99 -75.93 145 VertNet.org 2014
44.00 -75.99 7.35 VertNet.org 2014
44,03 -76.05 9 VertNet.org 2014
44.38 -108.04 6.45 VertNet.org 2014
44.54 -89.56 8.2 VertNet.org 2014
44.80 -106.95 6.9 VertNet.org 2014
44.88 -107.26 54 VertNet.org 2014
45.30 -93.58 9.23 VertNet.org 2014
47.91 -122.10 6.45 VertNet.org 2014
48.76 -122.49 6.73 VertNet.org 2014
57.76 -152.52 6 VertNet.org 2014
58.33 -134.60 6.53 VertNet.org 2014
58.33 -134.60 6.65 VertNet.org 2014
58.69 -156.66 6.75 VertNet.org 2014
59.45 -135.32 7.08 VertNet.org 2014
59.45 -135.32 7.43 VertNet.org 2014
59.45 -135.33 7.5 VertNet.org 2014
59.50 -135.26 8.04 VertNet.org 2014
64.84 -147.72 5.6 VertNet.org 2014
64.85 -148.05 5.4 VertNet.org 2014
59.52 -112.22 8.97 WCS Canada
60.05 -112.68 9.91 WCS Canada
59.74 -112.22 9.63 WCS Canada
59.75 -112.20 9.94 WCS Canada
47.12 -111.00 8.22 SERDP

41.81 -111.62 6.72 SERDP

53.03 -117.33 11.21 Schowalter 1980
45.30 -76.90 111 McGuire et al. 2009
47.40 -80.44 9.55 Fenton, 1970
53.10 -99.16 12.56 McGuire et al. 2016
43.24 -73.04 9.06 Kunz and T. H. Kunz 1987
43.24 -73.04 9.19 Kunz 1995

45.30 -76.90 10 Fenton 1970
48.98 -87.40 10.3 Fenton 1970
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Appendix A9, continued

Latitude Longitude Mass (g) Reference

46.29 -81.86 9.5 Fenton, 1970

44,93 -110.67 7.76 Johnson et al. 2016
6.26 -133.34 11.34 WCS Canada Yukon
60.36 -134.59 8.73 WCS Canada Yukon
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Appendix A10. Cave microclimate data for McClure et al. 2020. Full data and
metadata available at https://doi.org/10.5061/dryad.51c59zw66

190


https://doi.org/10.5061/dryad.51c59zw66

Appendix A11. Species distribution data for McClure et al. In Review. Full data and
metadata available at https://doi.org/10.5061/dryad.crjdfn32r
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Appendix A12. We collected data from 13 species of hibernating bats, including metabolic rate and evaporative water loss. The range of temperatures at which the
lowest torpid metabolic rate (TMR) was recorded varied among species. Within that range of temperatures minimum torpid metabolic rate (TMRmin) did not vary
among species, but species were divided into a high evaporative water loss (EWL) and low EWL cluster.

Range Range 3 EWL
. N Body Mass Temperature TMRumin " Tdefended EWL
Species n Sites ) Tgsée;d Effect? (MW g9) leﬁlg)mm (°C) r(nrr:nggz(l)) Cluster
Vespertilionidae
Corynorhinus 152 BC, CO, 103+01 2-10 LRs=13.0,p- 0.33+0.03 5-8 2-5 0.009 = Low
townsendii NV1, NV, value = 0.001
OR, UT 0.0047
Eptesicus fuscus 7 MT; 16.7+£12 2-10 LR3=16,p- 0.25+0.07 2-10 <2 0.009 + Low
value = 0.67 0.002
Lasionycteris 23 BC, 12.7+£0.2 0-8 LRs=156,p- 0.15%£0.01 2-8 0-2 0.005 + Low*
noctivagans value = 0.001
0.0036
Myotis californicus 45 BC, 57+0.1 0-10 LRs=22.0,p- 0.26%0.02 2-8 0-2 0.010 + Low
value = 0.002
0.0005
Myotis ciliolabrum 23 MT1, NV 50+0.1 2-10 LR3=6.2,p- 026+004 2-10 <2 0.009 + Low
value = 0.10 0.001
Myotis evotis 13 MT, 7.5%0.2 2-10 LR;=16.7,p- 048+0.09 5-10 2-5 0.019 £ High
value = 0.001
0.0008
Myotis lucifugus 99 MT,, AB, 89+0.1 2-10 LR3=15.2,p- 0.30+0.02 2-8 <2 0.014 + High
NWT value = 0.001
0.0016
Myotis thysanodes 11 MT, 9.4+0.3 2-10 LR3=11.2,p- 025008 5-10 2-5 0.018 = High
value = 0.011 0.001
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Appendix Al12, continued

Range Range 3 EWL
. . Body Mass Temperature TMRmin T defended EWL
Species n Sites! Tested 2 it TMRmin o (mg H20
(9) °C) Effect (mW g?) °C) (°C) min g) Cluster
Myotis velifer 33 OK 144+03 2-10 LR3=80,p- 025+004 5-10 2-5 0.015 High
value = 0.046 0.001
Myotis volans 12 MTy, MT; 9.0+£0.2 2-10 LR3=10.6,p- 043+008 5-10 2-5 0.015 High
value = 0.014 0.001
Myotis yumanensis 27 BC,, BCs 58+0.1 0-8 LRs=484,p- 0.20+0.01 4-6 2-14 n/a®
value <
0.0001
Perimyotis subflavus 34 OK 7.0+0.1 2-10 LRs=17.1,p- 0.18+0.04 8-10 5-8 0.017 + High
value < 0.001 0.002
Molossidae
Tadarida 27 X 134+04 2-12 LR4=63.2,p- 035+006 8-12 5-8 0.010 + Low
brasiliensis value < 0.001
0.0001

ISubscripts identify sites in states or provinces with multiple sites.
2LR = likelihood ratio, degrees of freedom indicated in subscript.

SWhere metabolic rate did not increase at coldest temperature tested, Tdefended can only be determined as less than the lowest temperature tested. Otherwise Tdefended is between the
range of temperatures indicated.
4L. noctivagans may represent a third cluster with lower EWL (see Figure 20b), but to be conservative we present only two clusters here.
SEWL was not measured for M. yumanensis.
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Appendix A13: Summary of previous studies that calculated energy expenditure during torpor or arousals, including the various methods by which warming
and cooling costs have been considered. Warming models consider the effects of body mass (M), specific heat capacity of tissues (S), euthermic (Tey) and
torpid (Ty) body temperatures, and resting (RMR) and torpid (TMR) metabolic rates.

Species

Warming Model

Cooling Use

Reference

Various bats
Myotis lucifugus
Myotis lucifugus

Mb (Teu - Ttor)s
(Teu - Ttor)S
(Teu - Ttor)S

None
67.2% of warming
None

Prothero and Jurgens 1986
Thomas et al. 1990
Humphries et al. 2002

t2

Lasiurus cinereus My (T — Tior)S + f C(Tpy —T,) None Cryan and Wolf 2003

i _ ! RMR — TMR .
Lasiurus cinereus [M,(T,, — T0;)S] + Dl (TMR + —) None Willis et al. 2006
Myotis lucifugus (Toy = Tyor)S 65% of warming Frederico 2007
Myotis lucifugus (Tyy = Tror)S 67% of warming Boyles and Brack 2009
Myotis lucifugus (Toy = Tror)S 67% of warming Boyles and McKechnie 2010
Various bats (Tyy = Tror)S 67% of warming Boyles and Willis 2010
Myotis lucifugus (Toy = Tyor)S 67% of warming Jonasson and Willis 2012**
Myotis lucifugus (Toy = Tyor)S 67% of warming Ehlman et al. 2013
Myotis lucifugus None None Burles et al. 2014

t2
Mb(Teu - Ttor)s + f C(Teu - Ta) MCGUiI’e et al. 2014
51

(Teu - Ttor)S None
RMR — TMR)

Lasionycteris noctivagans 67.2% of warming

Various bats Hayman et al. 2016
Wilcox and Willis 2016

Czenze et al. 2017

Myotis lucifugus [M,(T,, — Tior)S] + Dl (TMR +

Myotis lucifugus (Toy = Teor)S 67.2% of warming

67.2% of warming

*Duwarm 1S defined as the time required to warming tissues, a function of the rate of warming and gradient between euthermic and
torpid body temperatures
**Jonasson and Wills (2012) also used models published by Thomas et al. (1990) and Humpbhries et al. (2002) listed in the table
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Appendix A14: Summary of spatial products created for Myotis lucifugus. Hibernation duration was predicted in days and defined as the annual period
during which bats must hibernate to survive. Pre-hibernation body mass and initial fat mass were predicted from glm models. Fat required refers to the
predicted amount of fat required to survive the duration of winter hibernation. Survival capacity is defined as the predicted fat required to survive hibernation
— the predicted body fat available for bats going into hibernation and/or the predicted maximal number of days that a bat could hibernate — the duration of
winter. Negative values represent a predicted shortfall in the fat required to survive hibernation while positive values indicate a surplus of fat stores remaining
at emergence from hibernation. Finally the % increased expenditure represents the increased fat required to survive hibernation between infected and
uninfected bats calculated as the difference between predicted fat use of the infected and healthy individuals divided by the healthy multiplied by 100.

Env. Pd

Results Layer Units Conditions Infection Median Mean SD 5% 95% Minimum Maximum
Hibernation days - - 178.95 169.17 4535 79.70 224.40 0.00 288.34
Duration
Body Mass grams - - 8.64 914 184 7.04 12.52 4.53 23.27
Body Fat grams - - 2.32 2.61 110 1.36 4.63 0.00 11.05
Fat Required grams 4x98 No 0.48 0.45 012 021 0.60 0.00 0.77
Fat Required grams 4x98 Yes 1.22 1.16 045 035 1.77 0.00 2.71
Fat Required grams  Best A. x 98 No 0.49 0.49 021 0.28 0.60 0.00 7.28
Fat Required grams  Best A. x 98 Yes 1.21 1.20 040 0.51 1.77 0.00 7.28
Survival Capacity grams 4x98 No 1.84 2.16 1.01 1.07 4.05 -0.50 10.67
Survival Capacity grams 4x98 Yes 1.22 1.45 0.76  0.61 2.93 -1.36 10.21
Survival Capacity grams  Best A. x 98 No 1.82 2.12 1.02 1.00 4.05 -3.17 10.47
Survival Capacity grams  Best A. x 98 Yes 1.11 1.41 093 0.35 3.33 -3.26 9.90
Survival Capacity days 4x98 No 181.05 190.83 45.35 135.60 280.30 71.66 370.79
Survival Capacity days 4x98 Yes 4563 5541 4535 0.19 144.88 -63.76 235.37
Survival Capacity days  Best A.x 98 No 181.05 188.79 49.37 134.22 280.07 -175.95 370.79
Survival Capacity days  Best A.x 98 Yes 4538 46.86 3255 0.66 102.67 -175.95 182.56
Increased % 4x98 - 15442 14518 4157 62.66 195.26 0.00 251.46
Expenditure
Increased % Best A. x 98 - 14711 142.42 36.52 72.09 192.08 0.00 269.57

Expenditure
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Appendix A15: Final predictor sets and their relative influences in boosted regression tree (BRT) models used to
estimate winter species distributions of five focal bat species across the United States and Canada, including a)
Corynorhinus townsendii, b) Myotis californicus, ¢) Myatis lucifugus, d) Myotis velifer, and e) Perimyotis subflavus.

a) Corynorhinus townsendii

Variable Neighborhood size ~ Sample resolution  Relative influence
Distance to mine -- 10 km 15.32
Elevation - 10 km 11.94
Percent tree cover 5km 1km 10.75
Ruggedness 500 m 1km 10.65
Annual snow days -- 1km 9.34
Groundwater depth - 10 km 8.13
Night lights -- 1 km 7.92
Solar insolation Multiscale 1km 7.73
Karst -- 1km 6.74
Topographic position 5km 1km 5.61
Winter survivorship -- 1 km 4.66
Percent water 500 m 1 km 1.2

b) Myotis californicus
Variable

Neighborhood size

Sample resolution

Relative influence

Winter survivorship -- 10 km 20.39
Distance to mine - 1 km 12.13
Night lights -- 1 km 10.33
Percent tree cover 5km 10 km 0.88
Annual snow days -- 1 km 9.53
Topographic position Multiscale 10 km 8.83
Ruggedness 25 km 1 km 8.68
Solar insolation 5km 1 km 8.1
Percent water 25 km 10 km 7.53
Groundwater depth - 1 km 4.6

¢) Myotis lucifugus
Variable

Neighborhood size

Sample resolution

Relative influence

Topographic position Multiscale 1 km 16.22
Ruggedness Multiscale 1km 13.68
Solar insolation 25 km 10 km 11.36
Night lights -- 1 km 11.15
Winter survivorship -- 10 km 11.11
Annual precipitation -- 10 km 10.78
Percent water 5km 1km 8.73
Percent tree cover 25 km 1km 8.54
Groundwater depth -- 10 km 8.44
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Appendix Al5, continued

d) Myotis velifer

Variable Neighborhood size ~ Sample resolution  Relative influence
Elevation -- 10 km 16.57
Ruggedness 500 m 10 km 12.48
Percent tree cover 25 km 1 km 12.46
Annual precipitation -- 10 km 11.71
Solar insolation 25 km 1 km 9.61
Percent water 25 km 1km 7.9
Topographic position 500 m 1km 6.91
Distance to mine -- 10 km 551
Groundwater depth - 10 km 5.24
Karst -- 1km 4.44
Winter survivorship - 1km 3.99
Night lights -- 10 km 3.17
e) Perimyotis subflavus

Variable Neighborhood size ~ Sample resolution  Relative influence
Ruggedness 5km 1km 12.61
Night lights -- 1 km 12.54
Topographic position 25 km 1km 10.6
Groundwater depth - 10 km 8.42
Annual precipitation - 1km 8.26
Winter survivorship -- 10 km 7.77
Elevation - 10 km 7.74
Distance to mine - 10 km 7.37
Karst -- 1km 7.28
Percent water 5km 1 km 7.05
Percent tree cover 5 km 1km 6.4
Annual snow days - 10 km 3.97
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B. List of Scientif

ic/Technical Publications

1. Articles in peer-reviewed journals

a. Inprint
i.

Haase, C.G., Fuller, N.W., Hranac, C.R., Hayman, D.T.S., Olson, S.H.,
Plowright, R.K., McGuire, L.P., 2019. Bats are not squirrels: Revisiting
the cost of cooling in hibernating mammals. Journal of Thermal Biology,
81, 185-193. https://doi.org/10.1016/j.jtherbio.2019.01.013

Haase, C.G., Fuller, N.W., Hranac, C.R., Hayman, D.T.S., McGuire, L.P.,
Norquay, K.J.O., Silas, K.A., Willis, C.K.R., Plowright, R.K., Olson, S.H.,
2019h. Incorporating evaporative water loss into bioenergetic models of
hibernation to test for relative influence of host and pathogen traits on
white-nose syndrome. PLoS One,14(10), e0222311.
https://doi.org/10.1371/journal.pone.0222311

Fuller, N.W., Haase, C.G., Silas, K.A., Olson, S.H., Mcguire, L.P., 2019.
First reported case of diphallia in Corynorhinus townsendii. Western
North American Naturalist, 79(3), 454-457.

McClure, M.L., Crowley, D., Haase, C.G., McGuire, L.P., Fuller, N.W.,
Hayman, D.T.S., Lausen, C.L., Plowright, R.K., Dickson, B.G., Olson,
S.H., 2020. Linking surface and subterranean climate: implications for the
study of hibernating bats and other cave dwellers. Ecosphere 11.
https://doi.org/10.1002/ecs2.3274

Haase, C.G., Fuller, N.W., Dzal, Y.A., Hranac, C.R., Hayman, T.S.,
Lausen, C.L., McGuire, L.P., Silas, K.A., Olson, S.H., Plowright, R.K.,
2021. Body mass and hibernation microclimate may predict bat
susceptibility to white-nose syndrome. Ecology and Evolution 11.
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b. Accepted for publication

C. Submitféd for publication

Hranac, C.R., Haase, C.G., Fuller, N.W., McClure, M.L., Marshall, J.C.,
Lausen, C.L., McGuire, L.P., Olson, S.H., Hayman, D.T.S., In Review.
What is winter? Modelling spatial variation in bat host traits and
hibernation and their implications for overwintering energetics. Ecology
and Evolution. In preprint:
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McClure, M.L., Haase, C.G., Crowley, D., Hranac, C.R., Hayman, D.T.S.,
Mcguire, L.P., Dickson, B.G., Fuller, N.W., Plowright, R.K., Lausen,
C.L., Olson, S.H., In Review. A hybrid correlative-mechanistic approach
for modeling and mapping winter distributions of western bat species.
Journal of Biogeography.

McClure, M.L., Haase, C.G., Crowley, D., Hranac, C.R., Hayman, D.T.S.,
Mcguire, L.P., Dickson, B.G., Fuller, N.W., Plowright, R.K., Lausen,
C.L., Olson, S.H., In Prep. Projecting the compound effects of climate
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change and white-nose syndrome on western bat species. Ecological
Applications.

McGuire, L.P., Fuller, N.W., Haase, C.G., Silas, K.A., Olson, S.H., In
Review. Lean mass dynamics in hibernating bats and implications for
energy and water budgets. Physiological and Biochemical Zoology.
McGuire, L.P., Fuller, N.W., Dzal, Y.A., Haase, C.G., Silas, K.A., Willis,
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Physiology B.

McGuire, L.P., Dzal, Y.A., Fuller, N.W., Klug-Baerwald, B.J., Haase,
C.G,, Silas, K.A., Willis, C.K.R., Lausen, C.L., Olson, S.H., In Review.
Interspecific variation in evaporative water loss, and not metabolic rate,
among hibernating bats.

Kunkel, E.L., McGuire, L.P., In Prep. Partial migration in Mexican Free-
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Physiology Part A: Molecular and Integrative Biology.

. Technical reports (specify whether in print, accepted for publication, or submitted
for publication)
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for Bat Research Conference, October 2017
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C. Other Supporting Materials
All custom code and data for the bioenergetic hibernation model are available at
github.com/cReedHranac/winTor. The energetic model code is available from
github.com/cReedHranac/batwintor. The code is being prepared as an R package.

The compilation of permit reports provided to state permitting agencies (Colorado,
Montana, Nevada, Oklahoma, Oregon, and Utah) that included analysis of bat capture
and sampling data by site, an overview of any microclimate data collected, and site-based
parameterization of the Haase et al. 2019b is included as an attachment.
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Colorado Parks and Wildlife
Final Project Report 2016-2019
Under permits 16TR2172, 17TR2172, 18TR2172, and 19TR2172

We caught a total of 120 bats: 105 Corynorhinus townsendii, 2 Eptesicus fuscus, 9 Myotis
ciliolabrum, and 4 M. thysanodes (Table 1; Appendix) over the sampling period of fall 2016 to
winter 2019. During the fall, bats were caught using mist nets and harp traps at the cave entrance.
During the winter, bats were hand-captured from cave walls. We determined sex, age,
reproductive condition, and wing score and measured forearm length and body mass of each bat.
We used quantitative magnetic resonance (QMR; Echo-MRI-B, Echo Medical Systems,
Houston, TX) to measure fat mass and lean mass. We measured metabolic rate (TMR) and
evaporative water loss (EWL) during torpor using open-flow respirometry. We measured body
fat from 63 individuals and processed 40 individuals through respirometry. Body mass and body
fat were greater in females compared to males for the species we had both sexes (Figure 1). We
only captured C. townsendii in both seasons; there was no difference in body mass between
seasons, but fat mass was greater in the fall (Figure 2). There were differences between season
for both metabolic rate and evaporative water loss (Figure 3) in the one species measured in
respirometry (C. townsendii).

We measured hibernaculum temperature and relative humidity over each hibernation period
using HOBO (Model U23-001, Onset Computer Corporation) and iButton (Model DS1921Z-F5,
Maxim Integrated Products) microclimate data loggers. We placed four HOBO and ten iButton
loggers throughout the hibernacula in the fall and recorded conditions at 3 h intervals. We
collected loggers from the hibernacula in the spring (May) of each year. The mean temperature
of the cave was 4.17 °C while the mean relative humidity was 79.03% (Figure 4).

We predicted survival for C. townsendii (Figure 5) over the range of environmental conditions
experienced in the cave (Figure 5) using a modified hibernation energetics model. Survival was
predicted for both healthy individuals and those affected by white-nose syndrome. The modified
hibernation energetics model estimates the time until fat exhaustion during hibernation as a
function of bat characteristics, hibernaculum microclimate, and Pseudogymnoascus destructans
growth. Survival was determined by comparing model output time to winter duration — if time
until fat exhaustion is greater than winter duration, survival occurs. We validated the model
predictions with field and laboratory data and determined model sensitivity to bat characteristics.

We predicted that C. townsendii in Paradox Mine will not suffer high mortality rates as we
would expect in other areas. Our results suggest that the microclimate conditions available in
Paradox Mine are perhaps suboptimal conditions for fungal growth, and therefore may not
impact the population as white-nose syndrome would elsewhere.

For further information about our findings please visit www.science4bats.org/publications and
review all project associated publications.




Table 1: The number of each species per year captured at Paradox Mine.

Species Year Count
Corynorhinus townsendii 2016 29
Corynorhinus townsendii 2017 31
Corynorhinus townsendii 2018 13
Corynorhinus townsendii 2019 32
Eptesicus fuscus 2016 1
Eptesicus fuscus 2018 1
Myotis ciliolabrum 2016 8
Myotis ciliolabrum 2017 1
Mpyotis thysanodes 2016 3
Mpyotis thysanodes 2017 1
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Paradox Mine.



16
=
” Season
o 121
= B fal
-§' * winter
om *

N —

L]
E——
|
COTO EPFU MYCI MYTH
L ]

3.0 -

25
% Season
m —
207 B3 fal
® * winter
L

1.5-

1.0

COTO EPFU MYCI MYTH

Figure 2. Body mass (top) and fat mass (bottom) by season for the four species captured at
Paradox Mine.



¢ L ]
. $
‘I- L ]
o 0.75 .
z .
% Season
0.50 1
l._
S ES fall
% — winter
a
w
& 0.251
w
o
=
0.00 1
COTO
Species
—_ [ ]
‘TU)
£ 0.061
F
[ ]
£ Season
~— 0.04
g * ES fall
w BS winter
o
g .
0 0.02
w
)
w
(1]
= *
0.00 1
COTO
Species

Figure 3. Mass-specific torpor metabolic rate (TMR; top) and mass-specific evaporative
water loss (EWL; bottom) by season for COTO captured at Paradox Mine.



ENTRANCE FRONT
301
20 1
104
W
o '“VWW
Q -101
® -204
2
g OUTSIDE REAR
Q. 30
<|E> 204
-
10 1
0 e
-10 1
-20 1
Jan Apr Jan Apr
Time
ENTRANCE FRONT

N
1

-t
1

N‘WM»ML A T A ™ e ARk A

o
1

OUTSIDE REAR

N
1

Water Vapor Pressure difference (kPa)

o
1

PTG T R Y i A L SN

Jan Apr Jan Apr
Time

Figure 4: Microclimate (top: temperature, bottom: water vapor pressure difference) at
different locations throughout the mine.



Corynorhinus townsendii
Healthy

Days until
Fat Exhaustion

300

200

I 100

Water Pressure Deficit (kPa)

0 5 10 150 5 10 15
Temperature (°C)

Figure 5: Predicted days until total fat exhaustion for Corynorhinus townsendii in Paradox
Mine. Solid lines represent days of hibernation duration (152 days) predicted for Paradox
and the range of microclimate conditions that would allow survival in this area. Dashed
lines represent microclimate conditions measured at the roosting location within the mine.
The area where solid and dashed lines overlap is the microclimate conditions available that
allow survival. White space represents impossible microclimate space based on the
saturation potential for each temperature.



APPENDIX: Morphometric data from species captured at Paradox Mine. Forearm is in mm, mass, fat, and lean mass in g.

Species Date Sex Age Reproductive Condition =~ Forearm  Mass Wing Score  Respirometry?
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 44.1 7.9 0
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 41.2 7.5 0
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 42.3 9.2 1
Corynorhinus townsendii  9/26/2016 Female  Adult Non-reproducing 44.5 9.5 1
Corynorhinus townsendii  9/26/2016 Female  Adult Non-reproducing 44.7 9.5 0
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 42.5 8.2 1
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 42.1 8.3 0
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 40.2 7.2 0
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 42.3 9.1 1
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 433 9.4 0
Corynorhinus townsendii  9/26/2016 Male Adult Scrotal 43 9.2 1
Corynorhinus townsendii  9/27/2016 Male Adult Scrotal 43.1 8.9 0
Corynorhinus townsendii  9/27/2016 Male Adult Scrotal 42.6 8.9 1
Corynorhinus townsendii  9/27/2016 Male Adult Scrotal 40.5 7.2 0
Corynorhinus townsendii  9/27/2016 Male Adult Scrotal 43.7 8.6 0
Corynorhinus townsendii  9/27/2016 Female  Adult Non-reproducing 45 8.9 0
Corynorhinus townsendii  9/27/2016 Male Adult Non-reproducing 41.7 7.9 0
Corynorhinus townsendii  9/27/2016 Male Adult Scrotal 42 7.6 0
Corynorhinus townsendii ~ 9/27/2016 Male Adult Non-reproducing 44.1 8.2 0
Corynorhinus townsendii  9/27/2016 Male Adult Non-reproducing 42.3 8.6 0
Corynorhinus townsendii  9/27/2016 Male Adult Non-reproducing 42.7 7.7 0
Corynorhinus townsendii  9/27/2016 Female  Adult Non-reproducing 44.5 10.5 1
Corynorhinus townsendii  9/27/2016 Female  Adult Non-reproducing 433 10.3 0
Corynorhinus townsendii  9/27/2016 Male Adult Non-reproducing 41.8 8.7 3
Corynorhinus townsendii  9/27/2016 Female  Adult Non-reproducing 45.2 13.4 1
Corynorhinus townsendii  9/27/2016 Male Adult Scrotal 41.9 9.6 1
Corynorhinus townsendii  9/29/2016 Female  Adult Non-reproducing 44.2 10.6 0
Corynorhinus townsendii  9/29/2016 Male Adult Scrotal 40.1 7.6 0
Corynorhinus townsendii  9/30/2016 Female  Adult Non-reproducing 44.2 12.3 0



Species Date Sex Age Reproductive Condition =~ Forearm Mass Fat Lean Wing Score Respirometry?
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 42.5 9.3 1

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 45 9.3 1

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 42 9.3 0

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 443 9.1 1

Corynorhinus townsendii  2/7/2017 Female  Adult Non-reproducing 453 9.5 1.2 3.61 1 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 44.6 9.7 0.9 393 1 yes
Corynorhinus townsendii ~ 2/7/2017 Male Adult Non-reproducing 42.3 102 0.8 3.08 0 yes
Corynorhinus townsendii  2/7/2017 Female  Adult Non-reproducing 43.4 9.5 1.1 3.79 1 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 43.8 9.7 3

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 43.2 9.2 1

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 42.6 9 0

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 459 10 1.2 3.55 2 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 42.8 9 0

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 42.2 8.6 2

Corynorhinus townsendii ~ 2/7/2017 Male Adult Scrotal 43.8 8.6 1 3.17 2 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 43.4 8.6 2

Corynorhinus townsendii  2/7/2017 Female  Adult Non-reproducing 459 103 0.8 437 1 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 42.7 9.6 3

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 44.5 9.1 2

Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 43.1 8.5 1

Corynorhinus townsendii ~ 2/7/2017 Male Adult Non-reproducing 42.8 8.3 0.7 423 0 yes
Corynorhinus townsendii ~ 2/7/2017 Male Adult Non-reproducing 42.3 7.3 0

Corynorhinus townsendii ~ 2/7/2017 Male Adult Non-reproducing 40.4 7.4 0.8 3.41 1 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 45.1 9.5 1.1 3.8 0 yes
Corynorhinus townsendii ~ 2/7/2017 Male Adult Non-reproducing 42.1 7.3 2

Corynorhinus townsendii ~ 2/7/2017 Male Adult Scrotal 42 7.9 0.7 2.64 2 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 45 11.3 1.6 3.6 0 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 44.8 9.7 1

Corynorhinus townsendii ~ 2/7/2017 Male Adult Non-reproducing 44.2 8.3 0.8 2.58 0 yes
Corynorhinus townsendii ~ 2/7/2017 Female  Adult Non-reproducing 42.4 9.7 1 3.91 1 yes
Corynorhinus townsendii  10/13/2017  Female  Adult Non-reproducing 43.9 10.7 2.1  5.68 1



Species Date Sex Age Reproductive Condition =~ Forearm Mass Fat Lean Wing Score Respirometry?
Corynorhinus townsendii  10/17/2018  Male Adult Scrotal 35 8.8 3

Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 443 10.8 1 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 43.9 10.8 1 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 443 11.4 0 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 43 11.8 1 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 44.5 10.9 0

Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 43.6 10.7 0 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 44.7 12.1 1 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 43.8 11.9 1 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 443 12.5 1 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 45 11.3 0 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 44.6 10.8 1 yes
Corynorhinus townsendii  10/17/2018  Female  Adult Non-reproducing 42.1 11 0 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 42.2 8.5 1.7 277 0

Corynorhinus townsendii  1/23/2019 Male Adult Non-reproducing 42.5 8.2 1.3 674 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 43.1 9.5 22 453 0 yes
Corynorhinus townsendii  1/23/2019 Male Adult Non-reproducing 42.3 9.1 1.1 7.96 0 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 42.9 104 2.1 433 1 yes
Corynorhinus townsendii  1/23/2019 Male Adult Non-reproducing 43.6 7.4 1.4 6.04 1

Corynorhinus townsendii  1/23/2019 Male Adult Scrotal 41.2 7.9 33 1.49 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44 102 1.7 8.26 2

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44.1 8.9 1.1 3.72 1

Corynorhinus townsendii  1/23/2019 Male Adult Non-reproducing 42.4 8.2 1 3.47 1

Corynorhinus townsendii  1/23/2019 Male Adult Scrotal 42.8 8.4 1.6 457 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 45.2 9.1 1 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 42.8 8.7 L.5 34 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44.8 103 14 237 0 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 43.6 10.1 0 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44.8 9.3 1.9 924 3

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 43.9 9.9 2 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 45 10.2 1 yes



Species Date Sex Age Reproductive Condition =~ Forearm Mass Fat Lean Wing Score Respirometry?
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 43.9 10 1 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 454 10.6 1 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 43.2 9.9 0.8 0.78 1 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44.2 9.6 1.5 324 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44 .4 9.6 2.4 5.9 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 45 10.8 23  3.17 0 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44.5 9.2 1.8 6.6 0

Corynorhinus townsendii  1/23/2019 Male Adult Non-reproducing 40.4 7.1 1 5.79 1

Corynorhinus townsendii  1/23/2019 Male Adult Non-reproducing 43 7.8 1.1 6.38 0

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 42.4 9 1.8 5.25 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 45 10.3 3 9.99 1

Corynorhinus townsendii  1/23/2019 Male Adult Non-reproducing 41.8 7.3 1 5.28 1

Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 44 104 26 7.79 0 yes
Corynorhinus townsendii  1/23/2019 Female  Adult Non-reproducing 43.6 8.9 1 yes
Eptesicus fuscus 9/28/2016 Male Adult Scrotal 49.7 17.6 0

Eptesicus fuscus 10/17/2018  Female  Adult Non-reproducing 47.1 16.2 1 yes
Mpyotis ciliolabrum 9/27/2016 Female  Adult Non-reproducing 323 6.1 0

Mpyotis ciliolabrum 9/27/2016 Male Adult Non-reproducing 34 5 1

Mpyotis ciliolabrum 9/27/2016 Male Adult Non-reproducing 31.6 5.6 0

Mpyotis ciliolabrum 9/28/2016 Female  Adult Non-reproducing 34.8 54 0

Mpyotis ciliolabrum 9/28/2016 Male Adult Non-reproducing 33.9 4.9 1

Mpyotis ciliolabrum 9/28/2016 Male Adult Scrotal 34.4 5.7 0

Mpyotis ciliolabrum 9/28/2016 Male Adult Non-reproducing 32.7 5.5 0

Mpyotis ciliolabrum 9/28/2016 Male Adult Non-reproducing 33.1 5.5 0

Mpyotis ciliolabrum 10/13/2017  Female  Adult Non-reproducing 34.6 5.5 0

Mpyotis thysanodes 9/26/2016 Male Adult Scrotal 41.3 6.6 0

Mpyotis thysanodes 9/27/2016 Male Adult Non-reproducing 42.1 7.2 1

Mpyotis thysanodes 9/27/2016 Male Adult Non-reproducing 42.9 7.1 1

Moyotis thysanodes 10/13/2017  Male Adult Scrotal 42.2 9.1 1




Montana Department of Fish, Wildlife and Parks
Final Project Report 2016-2018
Under permits 2016-104, 2017-018, and 2018-008

We caught a total of 580 bats: 1 Corynorhinus townsendii, 13 Eptesicus fuscus, 1 Lasionycteris
noctivagans, 2 Myotis ciliolabrum, 186 M. evotis, 214 M. lucifugus, 43 M. thysanodes, and 98 M.
volans (Table 1; Appendix) over the sampling period of fall 2016 to fall 2018. During the fall,
bats were caught using mist nets and harp traps at the cave entrance. During the winter, bats were
hand-captured from cave walls. We determined sex, age, reproductive condition, and wing score
and measured forearm length and body mass of each bat. We used quantitative magnetic
resonance (QMR; Echo-MRI-B, Echo Medical Systems, Houston, TX) to measure fat mass and
lean mass. We measured metabolic rate (TMR) and evaporative water loss (EWL) during torpor
using open-flow respirometry. We measured body fat from 325 individuals and processed 108
individuals through respirometry. All bats were released and none were injured in the handling
and measurements.

Body mass and body fat did not vary between sexes at Lick Creek Cave (Figure 1) nor Old Dry
Wolf (Figure 2). The mean mass for each species did not vary between seasons in Lick Creek
(Figure 3), nor Old Dry Wolf (Figure 4) for the species that we captured both seasons. Metabolic
rate and evaporative water loss varied differently between seasons depending on sample site
(Figures 5-6).

We measured hibernaculum temperature and relative humidity over each hibernation period at
each site using HOBO (Model U23-001, Onset Computer Corporation) and iButton (Model
DS1921Z-F5, Maxim Integrated Products) microclimate data loggers. We placed four HOBO
and ten iButton loggers throughout the hibernacula in the fall and recorded conditions at 3 h
intervals. We collected loggers from the hibernacula in the spring (May) of each year. The mean
temperature of Lick Creek Cave was 3.65 °C while the mean relative humidity was 93.67%
(Figure 7). The mean temperature of Old Dry Wolf Cave was 4.45 °C while the mean relative
humidity was 70.90% (Figure 8).

We predicted survival for M. evotis (Figure 9), M. lucifugus (Figure 9), M. thysanodes (Figure
10), M. volans (Figure 10), and E. fuscus (Figure 11) over the range of environmental conditions
experienced in the cave. We also inferred the survival of both species once affected with white-
nose syndrome. The modified hibernation energetics model estimates the time until fat
exhaustion during hibernation as a function of bat characteristics, hibernaculum microclimate,
and fungal growth. Survival is determined by comparing model output time to winter duration —
if time until fat exhaustion is greater than winter duration, survival occurs. We validated the
model predictions with field and laboratory data and determined model sensitivity to bat
characteristics.

For further information about our findings please visit www.science4bats.org/publications and
review all project associated publications.




Table 1: The number of each species per year captured in Montana.

Species Year Lick Creek  Dry Wolf
Corynorhinus townsendii 2017 1 1
Eptesicus fuscus 2017 5 5
Eptesicus fuscus 2018 8 8
Lasionycteris noctivagans 2018 1
Mpyotis ciliolabrum 2018 2 2
Myotis evotis 2016 22 1
Myotis evotis 2017 106

Myotis evotis 2018 77 2
Mpyotis lucifugus 2016 66

Mpyotis lucifugus 2017 93

Mpyotis lucifugus 2018 55

Mpyotis thysanodes 2016 3

Mpyotis thysanodes 2017 20

Mpyotis thysanodes 2018 20

Mpyotis volans 2016 11 2
Mpyotis volans 2017 56

Myotis volans 2018 28 1
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Figure 1. Body mass (top) and fat mass (bottom) by sex for the four species captured at

Lick Creek Cave.
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Figure 2. Body mass (top) and fat mass (bottom) by sex for the five species captured at Old
Dry Wolf Cave. The single COTO data point was male.
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Figure 3. Body mass (top) and fat mass (bottom) by season for the four species captured at

Lick Creek Cave.
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Figure 4. Body mass (top) and fat mass (bottom) by season for the five species captured at
Old Dry Wolf Cave. The single COTO was captured during the winter.
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Figure 5. Mass-specific torpor metabolic rate (TMR; top) and mass-specific evaporative
water loss (EWL; bottom) by season for the four species captured at Lick Creek Cave.
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Figure 6. Mass-specific torpor metabolic rate (TMR; top) and mass-specific evaporative
water loss (EWL; bottom) by season for three species captured at Old Dry Wolf Cave. The
single data point for MYVO is from the fall.
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Figure 7: Microclimate (top: temperature, bottom: water vapor pressure difference) at
different locations throughout Lick Creek cave.
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Figure 8: Microclimate (top: temperature, bottom: water vapor pressure difference) at

different locations throughout Old Dry Wolf cave.
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Figure 9: Predicted days until total fat exhaustion for Myotis evotis and M. lucifugus in
Lick Creek Cave. Solid lines represent days of hibernation duration (184 days) predicted
for Lick Creek Cave and the range of microclimate conditions that would allow survival in
this area. Dashed lines represent microclimate conditions measured at the roosting location
within the mine. The area where solid and dashed lines overlap is the microclimate
conditions available that allow survival. White space represents impossible microclimate
space based on the saturation potential for each temperature. Here, M. evotis and M.
lucifugus have some microclimate space that would allow for survival from white-nose
syndrome (WNS).
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Figure 10: Predicted days until total fat exhaustion for Myotis thysanodes and M. volans in
Lick Creek Cave. Solid lines represent days of hibernation duration (184 days) predicted
for Lick Creek Cave and the range of microclimate conditions that would allow survival in
this area. Dashed lines represent microclimate conditions measured at the roosting location
within the mine. The area where solid and dashed lines overlap is the microclimate
conditions available that allow survival. White space represents impossible microclimate
space based on the saturation potential for each temperature. Here, M. thysanodes and M.
volans have some microclimate space that would allow for survival from white-nose
syndrome (WNS).
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Figure 9: Predicted days until total fat exhaustion for Eptesicus fuscus in Dry Wolf Cave.
Solid lines represent days of hibernation duration (199 days) predicted for Dry Wolf Cave
and the range of microclimate conditions that would allow survival in this area. Dashed
lines represent microclimate conditions measured at the roosting location within the mine.
The area where solid and dashed lines overlap is the microclimate conditions available that
allow survival. White space represents impossible microclimate space based on the
saturation potential for each temperature. Here, E. fuscus has some microclimate space
that would allow for survival from white-nose syndrome (WNS).



APPENDIX: Morphometric data from Lick Creek (LCC) and Old Dry Wolf (ODW). Forearm in mm, mass, fat, and lean mass in g.

Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 2/14/2017 ODW  Male Adult Scrotal 43.7 9.5 1.07 3.41 0 yes
Eptesicus fuscus 2/14/2017 ODW  Male Adult Non-reproducing 453 10 1.03 5.36 1 yes
Eptesicus fuscus 2/14/2017 ODW  Male Adult Non-reproducing 47 149 125 4.68 1 yes
Eptesicus fuscus 2/14/2017 ODW  Male Adult Non-reproducing 44.8 15.4 1.5 3.49 1

Eptesicus fuscus 2/14/2017 ODW  Male Adult Non-reproducing 47.8 147 1.04 227 1 yes
Eptesicus fuscus 2/14/2017 ODW  Male Adult Non-reproducing 47.8 153 149 425 1 yes
Eptesicus fuscus 2/13/2018 ODW  Male Adult Unknown 44.5 141  6.19 4.67 1 yes
Eptesicus fuscus 2/13/2018 ODW  Male Adult Unknown 49.9 15.8 1 yes
Eptesicus fuscus 2/13/2018 ODW  Male Adult Unknown 47.6 17.3 1 yes
Eptesicus fuscus 2/13/2018 ODW  Male Adult Unknown 46.4 14.6 1 yes
Eptesicus fuscus 2/13/2018 ODW  Male Adult Unknown 45.5 13.8 2 yes
Eptesicus fuscus 10/1/2018 ODW  Male Adult Reproducing 46.4 21.9 1 yes
Eptesicus fuscus 10/1/2018 ODW  Male Adult Non-reproducing 45.5 16 0 yes
Eptesicus fuscus 10/1/2018 ODW  Female Adult Non-reproducing 47.8 20.4 0

Lasionycteris noctivagans  10/1/2018 ODW  Female Adult Unknown

Mpyotis ciliolabrum 2/13/2018 ODW  Female Adult Unknown 35.8 6.4 1 yes
Mpyotis ciliolabrum 10/1/2018 ODW  Male Adult Non-reproducing 32.7 6.4 0 yes
Mpyotis evotis 9/19/2016 ODW  Male Juvenile Non-reproducing 38.6 5.1 0

Myotis evotis 9/21/2016 LCC Male Adult Non-reproducing 38 7.1 0

Myotis evotis 9/22/2016 LCC Male Adult Non-reproducing 37.5 0

Myotis evotis 9/22/2016 LCC Male Adult Non-reproducing 38.8 6.1 0

Myotis evotis 9/22/2016 LCC Male Adult Non-reproducing 37.8 5.7 0

Myotis evotis 9/22/2016 LCC Male Adult Non-reproducing 394 7.7 0

Myotis evotis 9/23/2016 LCC Female Adult Non-reproducing 38.3 6.6 1

Myotis evotis 9/23/2016 LCC Male Adult Scrotal 37.4 6.7 0

Myotis evotis 9/23/2016 LCC Male Adult Non-reproducing 37.9 7.5 0

Myotis evotis 9/23/2016 LCC Female Adult Non-reproducing 38.6 6.9 0

Myotis evotis 9/23/2016 LCC Female Adult Non-reproducing 39.1 6.6 0

Myotis evotis 9/23/2016 LCC Male Adult Non-reproducing 38.1 7.4 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis evotis 9/23/2016 LCC Male Adult Non-reproducing 37.8 7.5 1
Mpyotis evotis 9/23/2016 LCC Male Adult Non-reproducing 38.7 7.5 0
Mpyotis evotis 9/23/2016 LCC Male Adult Non-reproducing 38.4 7.4 1
Myotis evotis 9/23/2016 LCC Male Adult Non-reproducing 37.6 6.8 0
Mpyotis evotis 9/23/2016 LCC Male Juvenile Non-reproducing 38.4 5 0
Mpyotis evotis 9/23/2016 LCC Male Adult Non-reproducing 37.6 6.9 1
Mpyotis evotis 9/23/2016 LCC Male Adult Non-reproducing 37.5 7.4 1
Myotis evotis 9/23/2016 LCC Male Juvenile Non-reproducing 38 5.1 0
Mpyotis evotis 9/23/2016 LCC Female Juvenile Non-reproducing 37.5 6.9 1
Mpyotis evotis 9/23/2016 LCC Female Adult Non-reproducing 38.5 8.2 0
Mpyotis evotis 9/23/2016 LCC Female Adult Non-reproducing 39 8 1
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.5 7.3 1.18 2.9 0
Myotis evotis 9/18/2017 LCC Female Adult Non-reproducing 39.5 7.4 1.77  4.53 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.5 7.1 1.45 2.9 0
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38 6.8 1.26  4.57 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.7 8.9 0.78  2.65 0
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 38.8 6.6 0.68 294 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 39 6.9 1.34 442 1
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 39.1 7.7 1.43 5.2 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 39.3 7.8 2.14 444 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 38.9 7.5 1.24 3.24 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 38.4 6.9 1.2 4.81 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 37.8 7.8 1.16 2.5 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.5 6.8 0.86 4.69 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 39.5 7.8 146  3.44 2
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 39.5 8.3 1.96 5.1 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 38.3 7.1 1.08  3.09 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 35.5 7.5 2.09 432 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38 7.8 1.37 438 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 39 8 2.38 436 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 38.9 6.6 0.66  3.35 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.5 7.9 2.08 4.86 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 37.3 7.5 1.35 2.55 1
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 36.7 8 232 4.67 1
Myotis evotis 9/18/2017 LCC Male Adult Non-reproducing 37 7.8 1.62 287 1
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.5 8.1 242 4.65 1
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 37.9 7.3 0.81 529 1
Mpyotis evotis 9/18/2017 LCC Male Adult Scrotal 38.8 7.5 0.88 3.5 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 37.2 6.2 0.89 4.25 1
Myotis evotis 9/18/2017 LCC Male Adult Scrotal 38.5 8 195 2.84 0
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.6 7.7 2.38  4.49 1
Mpyotis evotis 9/18/2017 LCC Male Adult Non-reproducing 38.2 6 0.77  4.56 1
Mpyotis evotis 9/19/2017 LCC Male Adult Scrotal 37.9 6.4 1 yes
Myotis evotis 9/19/2017 LCC Male Adult Non-reproducing 36.7 6.9 2
Myotis evotis 9/20/2017 LCC Male Adult Scrotal 38.5 6.5 1
Mpyotis evotis 9/20/2017 LCC Male Adult Scrotal 35.7 8 0 yes
Myotis evotis 9/20/2017 LCC Male Adult Scrotal 37.9 6.9 1
Myotis evotis 9/20/2017 LCC Male Adult Non-reproducing 35.6 6.7 1
Myotis evotis 9/25/2017 LCC Male Adult Non-reproducing 38.3 6.9 0
Mpyotis evotis 9/25/2017 LCC Male Adult Non-reproducing 37.1 7.1 1
Myotis evotis 9/25/2017 LCC Male Adult Non-reproducing 38.8 7.1 1
Mpyotis evotis 9/25/2017 LCC Female Juvenile Non-reproducing 39.3 7.3 1
Mpyotis evotis 9/25/2017 LCC Male Juvenile Non-reproducing 35.5 5.9 1
Myotis evotis 9/25/2017 LCC Male Adult Non-reproducing 39.3 7.5 0
Myotis evotis 9/25/2017 LCC Male Adult Non-reproducing 38.4 7 1
Myotis evotis 9/25/2017 LCC Male Juvenile Non-reproducing 39.7 7.7 1
Mpyotis evotis 9/25/2017 LCC Male Adult Non-reproducing 38.2 7.8 1
Myotis evotis 9/25/2017 LCC Male Adult Scrotal 38.9 7 1
Myotis evotis 9/25/2017 LCC Male Adult Non-reproducing 39.1 6.6 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 40.1 8.7 2.87 474 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 37.8 8 1.94 4.17 1
Myotis evotis 9/27/2017 LCC Male Adult Non-reproducing 38.2 8 2.14  3.59 2



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis evotis 9/27/2017 LCC Male Adult Non-reproducing 36.9 7 2.01  4.26 0
Mpyotis evotis 9/27/2017 LCC Male Adult Non-reproducing 39.1 7.2 2.09 4.63 0
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 39.3 8.2 2.09 496 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.2 8.1 1.96 4.09 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.3 7.6 1.21  3.65 1
Mpyotis evotis 9/27/2017 LCC Male Adult Non-reproducing 38.1 7.8 225 431 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38 7.5 1.57 34 1
Myotis evotis 9/27/2017 LCC Female Adult Non-reproducing 40.3 7.5 1.82  3.87 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 36.3 7.2 1.84 4.54 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38 7.9 2 3.8 0
Mpyotis evotis 9/27/2017 LCC Male Adult Non-reproducing 39 7.7 2.01 3.6 0
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 37.3 7 1.81 4.37 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 37.1 6.9 1.44 3.5 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 39.3 7.1 1.15 3.6 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 39.2 8 1.98 5.02 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 37.6 7.1 1.84 442 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 39.5 8.2 1.94 3.56 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.5 7.6 .73  5.09 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.3 7.7 2.18  4.62 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.1 7.4 0.84 1.57 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 39.5 7.7 .72 3.89 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.9 7.6 1.67 5.04 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 37.1 7.4 1.6 3.53 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 37.1 7.7 217 472 1
Myotis evotis 9/27/2017 LCC Male Adult Non-reproducing 38.1 7.1 1.83  3.81 2
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 39.2 8 1.98 524 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 36.1 6.8 1.29  3.63 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.1 7.6 2.01 491 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 37.2 6.6 1.54 422 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 36.9 6.9 .36 3.89 1
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.1 7.7 1.65 4.47 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Myotis evotis 9/27/2017 LCC Male Adult Scrotal 38.7 8 2.03 518 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 36.7 7.3 227 4.29 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 40.1 8.6 2.29 547 1

Myotis evotis 9/28/2017 LCC Female Juvenile Non-reproducing 39.2 7.2 1.69  3.66 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.4 7.1 1.81 4.45 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.9 7.6 1.99 474 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.6 8.8 234  5.68 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.2 8.2 212 3.74 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38 7.8 1.65 3.82 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.2 7.6 222  4.68 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.4 7.5 1.95 341 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.1 8.3 2.16  5.13 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 37.4 6.4 1.01  4.61 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.2 7 1.38  4.03 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.4 8.4 1.39 4.4 1

Mpyotis evotis 9/28/2017 LCC Male Adult Non-reproducing 38.4 8.1 2.16  3.83 1

Myotis evotis 9/28/2017 LCC Male Adult Non-reproducing 36.1 7.6 2.13  4.68 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 39.7 8.3 2.27  3.53 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 37.6 8 149 3.74 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 37.6 7.8 2.15 4.5 1

Mpyotis evotis 9/28/2017 LCC Male Juvenile Non-reproducing 36.1 7.2 241  4.06 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 39.1 8.1 213 3.65 1

Myotis evotis 9/28/2017 LCC Male Adult Scrotal 38.4 7.5 1.68 3.92 1

Myotis evotis 9/28/2017 LCC Male Adult Non-reproducing 39.4 8.2 1.98  2.89 2

Myotis evotis 2/22/2018 LCC Male Adult Unknown 38.1 6 1

Mpyotis evotis 9/20/2018 LCC Male Adult Non-reproducing 40.2 7.8 0 yes
Myotis evotis 9/20/2018 LCC Male Adult Non-reproducing 39.9 7.9 0 yes
Myotis evotis 9/20/2018 LCC Female Adult Unknown 39.2 7.6 0 yes
Myotis evotis 9/20/2018 LCC Male Adult Scrotal 37 7.3 0 yes
Myotis evotis 9/20/2018 LCC Male Adult Non-reproducing 39.3 6.9 0 yes
Myotis evotis 9/20/2018 LCC Female Adult Unknown 40.6 8 1 yes



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis evotis 9/20/2018 LCC Male Adult Scrotal 37.1 6.8 0 yes
Mpyotis evotis 9/20/2018 LCC Female Adult Unknown 39.6 7.3 0 yes
Mpyotis evotis 9/20/2018 LCC Male Adult Scrotal 38.6 7.1 0 yes
Myotis evotis 9/20/2018 LCC Male Adult Scrotal 28.6 6.1 1

Myotis evotis 9/20/2018 LCC Male Adult Non-reproducing 37 6.7 0

Mpyotis evotis 9/20/2018 LCC Male Adult Scrotal 39.1 6.8 0

Myotis evotis 9/20/2018 LCC Male Adult Non-reproducing 38 6.3 0

Myotis evotis 9/20/2018 LCC Female Adult Unknown 37.9 7.6 1

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 38.6 7.4 0

Mpyotis evotis 9/22/2018 LCC Male Adult Non-reproducing 38.5 7.4 1

Myotis evotis 9/22/2018 LCC Male Adult Non-reproducing 38.1 8.8 0

Mpyotis evotis 9/22/2018 LCC Male Adult Scrotal 38.8 9.5 0

Myotis evotis 9/22/2018 LCC Male Adult Non-reproducing 38.1 6.5 1

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 39.3 7.4 0

Mpyotis evotis 9/22/2018 LCC Male Adult Non-reproducing 38.4 6.9 1

Myotis evotis 9/22/2018 LCC Male Adult Non-reproducing 38.5 8 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 38.4 7.5 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 37.6 7.4 0

Mpyotis evotis 9/22/2018 LCC Male Adult Scrotal 37.5 6.9 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 39.2 6.9 0

Myotis evotis 9/22/2018 LCC Female Adult Non-reproducing 39 8.6 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 39.7 8.6 0

Myotis evotis 9/22/2018 LCC Female Adult Non-reproducing 40.4 7.2 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 39.3 6.9 0

Myotis evotis 9/22/2018 LCC Female Adult Non-reproducing 39.5 7.4 0

Myotis evotis 9/22/2018 LCC Male Adult Non-reproducing 36.9 6.9 0

Myotis evotis 9/22/2018 LCC Male Adult Non-reproducing 38.6 6.4 0

Myotis evotis 9/22/2018 LCC Male Adult Non-reproducing 36.5 7.8 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 36 7.2 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 37.8 8.4 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 36.7 7 0



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis evotis 9/22/2018 LCC Male Adult Non-reproducing 39.6 8.2 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 38 7.1 1

Mpyotis evotis 9/22/2018 LCC Male Adult Non-reproducing 38.9 7 0

Myotis evotis 9/22/2018 LCC Male Adult Scrotal 38.5 6.7 1

Mpyotis evotis 9/22/2018 LCC Female Adult Non-reproducing 39.9 7.3 1

Mpyotis evotis 9/22/2018 LCC Female Adult Non-reproducing 39.3 8.4 1 yes
Mpyotis evotis 9/22/2018 LCC Male Adult Non-reproducing 37.2 6.3 1

Myotis evotis 9/23/2018 LCC Female Adult Non-reproducing 39.5 8.1 0

Myotis evotis 9/23/2018 LCC Male Adult Scrotal 38.2 7.6 0

Mpyotis evotis 9/23/2018 LCC Male Adult Scrotal 38.9 7.8 0 yes
Mpyotis evotis 9/23/2018 LCC Male Juvenile Non-reproducing 38.2 7.1 0

Mpyotis evotis 9/23/2018 LCC Female Adult Non-reproducing 29.2 7.7 1 yes
Myotis evotis 9/23/2018 LCC Female Adult Non-reproducing 38.9 7.5 0

Myotis evotis 9/23/2018 LCC Male Adult Scrotal 37.2 7.3 0

Myotis evotis 9/23/2018 LCC Female Adult Non-reproducing 39.3 7.7 0 yes
Mpyotis evotis 9/23/2018 LCC Female Juvenile Non-reproducing 37.9 6.1 0

Myotis evotis 9/23/2018 LCC Female Juvenile Non-reproducing 39.4 6.9 0

Myotis evotis 9/23/2018 LCC Male Adult Non-reproducing 39.6 8.1 0

Mpyotis evotis 9/23/2018 LCC Female Adult Non-reproducing 39.2 7.8 0 yes
Myotis evotis 9/23/2018 LCC Male Adult Scrotal 28.5 7.3 0

Mpyotis evotis 9/23/2018 LCC Female Adult Non-reproducing 38.8 7.2 1

Myotis evotis 9/23/2018 LCC Male Adult Scrotal 37.6 8 0

Myotis evotis 9/26/2018 LCC Male Adult Scrotal 38.1 7.4 1

Myotis evotis 9/26/2018 LCC Male Adult Scrotal 36.6 7.2 1

Myotis evotis 9/26/2018 LCC Male Adult Scrotal 38.9 7.1 1

Myotis evotis 9/26/2018 LCC Male Adult Scrotal 36.8 6.7 1

Myotis evotis 9/26/2018 LCC Female Adult Non-reproducing 39.9 6.9 1

Myotis evotis 9/26/2018 LCC Male Adult Scrotal 37.7 7.1 1

Mpyotis evotis 9/26/2018 LCC Female Adult Non-reproducing 38.3 6.8 2

Myotis evotis 9/26/2018 LCC Female Adult Non-reproducing 38 6.7 1

Myotis evotis 9/26/2018 LCC Female Adult Non-reproducing 37.6 6.9 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis evotis 9/26/2018 LCC Male Adult Non-reproducing 37.7 6.7 1
Myotis evotis 9/26/2018 LCC Male Adult Scrotal 38.3 8.2 2
Myotis evotis 9/26/2018 LCC Male Adult Scrotal 38 6.7 2
Myotis evotis 9/26/2018 LCC Male Adult Scrotal 37.3 7 1
Mpyotis evotis 9/26/2018 LCC Male Adult Non-reproducing 39.5 7.1 1
Mpyotis evotis 9/26/2018 LCC Female Adult Non-reproducing 39.1 7.3 2
Mpyotis evotis 9/26/2018 LCC Female Adult Non-reproducing 38.5 7 1
Myotis evotis 9/26/2018 LCC Male Adult Scrotal 38.5 7.3 2
Myotis evotis 10/1/2018 ODW  Female Juvenile Non-reproducing 37.9 5.7 0
Myotis evotis 10/1/2018 ODW  Female Juvenile Non-reproducing 36.8 6 0
Mpyotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 38.2 6.3 0
Mpyotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 37.2 6.5 0
Mpyotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 35 6.3 0
Mpyotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 36.2 6.9 0
Myotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 36.3 7.8 1
Mpyotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 37.5 7.5 0
Myotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 36.1 7.6 2
Mpyotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 35.5 7.5 0
Mpyotis lucifugus 9/21/2016 LCC Female Adult Non-reproducing 37.4 6.8 0
Mpyotis lucifugus 9/21/2016 LCC Male Adult Non-reproducing 37.5 8 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 36.6 6.4 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 35.9 6.7 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 36.1 6.6 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 38.5 8 0
Mpyotis lucifugus 9/22/2016 LCC Male Juvenile Non-reproducing 37.7 6.4 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Scrotal 36.1 7.7 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Scrotal 36 7.4 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Scrotal 36.3 8.8 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 38.2 7.3 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Scrotal 35 6.8 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 34.8 6.4 0



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis lucifugus 9/22/2016 LCC Male Adult Scrotal 39 7.8 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 33.7 6.4 0
Mpyotis lucifugus 9/22/2016 LCC Female Juvenile Non-reproducing 36.3 6.6 0
Myotis lucifugus 9/22/2016 LCC Male Adult Scrotal 37.1 7 0
Myotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 37.4 7.2 0
Myotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 37.7 7.9 1
Mpyotis lucifugus 9/22/2016 LCC Male Adult Scrotal 36.5 7.7 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Non-reproducing 36.9 6.9 0
Mpyotis lucifugus 9/22/2016 LCC Male Adult Scrotal 36.3 7.8 0
Myotis lucifugus 9/22/2016 LCC Male Adult Scrotal 36 8.2 0
Mpyotis lucifugus 9/23/2016 LCC Female Juvenile Non-reproducing 37.3 7.6 0
Mpyotis lucifugus 9/23/2016 LCC Female Adult Non-reproducing 38.1 8.3 0
Mpyotis lucifugus 9/23/2016 LCC Male Juvenile Non-reproducing 36.4 8.4 0
Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 36 7.4 0
Mpyotis lucifugus 9/23/2016 LCC Male Adult Scrotal 40 8.8 0
Mpyotis lucifugus 9/23/2016 LCC Female Adult Non-reproducing 37.9 7.8 0
Mpyotis lucifugus 9/23/2016 LCC Male Juvenile Non-reproducing 353 7 0
Mpyotis lucifugus 9/23/2016 LCC Female Juvenile Non-reproducing 39 6.9 0
Mpyotis lucifugus 9/23/2016 LCC Female Juvenile Non-reproducing 36.6 7.4 0
Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 37.6 7.6 0
Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 37.5 8.6 0
Myotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 34.1 7.3 1
Myotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 37 8.3 1
Myotis lucifugus 9/23/2016 LCC Male Adult Scrotal 34.5 8.1 1
Myotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 37.5 8.2 1
Myotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 36.8 7.5 2
Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 38.4 8.9 0
Myotis lucifugus 9/23/2016 LCC Male Adult Scrotal 37 8 1
Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 35.7 7.8 0
Myotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 36.1 6.6 1
Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 37.2 7.3 0



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 383 7.5 0

Mpyotis lucifugus 9/23/2016 LCC Female Adult Non-reproducing 38.7 6.8 0

Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 36.1 7.6 0

Mpyotis lucifugus 9/23/2016 LCC Female Adult Non-reproducing 37 7.3 0

Myotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 37.8 7.9 0

Myotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 35.8 6.3 0

Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 36.2 7.5 0

Mpyotis lucifugus 9/23/2016 LCC Male Adult Non-reproducing 38.1 7.5 0

Myotis lucifugus 9/23/2016 LCC Male Adult Unknown 37.6 8.1

Mpyotis lucifugus 9/23/2016 LCC Male Adult Scrotal 37.7 7.3 0

Myotis lucifugus 9/23/2016 LCC Male Adult Scrotal 37.5 7 2

Myotis lucifugus 9/23/2016 LCC Female Adult Non-reproducing 38.5 8.1 0

Myotis lucifugus 9/23/2016 LCC Male Adult Scrotal 38.4 7.3 1

Myotis lucifugus 9/23/2016 LCC Female Adult Non-reproducing 36.8 6.8 0

Mpyotis lucifugus 2/17/2017 LCC Female Adult Non-reproducing 40 8.1 0.85 235 1

Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 35.2 6.5 0.71 3.8 0 yes
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 36.3 6.4 0.4 3.7 1

Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 35.5 6.4 0.85 3.23 2 yes
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 36.1 6.3 0.67 292 1 yes
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 38.3 6.5 0.52 194 1

Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 36.3 6 1.04 1.81 2 yes
Mpyotis lucifugus 2/17/2017 LCC Female Adult Non-reproducing 37 6.3 0.62 3.84 1 yes
Mpyotis lucifugus 2/17/2017 LCC Female Adult Non-reproducing 38.3 8.4 1.96 422 1 yes
Mpyotis lucifugus 2/17/2017 LCC Female Adult Non-reproducing 34.5 5.5 .11 2.65 2 yes
Mpyotis lucifugus 2/17/2017 LCC Female Adult Non-reproducing 37.5 7.9 .22 3.55 2 yes
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 35.8 5.6 023 322 0

Mpyotis lucifugus 2/17/2017 LCC Female Adult Non-reproducing 37.1 6.5 0.63 3.71 3 yes
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 39.2 8.1 0.73 4.22 1 yes
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 37.2 6.9 1.36  2.88 1 yes
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 36 6.1 036  3.63 0

Mpyotis lucifugus 2/17/2017 LCC Female Adult Non-reproducing 36.6 6.4 097 2.76 1 yes



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 36 6.5 0.4 2.81 2

Mpyotis lucifugus 2/17/2017 LCC Male Adult Non-reproducing 36.1 6 1.03  3.56 1 yes
Myotis lucifugus 9/18/2017 LCC Male Juvenile Non-reproducing 36.9 7.2 1.37  3.15 1

Myotis lucifugus 9/18/2017 LCC Male Adult Non-reproducing 38.2 7.2 144 459 1

Mpyotis lucifugus 9/18/2017 LCC Male Adult Scrotal 37.2 7.6 097 3.02 1

Mpyotis lucifugus 9/18/2017 LCC Male Adult Scrotal 37.6 7.9 0.6 3.135 1

Mpyotis lucifugus 9/18/2017 LCC Male Adult Scrotal 35.4 6.4 1.38 5.34 1

Mpyotis lucifugus 9/18/2017 LCC Male Adult Non-reproducing 37.9 8.6 1.88  3.56 1

Mpyotis lucifugus 9/18/2017 LCC Male Adult Non-reproducing 38.4 9.1 2.69  5.59 2

Myotis lucifugus 9/19/2017 LCC Male Juvenile Non-reproducing 37 8.2 1 yes
Mpyotis lucifugus 9/19/2017 LCC Male Adult Scrotal 36.2 7.5 1 yes
Mpyotis lucifugus 9/19/2017 LCC Male Adult Non-reproducing 28.1 8.6 1 yes
Mpyotis lucifugus 9/19/2017 LCC Male Adult Non-reproducing 36.2 8.6 1 yes
Myotis lucifugus 9/19/2017 LCC Male Adult Non-reproducing 36 8.1 2 yes
Myotis lucifugus 9/19/2017 LCC Male Adult Non-reproducing 36.3 7.4 1 yes
Myotis lucifugus 9/19/2017 LCC Male Juvenile Non-reproducing 36.6 7 1 yes
Mpyotis lucifugus 9/19/2017 LCC Male Adult Scrotal 37.2 8.3 1 yes
Mpyotis lucifugus 9/19/2017 LCC Male Adult Scrotal 38.1 9.5 033 5.03 1 yes
Myotis lucifugus 9/20/2017 LCC Male Adult Scrotal 354 8.6 1

Myotis lucifugus 9/20/2017 LCC Male Adult Scrotal 37.7 8.1 0

Myotis lucifugus 9/20/2017 LCC Male Adult Non-reproducing 39.2 8.7 2

Myotis lucifugus 9/20/2017 LCC Male Adult Scrotal 37.1 8.7 1

Myotis lucifugus 9/20/2017 LCC Male Adult Scrotal 37 7.7 1

Myotis lucifugus 9/20/2017 LCC Male Adult Non-reproducing 39.3 10.4 1

Mpyotis lucifugus 9/25/2017 LCC Male Adult Scrotal 35.2 6.4 1 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Non-reproducing 35.4 8.3 1 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Scrotal 37.1 8.3 1 yes
Myotis lucifugus 9/25/2017 LCC Male Juvenile Non-reproducing 38.8 7.7 0 yes
Myotis lucifugus 9/25/2017 LCC Male Juvenile Non-reproducing 37.3 8.5 0 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Non-reproducing 36.9 8.1 1 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Scrotal 36.2 8.7 0 yes



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis lucifugus 9/25/2017 LCC Male Adult Non-reproducing 36.9 7.3 0 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Non-reproducing 353 8.5 0 yes
Myotis lucifugus 9/25/2017 LCC Male Adult Scrotal 37.7 7.4 1 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Non-reproducing 37.2 8.3 1 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Non-reproducing 38.2 7.9 1 yes
Mpyotis lucifugus 9/25/2017 LCC Male Adult Non-reproducing 37 8 0 yes
Mpyotis lucifugus 9/27/2017 LCC Male Juvenile Non-reproducing 37 7.3 .76~ 4.57 0

Myotis lucifugus 9/27/2017 LCC Female Adult Non-reproducing 36.5 6.4 0.96 343 1

Myotis lucifugus 9/27/2017 LCC Male Juvenile Scrotal 39 7.4 1.52 4 0

Myotis lucifugus 9/27/2017 LCC Male Adult Non-reproducing 37.2 7.7 1.69  5.08 1

Myotis lucifugus 9/27/2017 LCC Male Adult Scrotal 36.5 7.9 2.19  4.86 1

Myotis lucifugus 9/27/2017 LCC Male Adult Scrotal 38.1 6.9 0.93 5.1 1

Myotis lucifugus 9/27/2017 LCC Male Adult Non-reproducing 38.2 9.7 3.17  4.69 1

Myotis lucifugus 9/27/2017 LCC Male Adult Scrotal 37.1 9.7 2.8 4.6 1

Myotis lucifugus 9/27/2017 LCC Male Adult Non-reproducing 36.2 8.9 2.63 4.5 1

Myotis lucifugus 9/27/2017 LCC Male Juvenile Non-reproducing 26.1 7.7 2.08 493 2

Myotis lucifugus 9/27/2017 LCC Male Juvenile Non-reproducing 35.9 7.6 L.5 4.68 1

Myotis lucifugus 9/27/2017 LCC Male Adult Non-reproducing 37.3 9.3 3.16 5.16 1

Myotis lucifugus 9/27/2017 LCC Male Adult Non-reproducing 36.3 9 2.18 4.54 1

Myotis lucifugus 9/27/2017 LCC Male Adult Non-reproducing 35.6 7.7 2.19 483 1

Myotis lucifugus 9/27/2017 LCC Male Adult Scrotal 36.9 8.6 2.19 4.64 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 37.5 8.6 2.14 444 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 36.4 9.4 2.81  5.66 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 38.4 7 141 4.06 1

Myotis lucifugus 9/28/2017 LCC Male Adult Non-reproducing 37.3 9 2.41 4.5 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 35.5 8 221  4.88 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 38.5 8.8 1.89  3.89 1

Myotis lucifugus 9/28/2017 LCC Male Adult Non-reproducing 38.4 8 212 3.93 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 38.2 9.6 324 539 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 35.6 8 2.4 4.82 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 37.2 7.1 1.78  3.65 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 37.2 8.2 245  5.02 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 37.2 7.2 1.95 441 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 38.2 8.1 2.04 4.1 1

Myotis lucifugus 9/28/2017 LCC Male Adult Non-reproducing 36.8 8.9 2.83 521 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 36.7 8.7 1.62 3.22 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 39.2 9.6 2.69  6.01 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 37 7.2 .51 4.01 3

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 38.5 8.2 2.77  4.59 0

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 38.1 8.1 .72 4.33 0

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 37.8 10.5 3.88 553 1

Myotis lucifugus 9/28/2017 LCC Male Adult Non-reproducing 38.6 8.1 2.2 4.14 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 38.2 9.8 328 5.64 1

Myotis lucifugus 9/28/2017 LCC Male Adult Scrotal 36.9 9.5 2.92 4.5 1

Myotis lucifugus 9/28/2017 LCC Male Adult Non-reproducing 37.1 8.2 243 525 2

Mpyotis lucifugus 2/22/2018 LCC Female Adult Unknown 35.2 6.2 0.98 4 0

Mpyotis lucifugus 2/22/2018 LCC Female Adult Unknown 37.1 8.6 1.67 5.89 0 yes
Myotis lucifugus 2/22/2018 LCC Male Adult Unknown 36 6 .52 3.58 1

Mpyotis lucifugus 2/22/2018 LCC Female Adult Unknown 38.4 7.5 1.4 4.79 0 yes
Mpyotis lucifugus 2/22/2018 LCC Female Adult Unknown 38.3 8.4 1.8 5.71 0 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 37.3 7.1 1.75  4.39 0 yes
Myotis lucifugus 2/22/2018 LCC Male Adult Unknown 37.7 6.6 0.78 494 1

Mpyotis lucifugus 2/22/2018 LCC Female Adult Unknown 38 8 1.44 577 0 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 36.6 7.6 1.01  3.84 0 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 39.9 7 1.16  5.16 1 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 37 6.8 0.77  3.53 0 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 35.8 7.1 1.2 4.93 1 yes
Myotis lucifugus 2/22/2018 LCC Male Adult Unknown 36.5 6.1 0

Myotis lucifugus 2/22/2018 LCC Male Adult Unknown 38.5 6.6 0

Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 38.4 6.9 1.27  3.74 1 yes
Myotis lucifugus 2/22/2018 LCC Male Adult Unknown 37.2 6.6 0

Myotis lucifugus 2/22/2018 LCC Male Adult Unknown 36.2 6 0



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 36.7 6.5 0

Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 37.9 7.9 0.78  4.56 0 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 36.6 7.4 1.11 3.6 0 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 36.6 6.3 3

Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 37 7.2 1.31 493 1 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 37.4 6.9 1.49  2.55 0 yes
Mpyotis lucifugus 2/22/2018 LCC Male Adult Unknown 37.6 6.5 0

Mpyotis lucifugus 9/20/2018 LCC Male Adult Scrotal 35.6 7 0

Mpyotis lucifugus 9/20/2018 LCC Male Adult Non-reproducing 36.7 6.9 0

Myotis lucifugus 9/20/2018 LCC Male Adult Non-reproducing 36.2 7.8 1

Myotis lucifugus 9/20/2018 LCC Male Adult Non-reproducing 36.4 6.6 1

Mpyotis lucifugus 9/20/2018 LCC Male Adult Scrotal 37.8 7.3 0

Mpyotis lucifugus 9/20/2018 LCC Male Adult Scrotal 38.9 7.4 0

Mpyotis lucifugus 9/20/2018 LCC Male Adult Scrotal 37.5 7.5 0

Mpyotis lucifugus 9/20/2018 LCC Male Adult Non-reproducing 36.5 7.4 0

Mpyotis lucifugus 9/20/2018 LCC Male Adult Non-reproducing 35.9 7.3 0

Mpyotis lucifugus 9/20/2018 LCC Male Adult Non-reproducing 37.2 8.3 0

Myotis lucifugus 9/22/2018 LCC Male Adult Scrotal 36.2 8.2 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Scrotal 37.5 7.7 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Non-reproducing 38.4 7.9 0

Myotis lucifugus 9/22/2018 LCC Male Adult Non-reproducing 37.6 8.1 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Scrotal 38 8.3 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Non-reproducing 38.4 9.4 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Scrotal 37.5 7.6 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Non-reproducing 37 7.7 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Scrotal 37.7 8.7 0

Mpyotis lucifugus 9/22/2018 LCC Male Adult Scrotal 36.9 9.6 0

Mpyotis lucifugus 9/22/2018 LCC Male Juvenile Non-reproducing 37.1 7.9 0

Myotis lucifugus 9/22/2018 LCC Male Adult Scrotal 35.7 7.6 1

Mpyotis lucifugus 9/22/2018 LCC Male Adult Non-reproducing 36.7 8.4 0

Myotis lucifugus 9/22/2018 LCC Male Adult Scrotal 35.6 7.6 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Myotis lucifugus 9/22/2018 LCC Male Adult Scrotal 35.9 7.7 1
Myotis lucifugus 9/22/2018 LCC Male Adult Scrotal 35.8 7.6 1
Myotis lucifugus 9/23/2018 LCC Male Juvenile Non-reproducing 35.2 6.8 0
Myotis lucifugus 9/26/2018 LCC Male Adult Scrotal 37.1 8.5 0
Myotis lucifugus 9/26/2018 LCC Male Adult Scrotal 37.8 9.1 1
Myotis lucifugus 9/26/2018 LCC Male Adult Scrotal 36.4 8.2 1
Myotis lucifugus 9/26/2018 LCC Male Adult Scrotal 35.2 7.2 1
Mpyotis thysanodes 9/23/2016 LCC Female Adult Non-reproducing 41 8.8 1
Mpyotis thysanodes 9/23/2016 LCC Female Adult Non-reproducing 42.9 10.7 1
Mpyotis thysanodes 9/23/2016 LCC Female Adult Non-reproducing 43.3 11.4 0
Mpyotis thysanodes 9/18/2017 LCC Male Adult Non-reproducing 40.4 9.3 2.25 5.7 1
Mpyotis thysanodes 9/19/2017 LCC Female Adult Non-reproducing 45.3 10.6 1
Mpyotis thysanodes 9/19/2017 LCC Male Adult Non-reproducing 41 9 1
Mpyotis thysanodes 9/20/2017 LCC Male Adult Non-reproducing 42.3 9.9 1
Moyotis thysanodes 9/20/2017 LCC Male Adult Scrotal 39.3 8.3 1
Moyotis thysanodes 9/20/2017 LCC Male Adult Scrotal 43.2 10.6 1
Moyotis thysanodes 9/25/2017 LCC Male Adult Scrotal 41.1 7.7 1
Mpyotis thysanodes 9/25/2017 LCC Male Adult Non-reproducing 42 7.3 1
Moyotis thysanodes 9/27/2017 LCC Male Adult Scrotal 41.5 8.6 2.07 545 0
Moyotis thysanodes 9/27/2017 LCC Male Adult Scrotal 40.8 9.7 2.74  4.83 1
Moyotis thysanodes 9/27/2017 LCC Male Adult Scrotal 41.4 9 246 571 1
Moyotis thysanodes 9/27/2017 LCC Male Adult Non-reproducing 41.5 109 337 5.39 1
Mpyotis thysanodes 9/27/2017 LCC Male Adult Non-reproducing 42.9 104 286 6.46 1
Moyotis thysanodes 9/28/2017 LCC Male Adult Scrotal 41.5 10.6  2.95 4.5 1
Moyotis thysanodes 9/28/2017 LCC Male Adult Scrotal 42.7 103 2.69 4.06 1
Moyotis thysanodes 9/28/2017 LCC Male Adult Non-reproducing 42.6 9.8 299 583 1
Mpyotis thysanodes 9/28/2017 LCC Female Adult Non-reproducing 42.3 8.8 2.39 4.4 1
Moyotis thysanodes 9/28/2017 LCC Male Adult Scrotal 42.2 10.1  3.12 6.04 1
Mpyotis thysanodes 9/28/2017 LCC Male Juvenile Non-reproducing 40.4 8.7 2.51 521 1
Mpyotis thysanodes 9/28/2017 LCC Male Adult Non-reproducing 42.3 9.3 1
Mpyotis thysanodes 9/20/2018 LCC Male Adult Non-reproducing 41.4 7.6 0
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Moyotis thysanodes 9/22/2018 LCC Male Adult Scrotal 42.9 10.4 1

Mpyotis thysanodes 9/22/2018 LCC Female Adult Non-reproducing 42.4 10.4 1

Moyotis thysanodes 9/23/2018 LCC Female Adult Non-reproducing 43 9.6 0 yes
Moyotis thysanodes 9/23/2018 LCC Female Adult Non-reproducing 41.3 8.7 0 yes
Myotis thysanodes 9/23/2018 LCC Male Adult Non-reproducing 41.8 9.4 0 yes
Moyotis thysanodes 9/23/2018 LCC Male Adult Scrotal 423 10.2 0 yes
Moyotis thysanodes 9/23/2018 LCC Male Adult Non-reproducing 423 9.5 0 yes
Moyotis thysanodes 9/23/2018 LCC Male Adult Non-reproducing 41.2 8.6 0 yes
Mpyotis thysanodes 9/23/2018 LCC Male Adult Non-reproducing 41 8.9 0

Moyotis thysanodes 9/23/2018 LCC Male Adult Non-reproducing 42.6 10.2 0 yes
Mpyotis thysanodes 9/23/2018 LCC Female Adult Non-reproducing 42.7 7.7 1

Moyotis thysanodes 9/26/2018 LCC Female Adult Non-reproducing 41.4 7.7 0 yes
Moyotis thysanodes 9/26/2018 LCC Male Adult Non-reproducing 41.5 9.3 0 yes
Moyotis thysanodes 9/26/2018 LCC Male Adult Non-reproducing 42.3 9.2 0 yes
Moyotis thysanodes 9/26/2018 LCC Female Adult Non-reproducing 44.5 10.1 0 yes
Moyotis thysanodes 9/26/2018 LCC Female Adult Non-reproducing 42.1 10.5 0 yes
Moyotis thysanodes 9/26/2018 LCC Male Adult Scrotal 43.7 9.3 1 yes
Moyotis thysanodes 9/26/2018 LCC Male Adult Scrotal 40.2 8.8 0 yes
Moyotis thysanodes 9/26/2018 LCC Male Adult Non-reproducing 39.5 8.3 1 yes
Mpyotis volans 9/19/2016 ODW  Male Adult Non-reproducing 37.7 9.2 0

Mpyotis volans 9/20/2016 ODW  Female Adult Non-reproducing 40.2 9.8 1

Myotis volans 9/21/2016 LCC Male Adult Non-reproducing 38.8 8.8 0

Myotis volans 9/22/2016 LCC Female Adult Non-reproducing 37.8 8 0

Myotis volans 9/22/2016 LCC Male Adult Non-reproducing 38.5 9.7 0

Myotis volans 9/22/2016 LCC Male Adult Non-reproducing 37.2 7.2 0

Myotis volans 9/23/2016 LCC Male Adult Non-reproducing 37.5 8.7 0

Myotis volans 9/23/2016 LCC Female Adult Non-reproducing 39.5 9 0

Mpyotis volans 9/23/2016 LCC Female Adult Non-reproducing 39.5 8 1

Mpyotis volans 9/23/2016 LCC Male Adult Non-reproducing 39.1 9.3 1

Myotis volans 9/23/2016 LCC Male Adult Non-reproducing 37.4 8.8 0

Mpyotis volans 9/23/2016 LCC Male Adult Non-reproducing 38.8 11 0
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Mpyotis volans 9/23/2016 LCC Male Adult Non-reproducing 39.3 10.9 0
Myotis volans 2/17/2017 LCC Male Adult Non-reproducing 38.1 7.5 0.97 4.38 0
Mpyotis volans 2/17/2017 LCC Female Adult Non-reproducing 40.2 8.8 1.55  3.57 1
Mpyotis volans 2/17/2017 LCC Male Adult Non-reproducing 37.5 8.1 1.34 2.62 1
Mpyotis volans 2/17/2017 LCC Male Adult Non-reproducing 38 6.5 1.05 297 1
Mpyotis volans 2/17/2017 LCC Male Adult Non-reproducing 36.2 6.8 0.79 238 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 39 8.9 1.54 577 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 38.1 8.8 1.09 4.24 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 38.1 7.9 .22 3.68 1
Myotis volans 9/18/2017 LCC Male Adult Scrotal 38.5 5.7 0.51 5.53 1
Myotis volans 9/18/2017 LCC Male Adult Non-reproducing 394 7.6 0.96 533 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 39.3 8.2 0.85 4.26 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 37.6 7.8 1.54 3.81 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 38.9 7.6 1.02 547 1
Myotis volans 9/18/2017 LCC Male Adult Scrotal 40.2 9.3 1.64 277 1
Myotis volans 9/18/2017 LCC Male Adult Scrotal 38.2 8.6 1.25  3.685 1
Myotis volans 9/18/2017 LCC Male Adult Scrotal 34.4 8.7 225 522 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 40 8.5 1.06  5.89 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 38.3 8 0.77 33 1
Myotis volans 9/18/2017 LCC Male Adult Scrotal 394 10 2.17 4.163 1
Myotis volans 9/18/2017 LCC Male Adult Scrotal 37.2 8.1 .22 432 1
Mpyotis volans 9/18/2017 LCC Male Adult Non-reproducing 38.1 7.9 1
Myotis volans 9/18/2017 LCC Male Adult Scrotal 39.2 8.5 1.17  4.19 1
Mpyotis volans 9/19/2017 LCC Male Adult Scrotal 38.1 7.9 1 yes
Mpyotis volans 9/19/2017 LCC Male Adult Non-reproducing 39.1 8.1 1 yes
Mpyotis volans 9/20/2017 LCC Male Adult Non-reproducing 38.4 9.3 1
Myotis volans 9/25/2017 LCC Male Adult Scrotal 39.3 7 1
Mpyotis volans 9/25/2017 LCC Male Adult Non-reproducing 37.7 8.4 0
Mpyotis volans 9/25/2017 LCC Male Adult Non-reproducing 38.4 8.5 1
Myotis volans 9/25/2017 LCC Male Adult Scrotal 40.3 9.5 1
Myotis volans 9/25/2017 LCC Male Adult Scrotal 39 9.3 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Myotis volans 9/25/2017 LCC Male Adult Scrotal 39.7 8.4 1
Mpyotis volans 9/25/2017 LCC Female Adult Non-reproducing 39.4 10.3 1
Mpyotis volans 9/25/2017 LCC Male Juvenile Non-reproducing 38.5 7.5 0
Myotis volans 9/27/2017 LCC Male Adult Scrotal 39.3 8.5 148 4.53 1
Mpyotis volans 9/27/2017 LCC Male Adult Non-reproducing 38.1 8.4 1.73  5.71 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 39 9.6 2.18 6.3 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 40.4 9.4 2.27  6.16 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 37.1 8.4 1.82  5.72 0
Myotis volans 9/27/2017 LCC Male Adult Scrotal 39.5 8.9 1.78  4.99 2
Myotis volans 9/27/2017 LCC Male Adult Scrotal 394 10 333  5.76 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 38 7.6 1.27 4.12 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 39.9 9 1.66 4.06 1
Myotis volans 9/27/2017 LCC Male Juvenile Non-reproducing 37.3 6.3 0.99 4.58 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 38.6 8.6 1.82  4.69 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 37.2 8.6 2.2 5.64 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 38.2 9.4 2.74  4.68 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 38.1 8.6 241 529 1
Myotis volans 9/27/2017 LCC Male Adult Scrotal 38.6 8.2 1.67 5.71 1
Myotis volans 9/28/2017 LCC Male Adult Scrotal 37.4 8.9 213 3.94 1
Mpyotis volans 9/28/2017 LCC Male Adult Non-reproducing 37.5 9.5 2.27  4.425 1
Myotis volans 9/28/2017 LCC Male Adult Scrotal 37.6 9.8 2.75  6.13 1
Myotis volans 9/28/2017 LCC Male Adult Scrotal 37.3 8 1.7 5.34 1
Myotis volans 9/28/2017 LCC Male Adult Scrotal 39.1 9 1.92 6.2 1
Myotis volans 9/28/2017 LCC Male Adult Scrotal 39 9.9 2.86 4.25 1
Myotis volans 9/28/2017 LCC Male Adult Scrotal 38.3 8.7 231 544 1
Myotis volans 9/28/2017 LCC Male Adult Scrotal 38.5 9.5 1
Myotis volans 2/22/2018 LCC Male Adult Unknown 38.4 7.7 212 431 1
Myotis volans 2/22/2018 LCC Male Adult Unknown 40.2 8.1 1
Myotis volans 2/22/2018 LCC Male Adult Unknown 39 7.5 1
Myotis volans 2/22/2018 LCC Female Adult Unknown 38.5 7.2 .11 511 1
Mpyotis volans 2/22/2018 LCC Male Adult Unknown 39 6.6 095 4.83 1



Species Date Site Sex Age Reproductive? Forearm Mass Fat Lean  Wing Score  Respirometry?
Mpyotis volans 9/20/2018 LCC Male Adult Scrotal 39.1 8.5 1 yes
Mpyotis volans 9/20/2018 LCC Male Adult Scrotal 39.9 8.6 0 yes
Mpyotis volans 9/20/2018 LCC Male Adult Scrotal 39.6 8.9 0 yes
Mpyotis volans 9/20/2018 LCC Female Adult Unknown 40.7 9.4 0 yes
Mpyotis volans 9/20/2018 LCC Male Adult Scrotal 38.4 8.9 0 yes
Myotis volans 9/22/2018 LCC Female Adult Non-reproducing 38.6 8.2 0

Myotis volans 9/22/2018 LCC Male Adult Non-reproducing 39.2 8.6 0

Mpyotis volans 9/22/2018 LCC Female Juvenile Scrotal 38.8 5.6 0

Mpyotis volans 9/22/2018 LCC Male Adult Non-reproducing 37.3 6.4 1

Myotis volans 9/22/2018 LCC Male Adult Non-reproducing 38.7 8.7 0

Myotis volans 9/22/2018 LCC Male Adult Scrotal 37.2 8.2 0

Myotis volans 9/22/2018 LCC Male Adult Scrotal 36.6 9.1 1

Mpyotis volans 9/22/2018 LCC Male Adult Scrotal 37.7 9.3 1

Myotis volans 9/23/2018 LCC Female Adult Scrotal 39 10.3 1

Mpyotis volans 9/23/2018 LCC Male Adult Scrotal 39 9 0

Myotis volans 9/26/2018 LCC Male Adult Non-reproducing 37.7 9.2 0 yes
Myotis volans 9/26/2018 LCC Male Adult Non-reproducing 39.6 8.6 0 yes
Mpyotis volans 9/26/2018 LCC Male Adult Scrotal 39.3 7.5 0

Myotis volans 9/26/2018 LCC Female Adult Non-reproducing 38.3 8.8 1 yes
Myotis volans 9/26/2018 LCC Female Juvenile Non-reproducing 38.2 7.8 0

Mpyotis volans 9/26/2018 LCC Male Adult Scrotal 38.9 20.2 1 yes
Myotis volans 9/26/2018 LCC Female Adult Non-reproducing 39.6 9 1 yes
Myotis volans 9/26/2018 LCC Female Adult Non-reproducing 41.9 10 1 yes
Myotis volans 10/1/2018 ODW  Female Adult Non-reproducing 48.7 8.5 0 yes




Nevada Department of Wildlife
Final Project Report 2017 — 2019
Under permit # 497636

We caught a total of 245 bats: 170 Corynorhinus townsendii, 2 Eptesicus fuscus, 71 Myotis
ciliolabrum, and 2 M. volans (Table 1; Appendix) over the sampling period of fall 2017 to winter
2019. . During the fall, bats were caught using mist nets and harp traps at the cave entrance.
During the winter, bats were hand-captured from cave walls. We determined sex, age,
reproductive condition, and wing score and measured forearm length and body mass of each bat.
We used quantitative magnetic resonance (QMR; Echo-MRI-B, Echo Medical Systems,
Houston, TX) to measure fat mass and lean mass. We measured metabolic rate (TMR) and
evaporative water loss (EWL) during torpor using open-flow respirometry. We measured body
fat from 216 individuals and processed 89 individuals through respirometry. Body mass and
body fat varied between sexes at Piermont Mine (Figure 1) and somewhat varied between sexes
at Big Chief mine (Figure 2). The mean mass for each species varied between seasons at both
Piermont (Figure 3) and Big Chief mines (Figure 4) for the species that we captured both
seasons. There was not much difference in metabolic rate among C. townsendii between seasons
at Piermont Mine, but evaporative water loss was different between seasons (Figure 5). These
trends were also reflected at Big Chief Mine for C. fownsendii and M. ciliolabrum (Figure 6).

We predicted survival for C. townsendii and M. ciliolabrum (Figure 7) over the range of
environmental conditions experienced in the cave. We also inferred the survival of both species
once affected with white-nose syndrome. The modified hibernation energetics model estimates
the time until fat exhaustion during hibernation as a function of bat characteristics, hibernaculum
microclimate, and fungal growth. Survival is determined by comparing model output time to
winter duration — if time until fat exhaustion is greater than winter duration, survival occurs. We
validated the model predictions with field and laboratory data and determined model sensitivity
to bat characteristics.

We predict that M. ciliolabrum will have high mortality in Piermont — that is, we predict that bats
will run out of fat stores prior to the conclusion of hibernation. C. townsendii, however, are
predicted to survival in greater microclimate space and will survive in specific areas of the
hibernaculum. Note, however, that these predictions are made from the mean body mass, fat
mass, and lean mass measured in Nevada, and thus we would expect that 50% of the population
to have greater fat mass than the “average” bat described here.

For further information about our findings please visit www.science4bats.org/publications and
review all project associated publications.




Table 1: The number of each species per year captured in Nevada.

Species Year Piermont Big Chief
Corynorhinus townsendii 2017 28

Corynorhinus townsendii 2018 62 43
Corynorhinus townsendii 2019 24 13
Eptesicus fuscus 2018 1 1
Mpyotis ciliolabrum 2017 23

Mpyotis ciliolabrum 2018 3 21
Mpyotis ciliolabrum 2019 7 17
Mpyotis volans 2017 2
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Figure 1. Body mass (top) and fat mass (bottom) by sex for the four species captured at
Piermont Mine. The single EPFU and MYVO data points were females.
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Figure 2. Body mass (top) and fat mass (bottom) by sex for the five species captured at Big
Chief Mine. The single EPFU data point was male.
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Figure 3. Body mass (top) and fat mass (bottom) by season for the four species captured at
Piermont Mine. The single EPFU and MYVO data points were captured in the fall.
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Figure 4. Body mass (top) and fat mass (bottom) by season for the three species captured at
Big Chief Mine. The single EPFU data point was in the fall.
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Figure 5. Mass-specific torpor metabolic rate (TMR; top) and mass-specific evaporative
water loss (EWL; bottom) by season for COTO captured at Piermont Mine.



e
(=]
1

M ass-specific TMR (mwW g )
— o
i i

Season
* Bl fal
* winter

0.0-
CoTO MYCI
Species

—_ L]
‘I_D)
i 0.0201 :
O
T
o 0.0151
£ Season
g B3 fan
”(_-)' 0.0101 BE winter
<
a
@ 0.005
w
w
©
=

0.000 -

CoTO MYCI
Species
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water loss (EWL; bottom) by season for the two species captured at Big Chief Mine.
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Figure 7: Predicted days until total fat exhaustion for Corynorhinus townsendii and Myotis
ciliolabrum in Piermont Mine. Solid lines represent days of hibernation duration (172 days)
predicted for Piermont Mine and the range of microclimate conditions that would allow
survival in this area. Dashed lines represent microclimate conditions measured at the
roosting location within the mine. The area where solid and dashed lines overlap is the
microclimate conditions available that allow survival. White space represents impossible
microclimate space based on the saturation potential for each temperature.



APPENDIX: Morphometric data from Piermont (PMM) and Big Chief (BCM). Forearm in mm, mass, fat, and lean mass in g.

Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 10/7/2017 PMM Female Adult Non-reproducing 46.5 12.2 2.54 4.07 0

Corynorhinus townsendii ~ 10/7/2017 PMM Female Adult Non-reproducing 43.9 11 2.39 7.17 0

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 44.6 10.2 0.92 7.77 0

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 433 9.5 1.12 5.93 0

Corynorhinus townsendii ~ 10/7/2017 PMM Female Adult Non-reproducing 46.1 11.9 2.77 7.76 1

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 42.7 8.4 0.89 4.3 0

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 43.4 9.2 0.54 5.39 0

Corynorhinus townsendii ~ 10/7/2017 PMM Female Adult Non-reproducing 46.6 11.3 2.84 7.45 0

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 45 9.1 0.67 4.71 0

Corynorhinus townsendii ~ 10/7/2017 PMM Female Adult Non-reproducing 45.4 11.8 3.15 7.21 0

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 42.5 8.9 0.98 4.62 1

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 443 8.4 0.54 4.53 1

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 45.2 10.2 1.27 6.04

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 433 9.3 1.54 6.81 1

Corynorhinus townsendii ~ 10/7/2017 PMM Male Adult Scrotal 44.6 10.4 1.26 5.26 0

Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 46 11.7 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 44.9 11.3 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 453 12 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 45.7 11 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 44.2 12 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 46.5 12.7 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 44.5 11.8 0 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 443 10.6 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Male Adult Scrotal 43 8.6 0 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Male Adult Scrotal 45 9.3 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 453 9.9 0 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Male Adult Scrotal 43.1 9.1 1 yes
Corynorhinus townsendii ~ 10/8/2017 PMM Female Adult Non-reproducing 43.1 10.3 0 yes



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Scrotal 43.7 9 1.065 2.725 1

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 43.5 9 0.3 5.23 0

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Scrotal 43.7 9.6 0.9 3.95 0 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Scrotal 42.3 8.4 1.1 5.51 0

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 45 10.8 1.81 7.32 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Scrotal 42.9 9.5 1.59 5.01 0 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 459 10.6 2.24 7.32 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 45.7 11 0.83 3.25 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Scrotal 43.1 8.1 1.08 5.77 0

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 43.6 8 1.41 5.1 1

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 459 10.2 2.33 6.49 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 443 9.2 1.32 6.36 2

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 45 8.2 1.83 54 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Scrotal 44.8 8.8 0.98 4.02 1

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 44 8.9 1.85 6.04 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 40.7 8.1 1.16 4.5 1

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Scrotal 44.8 9.2 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 43.1 9 1.48 6.8 1

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 44.2 8.9 1.24 4.89 3

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 44 .4 8.1 0.49 6.64 1

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 44.2 9.8 1.375 4.07 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Non-reproducing 44.5 8.8 1.05 4.01 0

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 41.8 8.1 0.22 6.02 1

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 44.5 8.6 1.83 5.28 1

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 44.9 8.7 1.65 5.99 1

Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Non-reproducing 45.1 8.9 1.23 3.17 0 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 43.6 8.9 1.23 491 1

Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 46.1 11.1 1.59 8.15 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Female Adult Unknown 46.6 10.2 0.93 7.62 1 yes
Corynorhinus townsendii ~ 1/29/2018 PMM Male Adult Unknown 44 9.1 2.05 4.16 0 yes



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 2/1/2018  BCM Male Adult Unknown 43 9.1 1.91 5.86 0 yes
Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 43.1 8.3 1.13 4.85 0

Corynorhinus townsendii ~ 2/1/2018  BCM Female Adult Unknown 44.7 9.5 0.65 2.79 1 yes
Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 44.9 8.9 0.98 6.78 0

Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 46.4 9.9 1.72 6.45 0

Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Scrotal 42.9 7.9 0.21 5.43 1

Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 45.5 9.2 1.35 4.82 2

Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 43.2 8.4 1.22 5.96 1

Corynorhinus townsendii ~ 2/1/2018  BCM Female Adult Unknown 45 10.3 2.14 591 0 yes
Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 44.1 9.4 1.64 4.43 0

Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 42.9 8.6 0.79 6.84 1

Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 44.9 9 1.34 6.31 0

Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Scrotal 46.1 9.1 1.2 6.42 0

Corynorhinus townsendii ~ 11/3/2018 PMM Male Adult Non-reproducing 42.7 9.9 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 43.8 10.6 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 42.8 10.5 1

Corynorhinus townsendii ~ 11/3/2018 PMM Male Adult Scrotal 44.1 10.8 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 44.2 10.7 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 43.8 10.9 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 45.9 12 0 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 45.8 10.8 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 453 10.4 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 44.8 10.4 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 45.2 11.1 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 44.9 10.8 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 46.9 11.2 0

Corynorhinus townsendii ~ 11/3/2018 PMM Male Adult Non-reproducing 433 11.1 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 44.5 11.1 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 46 12.1 1 yes



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 11/3/2018 PMM Male Adult Scrotal 43 9.3 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 45 11.4 1 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 44.5 10.9 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 47.4 11.7 1 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 45.1 12 0 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 45 11.1 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 43.9 11.3 0 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 44.5 10.9 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 44 11.8 1 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 46.9 11.2 1 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Male Adult Scrotal 42.4 10 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 443 11.3 0

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 43.2 11.3 0 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Male Adult Non-reproducing 42.9 9.7 1

Corynorhinus townsendii ~ 11/3/2018 PMM Female Adult Non-reproducing 42.8 11.3 0 yes
Corynorhinus townsendii ~ 11/3/2018 PMM Male Adult Non-reproducing 42.6 9.3 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 41.7 10.8 0

Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Non-reproducing 41.6 8.8 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 44.2 11.2 0

Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Scrotal 43.7 9.7 0

Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Non-reproducing 43.6 9.8 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 45.1 10.7 1

Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Scrotal 44.2 10 0 yes
Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Scrotal 44 9.7 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 43.6 9.9 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 44.6 11.3 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 45.2 11.4 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 433 9.7 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 46.2 11 0 yes
Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Non-reproducing 42.7 10.4 0



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Scrotal 44 10.1 0

Corynorhinus townsendii ~ 11/5/2018 BCM Male Adult Non-reproducing 42 9.4 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 43.1 10.3 0

Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 443 10.2 0 yes
Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 454 12.6 0 yes
Corynorhinus townsendii ~ 11/5/2018 BCM Female Adult Non-reproducing 42.6 10.2 0

Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Non-reproducing 45.5 9.8 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 45.2 9.1 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 41.5 8.6 0

Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 43.2 8.6 2

Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 43.4 8.1 0

Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Non-reproducing 44.9 10.8 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Non-reproducing 46.4 11.7 1 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 45.1 8 0

Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 42.5 8.5 0

Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 42.3 8.2 0

Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Non-reproducing 443 10.5 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Scrotal 43.2 8.2 0

Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Non-reproducing 44.5 9.5 1 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 43.6 8.2 1

Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 44 8.8 1 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 44.6 9.8 1 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Non-reproducing 45.7 9.8 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 45.2 10 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Female Adult Non-reproducing 46 9.7 1 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 44.5 8.6 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 42.6 8.7 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 41.9 8.1 0

Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Scrotal 42.9 8.6 0 yes
Corynorhinus townsendii ~ 1/28/2019 PMM Male Adult Non-reproducing 44.1 8.4 1



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 2/1/2019 BCM Male Adult Non-reproducing 43 8.8 1.4 6.72 0

Corynorhinus townsendii ~ 2/1/2019 BCM Male Adult Scrotal 42.6 8.5 0.76 6.84 0

Corynorhinus townsendii ~ 2/1/2019 BCM Male Adult Non-reproducing 44.9 9.8 1.63 7.65 0

Corynorhinus townsendii ~ 2/1/2019  BCM Male Adult Scrotal 43.9 8.3 1.1 6.58 0

Corynorhinus townsendii ~ 2/1/2019  BCM Female Adult Non-reproducing 44.5 10.7 1.91 8.03 0

Corynorhinus townsendii ~ 2/1/2019  BCM Female Adult Non-reproducing 44.5 10.2 1.56 7.94 0

Corynorhinus townsendii ~ 2/1/2019  BCM Female Adult Non-reproducing 46.1 11 1.72 8.3 1

Corynorhinus townsendii ~ 2/1/2019  BCM  Male Adult Non-reproducing 44 9.4 1.49 7.31 0

Corynorhinus townsendii ~ 2/1/2019 BCM Male Adult Scrotal 43.7 8.5 1.37 6.46 0

Corynorhinus townsendii ~ 2/1/2019  BCM Female Adult Non-reproducing 44.6 9.4 1.31 7.62 1

Corynorhinus townsendii ~ 2/1/2019 BCM Male Adult Non-reproducing 44.8 9.3 1.31 6.83 0

Corynorhinus townsendii ~ 2/1/2019  BCM Male Adult Scrotal 45.6 8.4 0.96 7.04 1

Corynorhinus townsendii ~ 2/1/2019  BCM Female Adult Non-reproducing 453 10.2 1.69 7.96 1

Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Scrotal 44.8 8.9 0.81 3.83 1 yes
Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 44.8 8.6 0.58 5.29 0

Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 43.9 9.5 1.39 6.72 1

Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 45.5 10.2 1.09 7.68 1 yes
Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 44.6 9.1 1.1 6.49 0

Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 43.1 8.3 0.96 6.12 0

Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 45.1 9.7 1.1 2.2 0 yes
Corynorhinus townsendii ~ 2/1/2018 BCM Male Adult Unknown 44.9 9.3 1.65 6.7 0 yes
Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 44.5 9.2 1.02 5.82 0

Corynorhinus townsendii ~ 2/1/2018 BCM Female Adult Unknown 42.6 9.3 1.49 6.49 0

Eptesicus fuscus 11/5/2018 BCM Male Adult Non-reproducing 46.2 18.9 0

Eptesicus fuscus 11/3/2018 PMM Female Adult Non-reproducing 48 19.4 1

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Non-reproducing 334 5.5 1.20 2.67 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 33.1 5.6 1.67 3.37 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 31.8 5.7 1.37 3.02 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 31.6 5.7 1.43 3.26 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 31.3 5.7 1.47 3 0



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 31.7 5.6 1.74 3.15 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 31.1 5.7 1.6 2.49 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 33.8 5.5 0.85 2.18 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 33.9 5.8 1.63 3.34 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 32.5 6.2 1.83 2.74 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 31 5.8 1.88 3.29 0

Mpyotis ciliolabrum 10/7/2017 PMM Female Adult Non-reproducing 34.2 5.9 1.7 3.59 0

Mpyotis ciliolabrum 10/7/2017 PMM Female Adult Non-reproducing 34.9 6.2 1.36 1.83 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 31.2 5.7 L.5 2.44 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 34.1 6.1 1.64 3.61 0

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 33.2 6.1 2.04 3.39 1

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 32.9 5.7 1.46 2.69 1

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 33.7 6.1 1.64 3.74 1

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 32.7 6.1 1.82 3.81 1

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 32.7 6.1 1.78 3.56 1

Mpyotis ciliolabrum 10/7/2017 PMM Female Adult Non-reproducing 34.9 5.8 1.28 3.8 1

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 324 5.2 1.21 2.45 1

Mpyotis ciliolabrum 10/7/2017 PMM Male Adult Scrotal 32.7 5.6 1.8 3.39 1

Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 34.4 5.2 0.65 4.04 1 yes
Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 33.2 5.6 0.82 4.09 1 yes
Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 32.1 4.6 0.87 2.32 1

Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 35.1 4.8 0.48 3.58 1

Mpyotis ciliolabrum 2/1/2018 BCM Male Adult Unknown 32.5 4.4 0.86 1.91 0 yes
Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 33.1 5.1 0.81 3.77 0 yes
Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 34.5 4.7 0.48 2.95 1

Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 34.7 4.9 0.94 2.79 0 yes
Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 32.9 4.8 0.71 3.61 1

Mpyotis ciliolabrum 2/1/2018 BCM Female Adult Unknown 34.4 4.7 0.5 3.63 1

Mpyotis ciliolabrum 2/1/2018 BCM Male Adult Unknown 32.9 4.5 0.82 2.9 1 yes
Mpyotis ciliolabrum 2/1/2018 BCM Male Adult Unknown 32.8 4.1 0.52 2.98 1



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Mpyotis ciliolabrum 2/1/2018 BCM Male Adult Unknown 31.7 4.1 0.32 2.88 0

Mpyotis ciliolabrum 2/1/2018 BCM Male Adult Unknown 31.4 4.3 0.95 1.91 1 yes
Mpyotis ciliolabrum 11/3/2018 PMM Female Adult Non-reproducing 33.5 5.4 1

Mpyotis ciliolabrum 11/3/2018 PMM Female Adult Non-reproducing 33.7 5.7 1

Mpyotis ciliolabrum 11/3/2018 PMM Male Adult Non-reproducing 323 53 1

Mpyotis ciliolabrum 11/5/2018 BCM Female Adult Non-reproducing 34.4 4.8 0 yes
Mpyotis ciliolabrum 11/5/2018 BCM Female Adult Non-reproducing 32.5 5.3 0 yes
Mpyotis ciliolabrum 11/5/2018 BCM Male Adult Non-reproducing 33.5 5.3 0 yes
Mpyotis ciliolabrum 11/5/2018 BCM Female Adult Non-reproducing 32 5.6 0 yes
Mpyotis ciliolabrum 11/5/2018 BCM Female Adult Non-reproducing 33.5 4.6 0

Mpyotis ciliolabrum 11/5/2018 BCM Male Adult Non-reproducing 32.7 5.5 1 yes
Mpyotis ciliolabrum 11/5/2018 BCM Male Adult Non-reproducing 32.1 6.5 1 yes
Mpyotis ciliolabrum 1/28/2019 PMM Female Adult Non-reproducing 35.1 4.4 0

Mpyotis ciliolabrum 1/28/2019 PMM Female Adult Non-reproducing 34.4 4.7 0

Mpyotis ciliolabrum 1/28/2019 PMM Male Adult Non-reproducing 32.8 4 0

Mpyotis ciliolabrum 1/28/2019 PMM Female Adult Non-reproducing 34 5 0

Mpyotis ciliolabrum 1/28/2019 PMM Female Adult Non-reproducing 334 4.3 0

Mpyotis ciliolabrum 1/28/2019 PMM Female Adult Non-reproducing 33.6 5.3 0

Mpyotis ciliolabrum 1/28/2019 PMM Female Adult Non-reproducing 343 5.6 1

Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 33.1 4.4 0.23 3.85 0

Mpyotis ciliolabrum 2/1/2019 BCM Male Adult Non-reproducing 324 4.9 0.56 4.25 0 yes
Mpyotis ciliolabrum 2/1/2019 BCM Male Adult Non-reproducing 33.2 4.2 0.79 3.46 3

Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 33.2 5.1 0.74 4.58 0 yes
Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 33.6 5 0.85 4.08 1 yes
Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 32 4.8 0.54 4.09 1 yes
Mpyotis ciliolabrum 2/1/2019 BCM Male Adult Non-reproducing 33.8 4.9 0.62 4.16 1 yes
Mpyotis ciliolabrum 2/1/2019 BCM Male Adult Non-reproducing 34 4.6 0.79 3.95 0 yes
Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 34.7 5.5 1.01 4.48 0 yes
Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 34.5 4.8 0.55 4.17 0 yes
Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 34.6 4.3 0.63 3.68 1 yes



Species Date Site Sex Age  Reproductive? Forearm  Mass Fat Lean  Wing Score  Respirometry?
Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 33.2 4.8 0.66 4.18 0 yes
Mpyotis ciliolabrum 2/1/2019 BCM Male Adult Non-reproducing 30.4 4.3 0.55 4.16 0 yes
Mpyotis ciliolabrum 2/1/2019 BCM Male Adult Non-reproducing 33 4.1 0.57 3.65 1

Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 34.7 4.5 0.49 4.13 1 yes
Mpyotis ciliolabrum 2/1/2019 BCM Female Adult Non-reproducing 35.7 5.2 0.49 4.65 1 yes
Mpyotis ciliolabrum 2/1/2019 BCM Male Adult Scrotal 33.2 4.9 0.91 4.17 1 yes
Mpyotis volans 10/7/2017 PMM Male Adult Scrotal 38.2 10.3 2.32 6.86 0

Myotis volans 10/8/2017 PMM Male Adult  Scrotal 37.8 9.7 1




Oklahoma Department of Wildlife Conservation
Final Project Report 2016-2018
Under permit #s 6765, 6839, 7243

We caught a total of 563 bats: 3 Corynorhinus townsendii, 1 Eptesicus fuscus, 418 Myotis velifer,
and 141 Perimyotis subflavus (Table 1; Appendix) over the sampling period of fall 2016 to
winter 2018. During the fall, bats were caught using mist nets and harp traps at the cave entrance.
During the winter, bats were hand-captured from cave walls. We determined sex, age,
reproductive condition, and wing score and measured forearm length and body mass of each bat.
We used quantitative magnetic resonance (QMR; Echo-MRI-B, Echo Medical Systems,
Houston, TX) to measure fat mass and lean mass. We measured metabolic rate (TMR) and
evaporative water loss (EWL) during torpor using open-flow respirometry. We measured body
fat from 359 individuals and processed 83 individuals through respirometry. Body mass and
body fat were greater in females for each species compared to males (Figure 1). The mean mass
for each species varied between seasons (Figure 2), with both body mass and fat mass greater in
the fall compared to winter. Metabolic rate was not different between seasons, but evaporative
water loss showed differences, depending on species (Figure 3).

We measured hibernaculum temperature and relative humidity over each hibernation period at
each site using HOBO (Model U23-001, Onset Computer Corporation) and iButton (Model
DS1921Z-F5, Maxim Integrated Products) microclimate data loggers. We placed four HOBO
and ten iButton loggers throughout the hibernacula in the fall and recorded conditions at 3 h
intervals. We collected loggers from the hibernacula in the spring (May) of each year. The mean
temperature of the cave was 10.23 °C while the mean relative humidity was 88.17% (Figure 4).

We predicted survival for Myotis velifer and Perimyotis subflavus (Figure 5) over the range of
environmental conditions experienced in the cave. We also inferred the survival of both species
once affected with white-nose syndrome (Figure 5). The modified hibernation energetics model
estimates the time until fat exhaustion during hibernation as a function of bat characteristics,
hibernaculum microclimate, and fungal growth. Survival is determined by comparing model
output time to winter duration — if time until fat exhaustion is greater than winter duration,
survival occurs. We validated the model predictions with field and laboratory data and
determined model sensitivity to bat characteristics.

For further information about our findings please visit www.science4bats.org/publications and
review all project associated publications.




Table 1: The number of each species per year captured at Selman Living Lab.

Species Year Count
Corynorhinus townsendii 2016 2
Corynorhinus townsendii 2017 1
Eptesicus fuscus 2017 1
Mpyotis velifer 2016 195
Mpyotis velifer 2017 223
Perimyotis subflavus 2016 6
Perimyotis subflavus 2017 104

Perimyotis subflavus 2018 31
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Figure 1. Body mass (top) and fat mass (bottom) by sex for the four species captured at
Selman Living Lab. The single EPFU data point was a male.
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Figure 2. Body mass (top) and fat mass (bottom) by season for the four species captured at
Selman Living Lab. The single EPFU data point was during the fall.
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Figure 3. Mass-specific torpor metabolic rate (TMR; top) and mass-specific evaporative
water loss (EWL; bottom) by season for two species captured at Selman Living Lab.
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Figure 4: Microclimate (top: temperature, bottom: water vapor pressure difference) at different locations throughout the

cave.
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Figure 5: Predicted days until total fat exhaustion for Myotis velifer and Perimyotis
subflavus in Selman Living Lab Cave. Solid lines represent days of hibernation duration
(134 days) predicted for Selman Living Lab Cave and the range of microclimate conditions
that would allow survival in this area. Dashed lines represent microclimate conditions
measured at the roosting location within the mine. The area where solid and dashed lines
overlap is the microclimate conditions available that allow survival. White space represents
impossible microclimate space based on the saturation potential for each temperature.
Here, M. velifer and P. subflavus have some microclimate space that would allow for
survival from white-nose syndrome (WNS).



APPENDIX: Morphometric data from species captured at Selman Living Lab. Forearm is in mm, mass, fat, and lean mass are in g.

Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 35.7 4.9 1.16 2.76 0

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 34.7 4.8 1.31 2.47 2

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 33.6 5.9 1.17 4 1

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 343 5.5 1.06 3.52 0

Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 333 5.1 1.04 3.36 1

Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 33.8 4.9 1.54 2.58 2

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 334 5.2 1.48 2.69 1 yes
Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 34.1 5.2 1.01 3.54 2

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 33.9 5.4 1.14 3.38 0

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 33.9 5.4 1.11 3.02 0

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 334 5.1 0.96 3.13 1

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 35.1 6.2 1.57 3.66 0 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 34.4 5.6 0.77 3.63 1

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 333 5.3 1.49 2.65 0 yes
Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 34.6 4.9 1.07 3.06 2

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 34 4.9 1.1 2.66 2

Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 32.8 5.2 1.08 3.26 1

Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 342 53 0.48 4.1 0

Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 35 6 1.33 3.79 1 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 34.1 6.8 1.76 3.96 1 yes
Myotis velifer 2/25/2017 Female Adult Non-reproducing 45.8 13.1 1.69 7.57 1 yes
Myotis velifer 2/25/2017 Male Adult Reproducing 459 125 1.14 6.11 1

Myotis velifer 2/25/2017 Male Adult Non-reproducing 46.5 12.6  1.67 5.77 1 yes
Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 44.4 12.1 1.29 7.42 1

Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 47.3 10.7  0.78 4.34 1

Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 44 12.6  1.36 4.56 1

Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 45.5 12.1 142 6.19 1

Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 44 11.7  1.04 5.32 1

Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 44.5 12.6  1.18 3.48 1

Mpyotis velifer 2/25/2017 Male Adult Non-reproducing 45.1 12.7  1.61 7.16 1 yes
Mpyotis velifer 2/25/2017 Male Adult Non-reproducing 45.5 1.1 0.74 5.64 1

Myotis velifer 2/25/2017 Male Adult Non-reproducing 46.3 13.8  1.72 5.22 2 yes
Mpyotis velifer 2/25/2017 Male Adult Non-reproducing 45 11 1.38 4.75 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 2/25/2017 Female Adult Non-reproducing 45.6 123 1.51 3.83 1 yes
Mpyotis velifer 2/25/2017 Male Adult Non-reproducing 44.6 11.3  1.36 5.11 1

Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 46 11.6  1.22 5.38 1

Moyotis velifer 2/25/2017 Female Adult Non-reproducing 46.2 125 2.01 5.49 1 yes
Moyotis velifer 2/25/2017 Female Adult Non-reproducing 45 12.1 1.58 5.41 2 yes
Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 45.9 11.8  1.02 6.8 1

Myotis velifer 2/25/2017 Female Adult Non-reproducing 46.2 12.8 1.45 5.95 3 yes
Myotis velifer 2/25/2017 Female Adult Non-reproducing 459 12.7  1.37 6.21 1 yes
Myotis velifer 2/25/2017 Male Adult Non-reproducing 45.6 125 1.51 5.23 1 yes
Moyotis velifer 2/25/2017 Female Adult Non-reproducing 48.2 146 214 6.87 1 yes
Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 46.3 11.3  1.01 431 1

Mpyotis velifer 2/25/2017 Female Adult Non-reproducing 45.8 1.1 1.06 6.21 1

Moyotis velifer 2/25/2017 Female Adult Non-reproducing 47.5 129 1.81 5.46 1 yes
Mpyotis velifer 2/25/2017 Male Adult Non-reproducing 44.5 10.8  0.95 5.65 2

Mpyotis velifer 2/25/2017 Male Adult Non-reproducing 43.5 11.9  1.27 5.9 1

Moyotis velifer 2/25/2017 Male Adult Non-reproducing 459 12.9 1.4 5.96 2 yes
Mpyotis velifer 2/25/2017 Male Adult Non-reproducing 43.4 10.6  0.92 6.14 1

Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 32.9 5.7 1.48 3.41 1 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 349 6.2 1.84 3.33 1 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 33.9 5.3 0.95 3.59 1

Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 37.5 5.8 1.35 3.11 2 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 34 6.2 1.66 3.64 1 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 34.7 7 1.86 3.24 1 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 34.8 6 2.56 3.55 1 yes
Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 35.6 54 1.49 2.54 1 yes
Perimyotis subflavus 1/28/2017 Female Adult Non-reproducing 33.1 54 1.46 2.48 1 yes
Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 34.8 5.4 1.18 2.94 0

Perimyotis subflavus 1/28/2017 Male Adult Non-reproducing 334 5.2 1.23 3.63 1 yes
Corynorhinus townsendii ~ 10/29/2017  Female Adult Non-reproducing 43 13 1

Eptesicus fuscus 10/29/2017  Male Adult Scrotal 47.2 25.6 1

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 343 6.1 1.55 2.79 2

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 33.7 6.4 1.67 3.28 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 33.1 7.3 2.3 3.59 1 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 353 7.8 2.38 3.5 1 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.5 7.6 1.92 3.43 1 yes



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Perimyotis subflavus 10/30/2017  Male Adult Scrotal 343 7.1 1.89 3.41 0

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 34 6.9 1.88 3.64 2

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 343 6.3 1.76 3.35 0

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 333 7.3 2.11 3.51 0 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 353 7.8 2.43 3.23 1 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 334 7 2.09 3 1

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 34.6 6.8 1.79 3.54 1

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 33.5 6.4 1.85 2.85 2

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 35.1 7.2 2.06 3.51 2

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 33.2 6.5 1.58 3.21 1

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 33.2 6.5 1.57 3.05 2

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 343 7.7 2.63 3.23 1 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34 7.4 2.14 3.68 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 32.8 7.2 2.14 3.57 0 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 349 7.4 L.5 0.93 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.5 7.2 2.25 3.36 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 35.1 7.5 2.31 2.96 1 yes
Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 33.5 7.1 2.19 3.53 1 yes
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 47.1 144  2.62 6.01 1

Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 44.2 13.5 241 6.04 1

Myotis velifer 10/29/2017  Male Adult Scrotal 42.5 12.1  0.84 6.54 1

Myotis velifer 10/29/2017  Male Adult Scrotal 42.6 11.9 0.74 5.88 1

Myotis velifer 10/29/2017  Male Adult Scrotal 42.9 127 141 6.74 1

Myotis velifer 10/29/2017  Male Adult Scrotal 41.2 122 0.86 5.88 1

Myotis velifer 10/29/2017  Male Adult Scrotal 44.1 12.8  1.67 5.96 1

Myotis velifer 10/29/2017  Male Adult Scrotal 46.2 12.8 1.37 6.31 1

Myotis velifer 10/29/2017  Male Adult Scrotal 44.8 153 2.76 7.26 1

Mpyotis velifer 10/29/2017  Male Adult Scrotal 44.5 14 2.76 5.88 3

Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 44.4 16.8  4.01 6.76 1

Myotis velifer 10/29/2017  Male Adult Scrotal 453 13.9 2.03 6.61 2

Myotis velifer 10/29/2017  Male Adult Scrotal 43.5 14 2.07 7.19 1

Myotis velifer 10/29/2017  Male Adult Scrotal 42.6 13.6  2.66 6.7 1

Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 44.4 145 244 7.23 1

Myotis velifer 10/29/2017  Female Adult Non-reproducing 44.8 16.2 3.1 6.48 1

Myotis velifer 10/29/2017  Female Adult Non-reproducing 43.6 144 342 5.59 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 45.2 16.3  4.02 6.42 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 43 15.6  2.69 7.27 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 44.6 13.7 2.74 6.52 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 45.8 15 3.21 6.79 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 43.6 143 2.66 7.18 2
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 45 14.8 295 7.21 1
Myotis velifer 10/29/2017  Male Adult Scrotal 43.4 13.7  2.55 7.37 1
Myotis velifer 10/29/2017  Male Adult Scrotal 45.2 13.8  2.35 6.76 1
Myotis velifer 10/29/2017  Male Adult Scrotal 42.1 12.4 2.3 6.22 1
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 43.4 15 2.34 7.1 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 453 16.4  3.55 5.04 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 42.5 13.8° 242 6.97 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 443 133  1.39  8.205 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 44.2 13.5 293 7.23 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 443 13.8  2.16 7.5 1
Moyotis velifer 10/29/2017  Female Adult Non-reproducing 46.6 172 3.94 7.13 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 44.7 152 1.24 1.83 1
Moyotis velifer 10/29/2017  Female Adult Non-reproducing 45.8 16 3.07 5.25 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 44.6 15 2.79 6.69 1
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 44.9 15.3 2.4 4.09 1
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 443 154 3.23 7.45 1
Myotis velifer 10/29/2017  Male Adult Scrotal 42.5 16.5 2.06 1.8 1
Myotis velifer 10/29/2017  Female Adult Non-reproducing 46.6 16.5 2.5 3.27 0
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 46.3 16.1 294 7.17 1
Myotis velifer 10/29/2017  Male Adult Scrotal 36.6 145 2.63 6.67 1
Myotis velifer 10/29/2017  Female Adult Non-reproducing 44 .4 16.9  3.58 6.7 1
Mpyotis velifer 10/29/2017  Female Adult Non-reproducing 44.4 13.9 221 6.53 1
Myotis velifer 10/29/2017  Female Adult Non-reproducing 43.8 159 3.34 7.33 1
Moyotis velifer 10/29/2017  Male Adult Scrotal 42.4 132 212 7.67 1
Myotis velifer 10/29/2017  Male Adult Scrotal 43.4 17.2 4.1 7.63 1
Myotis velifer 10/29/2017  Female Adult Non-reproducing 43.1 155 2.58 7.08 1
Myotis velifer 10/30/2017  Female Adult Non-reproducing 453 15 2.81 7.5 2
Myotis velifer 10/30/2017  Female Adult Non-reproducing 44 159 3.34 6.14 1
Myotis velifer 10/30/2017  Female Adult Non-reproducing 43.5 153 3.23 6.28 1
Mpyotis velifer 10/30/2017  Female Adult Non-reproducing 44.4 14.6 294 6.71 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 10/30/2017  Female Adult Non-reproducing 45 15 3.08 6.21 1

Moyotis velifer 10/30/2017  Female Adult Non-reproducing 46.2 16.6 4.26 7.16 1

Moyotis velifer 10/30/2017  Male Adult Scrotal 43.2 146 341 6.71 1

Moyotis velifer 10/30/2017  Female Adult Non-reproducing 44.5 143 2096 6.63 1

Moyotis velifer 10/30/2017  Female Adult Non-reproducing 45.6 153 3.23 6.98 1

Myotis velifer 10/30/2017  Male Adult Scrotal 43 13.4 2091 7.06 1

Mpyotis velifer 10/30/2017  Female Adult Non-reproducing 46.6 152 2.89 7.17 1

Mpyotis velifer 10/30/2017  Female Adult Non-reproducing 44.2 13.8 241 6.17 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45.9 13.4 217 6.47 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 43.8 149 271 6.5 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45.1 14.6 291 6.54 1

Mpyotis velifer 11/1/2017 Male Adult  Scrotal 45.5 13.8 2.66 5.78 1

Moyotis velifer 11/1/2017 Female Adult Non-reproducing 45.2 16.2 347 6.765 1 yes
Moyotis velifer 11/1/2017 Male Adult Scrotal 453 123 1.12 7.19 1

Mpyotis velifer 11/1/2017 Male Adult Non-reproducing 44.9 13.8 277 7.64 1

Moyotis velifer 11/1/2017 Male Adult Non-reproducing 459 15.6 3.1 7.275 1 yes
Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45.4 15.4 296 8.14 1

Moyotis velifer 11/1/2017 Female Adult Non-reproducing 47.2 16.5 3.52 7.12 1 yes
Moyotis velifer 11/1/2017 Female Adult Non-reproducing 45.5 15.1  3.26 6.69 1 yes
Moyotis velifer 11/1/2017 Female Adult Non-reproducing 45 15.8 3.37 7.89 1 yes
Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46.2 141 3.19 7.8 1

Mpyotis velifer 11/1/2017 Male Adult  Scrotal 44.8 15 2.94 7.6 3

Mpyotis velifer 11/1/2017 Male Adult Scrotal 46.8 16 3.76 7.9 1 yes
Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 43.4 15 3.22 6.48 1

Myotis velifer 11/1/2017 Male Adult Scrotal 459 13.3 2 6.54 1

Myotis velifer 11/1/2017 Female Adult Non-reproducing 453 15.6  3.06 5.99 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45.9 173 4.13 5.43 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 44.5 14.6 3.1 6.38 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 44.2 145 296 7.76 1

Myotis velifer 11/1/2017 Male Adult Scrotal 43.9 142 244 8.36 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45.3 15.1  3.22 8.14 1

Mpyotis velifer 11/1/2017 Male Adult Scrotal 36.4 15.4  3.08 6.57 1 yes
Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46 16.5 3.26 7.15 1

Myotis velifer 11/1/2017 Male Adult Non-reproducing 46 17.6  4.35 8.22 2 yes
Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 44.5 16.1 3.42 7.6 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 44 16.1 3.7 7.17 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 44.6 14.4  3.07 6.72 2

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45.1 13.3 2.3 6.25 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45 15 2.87 7.5 1

Moyotis velifer 11/1/2017 Female Adult Non-reproducing 44.9 155 3.66 6.78 1

Myotis velifer 11/1/2017 Female Adult Non-reproducing 48.6 13.3 246 6.86 1

Mpyotis velifer 11/1/2017 Male Adult  Scrotal 44.4 15.1 299 8.07 1

Mpyotis velifer 11/1/2017 Male Adult  Scrotal 44.5 122 1.86 6.61 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 47 17.4  4.06 8.13 1

Mpyotis velifer 11/1/2017 Male Adult Scrotal 44.5 13.5 273 7.15 2 yes
Moyotis velifer 11/1/2017 Female Adult Non-reproducing 47.7 155 3.34 6.33 1 yes
Moyotis velifer 11/1/2017 Female Adult Non-reproducing 44 145 2.85 6.58 1 yes
Moyotis velifer 11/1/2017 Female Adult Non-reproducing 44 .4 149 3.19 6.7 1 yes
Moyotis velifer 11/1/2017 Male Adult Scrotal 43.7 14 2.09 7.15 2

Moyotis velifer 11/1/2017 Female Adult Non-reproducing 46.5 155 3.26 7.01 1 yes
Mpyotis velifer 11/1/2017 Male Adult  Scrotal 45.2 143 262  6.63 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46.2 145  3.12 6.68 1

Moyotis velifer 11/1/2017 Female Adult Non-reproducing 47.1 16.4 3.96 7.64 1 yes
Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 45.2 149  3.13 6.93 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46.2 16 33 7.37 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 443 15.1 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46.1 143 345 7.16 1

Mpyotis velifer 11/1/2017 Male Adult  Scrotal 42.8 141 298  6.55 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46 14.6  3.06 6.81 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46 16.5 4.01 7.56 1

Mpyotis velifer 11/1/2017 Male Adult  Scrotal 46.9 15.5 2.73 7.85 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46.8 16 2.83 6.8 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46 16.5 4.02 7.54 1

Mpyotis velifer 11/1/2017 Male Adult  Scrotal 46.3 145 216 597 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 47.3 17.1  3.75 4.24 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46.8 16.1  3.54 6.22 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 44.5 147 248 3.25 2

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 46.4 16.1  3.29 4.26 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 44.6 145 2.88 4.02 1

Mpyotis velifer 11/1/2017 Female Adult Non-reproducing 43.4 14 2.3 3.24 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 11/1/2017 Male Adult Scrotal 45.5 12.8 0091 2.31 1

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 33.6 6.7 2 3.05 0

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 342 6.6 1.91 3.13 0

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 36.5 7.3 2.12 3.54 1

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 33.9 6 1.71 3.02 2

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 333 7.2 2.31 3.2 1 yes
Perimyotis subflavus 10/30/2017  Male Adult Scrotal 33.2 7.7 2.53 2.79 1 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 334 6.8 1.93 3.35 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 343 7.8 2.42 3.42 1 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 36.6 6.5 1.69 3.47 2

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 343 5.9 1.23 2.87 2

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.6 6 1.2 2.36 0

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 333 6.6 1.73 2.79 0

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.5 7.6 2.45 33 0 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 33.9 8.1 2.49 3.03 0

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.5 7.3 2.18 3.39 0

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 335 7.4 2.19 2.75 0 yes
Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34 6.9 2.02 2.51 1

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 34 7 2.1 3.16 0

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 354 7.4 1.95 3.77 1

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 33.1 6.1 1.61 2.88 2

Perimyotis subflavus 10/30/2017  Male Adult Scrotal 343 7.1 1.78 3 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.7 6.3 1.16 2.99 2

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 32.7 6.6 1.59 3.08 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.6 7.2 2.3 3.31 1

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 34 6.3 1.75 2.95 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 36.4 6.4 1.4 3.04 1

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 32.8 6.6 1.72 2.93 1

Perimyotis subflavus 10/30/2017  Male Adult Non-reproducing 32.6 6.1 1.28 2.4 2

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 334 6.3 1.32 3.63 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 34.1 8.3 2.86 3.8 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 33.5 7 1.83 3.62 1

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 33.5 6.6 1.87 3.18 0

Perimyotis subflavus 10/30/2017  Female Adult Non-reproducing 32.5 8.4 3.16 3.47 1

Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 33.2 7.6 2.44 3.65 0 yes



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Perimyotis subflavus 11/3/2017 Male Adult Non-reproducing 354 6.3 1.32 3.04 1

Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 333 6.8 1.72 3.91 0

Perimyotis subflavus 11/3/2017 Male Adult Scrotal 34.4 6.3 1.8 3.1 1 yes
Perimyotis subflavus 11/3/2017 Male Adult Scrotal 34.5 7.2 2.21 3.56 0 yes
Perimyotis subflavus 11/3/2017 Male Adult Scrotal 35.4 7.1 2.3 3.5 1 yes
Perimyotis subflavus 11/3/2017 Male Adult Scrotal 39.8 5.7 1.77 2.97 1

Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 35.7 6.8 2.14 34 1 yes
Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 342 8.4 2.99 3.63 0 yes
Perimyotis subflavus 11/3/2017 Male Adult Non-reproducing 33.1 6 L.5 3.56 1

Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 34.6 8 2.32 3.74 1 yes
Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 342 7.3 2.26 3.2 1

Perimyotis subflavus 11/3/2017 Male Adult Scrotal 34.7 6.7 1.99 3.42 1

Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 343 7 1.98 3.4 0

Perimyotis subflavus 11/3/2017 Male Adult Scrotal 324 6 1.65 2.7 1

Perimyotis subflavus 11/3/2017 Male Adult Non-reproducing 33.6 7.1 1.65 3.24 1

Perimyotis subflavus 11/3/2017 Female Adult Non-reproducing 33.8 5.7 1.17 3.03 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 46.1 153  3.21 8.02 1 yes
Moyotis velifer 11/3/2017 Female Adult Non-reproducing 47 15.1 295 7.48 1 yes
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.1 15.1  3.24 6.86 1

Moyotis velifer 11/3/2017 Female Adult Non-reproducing 44.8 15.8 3.36 7.79 1

Myotis velifer 11/3/2017 Male Adult Scrotal 443 4.1 2.68 6.55 1

Myotis velifer 11/3/2017 Male Adult Scrotal 443 142 262 6.16 1 yes
Mpyotis velifer 11/3/2017 Male Adult Scrotal 43.3 13.8 277 7.3 1 yes
Mpyotis velifer 11/3/2017 Male Adult Scrotal 44.1 14.5 2.6 7.44 3 yes
Myotis velifer 11/3/2017 Female Adult Non-reproducing 45.2 14.9 2.9 7.55 1 yes
Myotis velifer 11/3/2017 Female Adult Non-reproducing 453 14.6 3 5.75 1 yes
Myotis velifer 11/3/2017 Male Adult Scrotal 44 .4 144 297 6.35 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 43.7 13 2.26 7.37 1

Moyotis velifer 11/3/2017 Male Adult Scrotal 46.5 146 233 2.16 1

Myotis velifer 11/3/2017 Female Adult Non-reproducing 46.5 153 274 4.06 3

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 46.7 13.9  1.77 4.21 1

Myotis velifer 11/3/2017 Male Adult Scrotal 459 14 1.19 1.07 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44.5 15 2.57 1.77 1

Myotis velifer 11/3/2017 Female Adult Non-reproducing 473 17 2.95 3.95 1

Myotis velifer 11/3/2017 Female Adult Non-reproducing 43.8 153 3.62 4.42 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 11/3/2017 Male Adult Scrotal 45.6 13.9 1.85 2.57 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44 142 245 53 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44.2 141 234 496 1
Moyotis velifer 11/3/2017 Male Adult Scrotal 46 18.6 3.14 5.83 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44.2 15.1 227 3.7 1
Myotis velifer 11/3/2017 Male Adult Scrotal 43.6 13.5  2.33 4.35 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44.1 15.1  2.67 3.95 1
Myotis velifer 11/3/2017 Male Adult Scrotal 44.5 155 297 4.14 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.1 13 1.91 4.04 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.1 16 3.23 6.33 1
Moyotis velifer 11/3/2017 Male Adult Scrotal 46.4 155 3.65 7.81 1
Moyotis velifer 11/3/2017 Female Adult Non-reproducing 44.8 152 3.78 6.95 1
Moyotis velifer 11/3/2017 Male Adult Scrotal 45.5 133 2.51 7.12 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.3 145  3.32 7.14 1
Moyotis velifer 11/3/2017 Male Adult Scrotal 47 15 2.83 7.08 1
Moyotis velifer 11/3/2017 Female Adult Non-reproducing 46.5 15.8 3.01 7.88 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 43.5 145 331 7.13 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 43.2 149 3.46 7.43 1
Moyotis velifer 11/3/2017 Male Adult Scrotal 45.7 143 227 4.72 1
Moyotis velifer 11/3/2017 Female Adult Non-reproducing 45.7 16.5 3.04 5.61 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 47 15.7 3.7 7.47 1
Myotis velifer 11/3/2017 Male Adult Scrotal 44 14.8 3.38 6.91 1
Myotis velifer 11/3/2017 Female Adult Non-reproducing 45.5 153  3.37 5.45 1
Myotis velifer 11/3/2017 Male Adult Scrotal 459 15.1 2091 7.47 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.4 132 1.77 6.45 3
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44.9 15.5 294 6.02 1
Myotis velifer 11/3/2017 Female Adult Non-reproducing 46.2 148 293 7.69 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 443 12.8 226 7.05 1
Moyotis velifer 11/3/2017 Female Adult Non-reproducing 43.5 14.6 2.6 6.83 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 47 14.8  2.82 7.28 1
Myotis velifer 11/3/2017 Male Adult Scrotal 46.3 13.8  2.14 7.21 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 43.2 12.5 221 5.65 1
Myotis velifer 11/3/2017 Female Adult Non-reproducing 45.5 153 3.15 7.87 1
Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44.5 13.9 2.6 7.62 1
Myotis velifer 11/3/2017 Female Adult Non-reproducing 46.6 16.3  3.79 6.77 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Mpyotis velifer 11/3/2017 Male Adult Non-reproducing 43.5 132 234 7.65 3

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.6 132 2.04 7.54 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 43.2 141 274 6.63 1

Moyotis velifer 11/3/2017 Female Adult Non-reproducing 46.4 159 3.83 7.35 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.7 15.6  3.82 8.14 1

Myotis velifer 11/3/2017 Male Adult Scrotal 44 .4 133  2.53 6.83 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 46 143 2.07 8.18 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 44.4 145 288 6.8 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 443 13.7  2.67 7.14 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 45.9 15.3 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 47.3 152 337 7.715 0

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 46.1 145 276 7.23 1

Moyotis velifer 11/3/2017 Female Adult Non-reproducing 44.9 153  3.37 7.06 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 43.9 142 297 6.47 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 46.2 15.1 3.5 8.27 1

Mpyotis velifer 11/3/2017 Female Adult Non-reproducing 47.4 152 3.32 7.89 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 34.5 54 1.29 3.48 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 324 5.2 0.76 3.76 2

Perimyotis subflavus 1/13/2018 Female Adult Unknown 34.2 6.7 1.54 3.32 1 yes
Perimyotis subflavus 1/13/2018 Female Adult Unknown 35.5 6.2 1.28 4.03 1 yes
Perimyotis subflavus 1/13/2018 Male Adult Unknown 36 5.7 1.08 3.41 1 yes
Perimyotis subflavus 1/13/2018 Male Adult Unknown 343 5 0.77 2.56 1

Perimyotis subflavus 1/13/2018 Female Adult Unknown 33.8 53 1.14 3.39 1

Perimyotis subflavus 1/13/2018 Female Adult Unknown 35.1 6.1 1.13 4.06 1 yes
Perimyotis subflavus 1/13/2018 Male Adult Unknown 33.1 54 0.98 2.93 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 333 5.1 0.91 2.55 1

Perimyotis subflavus 1/13/2018 Female Adult Unknown 353 6.3 1.41 3.98 0 yes
Perimyotis subflavus 1/13/2018 Male Adult Unknown 34.2 5.6 0.81 3.2 1 yes
Perimyotis subflavus 1/13/2018 Male Adult Unknown 35.1 5.3 0.72 2.33 2

Perimyotis subflavus 1/13/2018 Male Adult Unknown 343 53 0.82 2.98 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 343 5.5 1.36 3.45 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 34.2 5.4 1.09 3.46 0

Perimyotis subflavus 1/13/2018 Female Adult Unknown 33.8 6.4 1.33 3.28 0 yes
Perimyotis subflavus 1/13/2018 Female Adult Unknown 342 5.9 1.14 3.77 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 343 54 0.94 2.93 2



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Perimyotis subflavus 1/13/2018 Female Adult Unknown 335 6.5 1.75 4 0 yes
Perimyotis subflavus 1/13/2018 Male Adult Unknown 33.5 5.1 0.94 3.36 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 333 5.2 0.8 3.7 2

Perimyotis subflavus 1/13/2018 Male Adult Unknown 33.8 6.5 1.62 3.63 1 yes
Perimyotis subflavus 1/13/2018 Female Adult Unknown 33.2 6 1.28 3.27 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 34.2 6.1 1.53 3.81 1 yes
Perimyotis subflavus 1/13/2018 Male Adult Unknown 35.5 7.4 1.73 33 0 yes
Perimyotis subflavus 1/13/2018 Female Adult Unknown 34.1 6.5 1.76 3.88 0 yes
Perimyotis subflavus 1/13/2018 Female Adult Unknown 33.7 6 1.33 2.94 0

Perimyotis subflavus 1/13/2018 Male Adult Unknown 353 5.5 1.24 3.35 0 yes
Perimyotis subflavus 1/13/2018 Female Adult Unknown 36.3 6 1.01 3.63 1

Perimyotis subflavus 1/13/2018 Male Adult Unknown 34.1 5.7 0.67 3.42 0 yes
Corynorhinus townsendii ~ 10/7/2016 Male Adult Scrotal 42.4 9.6 0.88 7.83 0

Corynorhinus townsendii ~ 10/7/2016 Male Adult Scrotal 43.6 10.7  1.35 8.53 0

Moyotis velifer 10/4/2016 Male Adult Scrotal 44.9 14 1

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 46.7 16.4  5.63 9.98 3

Moyotis velifer 10/4/2016 Female Adult Non-reproducing 459 16.1 539 10.19 0

Moyotis velifer 10/4/2016 Female Adult Non-reproducing 46.6 157 4.21 10.8 1

Moyotis velifer 10/4/2016 Male Adult Scrotal 453 126 142 10.16 0

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 45.6 16.1 593 9.49 0

Myotis velifer 10/4/2016 Female Adult Non-reproducing 44.5 12.7  2.34 9.3 0

Myotis velifer 10/4/2016 Male Adult Scrotal 47.2 139 199 1041 1

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 43.3 16.7 548 10.59 0

Myotis velifer 10/4/2016 Female Adult Non-reproducing 433 142 428 9.34 0

Myotis velifer 10/4/2016 Female Adult Non-reproducing 46.1 16 4.88 10.48 1

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 45.1 142 3.75 9.65 0

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 43.5 12 1

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 47.1 15.6 1

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 46 15.6 1

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 43.4 12.6 1

Mpyotis velifer 10/4/2016 Female Adult Non-reproducing 44.6 15.3 2

Myotis velifer 10/4/2016 Male Adult Scrotal 43.8 16.1 1

Myotis velifer 10/5/2016 Male Adult Scrotal 46.2 14.8 4.55 6.14 0

Myotis velifer 10/5/2016 Male Adult Scrotal 46.2 13.7 291 10.39 0

Myotis velifer 10/5/2016 Female Adult Non-reproducing 459 194 6.87 11.29 0



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 10/5/2016 Male Adult Scrotal 45.7 132  2.34 9.84 2
Moyotis velifer 10/5/2016 Male Adult Scrotal 43.7 15.6 454 10.26 1
Moyotis velifer 10/5/2016 Male Adult Scrotal 443 153 329 10.64 1
Mpyotis velifer 10/5/2016 Male Adult Scrotal 46.2 148 259 11.05 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 44.8 16.9 549 10.54 0
Myotis velifer 10/5/2016 Male Adult Scrotal 44.5 12.7  2.03 9.1 1
Myotis velifer 10/5/2016 Male Adult Scrotal 46.8 152 341 1054 1
Mpyotis velifer 10/5/2016 Male Adult Scrotal 45.8 15.6  4.17 10.04 0
Myotis velifer 10/5/2016 Male Adult Scrotal 46.1 132 1.87 10.23 1
Mpyotis velifer 10/5/2016 Male Adult Scrotal 46.5 15.7  3.39 10.6 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 43.7 13.5 263 10.11 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 443 13.3 259 9.87 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 45.2 13.4 285 9.71 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 46.4 13.5 292 9.63 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 46.3 14 2.66 10.5 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 46.3 125 1.87 9.41 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.1 134 1.88 10.55 3
Mpyotis velifer 10/5/2016 Male Adult Scrotal 43.8 174 633 10.16 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 46 129 1.64 1045 0
Moyotis velifer 10/5/2016 Female Adult Non-reproducing 44.9 13.1 2.7 9.46 1
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 45.4 10.3  0.92 8.01 3
Mpyotis velifer 10/5/2016 Male Adult Scrotal 45.9 15.1 334 10.52 0
Myotis velifer 10/5/2016 Male Adult Scrotal 459 149 272 11.18 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.4 129 1.86 10.18 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 44.1 12.6  1.81 9.92 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 45.4 15.8 535 9.54 0
Myotis velifer 10/5/2016 Female Adult Non-reproducing 45.2 179 582 11.46 1
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.8 14.8 347 10.76 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.2 14.1 2.5 10.87 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 44.1 13.5  3.03 9.29 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 45 13.6 292 9.89 1
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.5 145 224 10.69 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 45.3 13.4 255 9.87 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.1 14.5 2.7 10.84 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.9 13.6 274 9.98 0



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 10/5/2016 Male Adult Scrotal 44.9 17 4.11 11.4 1
Moyotis velifer 10/5/2016 Male Adult Scrotal 44 148 269 11.05 1
Moyotis velifer 10/5/2016 Female Adult Non-reproducing 45.1 14 3.16 9.89 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 45.6 147  3.09 10.74 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 45 132 2.02 10.41 0
Myotis velifer 10/5/2016 Female Adult Non-reproducing 44 174  6.19 10.46 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 46 17.6  6.52 10.1 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.1 13.5 279 9.9 0
Mpyotis velifer 10/5/2016 Female Adult Non-reproducing 45 182 627 11.14 0
Moyotis velifer 10/5/2016 Female Adult Non-reproducing 48 195 6.72 11.75 1
Moyotis velifer 10/5/2016 Male Adult Scrotal 44.8 154 271 11.75 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 44.8 15.2 4.1 10.21 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 45.2 13.6  2.72 10.08 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 45.8 16.4 327 12.08 1
Moyotis velifer 10/5/2016 Male Adult Scrotal 46.8 17.6  3.81 12.28 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 443 13.6 2.77 9.7 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 44.6 132 2.01 10.26 2
Moyotis velifer 10/5/2016 Male Adult Scrotal 46.1 15,6 324 11.13 0
Moyotis velifer 10/5/2016 Male Adult Scrotal 44.2 155 316 11.27 1
Moyotis velifer 10/5/2016 Male Adult Scrotal 45 159 3.64 11.28 1
Myotis velifer 10/5/2016 Male Adult Scrotal 43.9 14.9 2.9 10.82 1
Myotis velifer 10/5/2016 Male Adult Scrotal 43 13.9 251 10.21 1
Myotis velifer 10/5/2016 Female Adult Non-reproducing 43.5 18.1 6.71 10.44 0
Myotis velifer 10/5/2016 Male Adult Scrotal 45.2 13.7 2.73 9.92 0
Myotis velifer 10/5/2016 Male Adult Scrotal 46.3 16 2.93 11.6 0
Myotis velifer 10/5/2016 Male Adult Scrotal 459 152 268 1145 0
Myotis velifer 10/5/2016 Male Adult Scrotal 45.7 4.1 3.22 9.73 2
Myotis velifer 10/5/2016 Male Adult Scrotal 44 146 271 10.69 0
Moyotis velifer 10/5/2016 Female Adult Non-reproducing 453 13.4 2.69 9.48 0
Mpyotis velifer 10/5/2016 Male Adult Scrotal 44.6 144 1.86 1094 0
Myotis velifer 10/5/2016 Male Adult Scrotal 45.6 153 334 10.62 1
Mpyotis velifer 10/6/2016 Male Adult Scrotal 44.6 146 4.11 10.03 0
Myotis velifer 10/6/2016 Female Adult Non-reproducing 453 17.1 532 10.89 0
Myotis velifer 10/6/2016 Male Adult Non-reproducing 46.1 164 496 10.54 0
Mpyotis velifer 10/6/2016 Female Adult Non-reproducing 48.3 173 574 10.76 0



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Mpyotis velifer 10/6/2016 Male Adult Scrotal 44.6 129  1.63 1043 0
Mpyotis velifer 10/6/2016 Female Adult Non-reproducing 47 15.6 2.7 10.33 0
Moyotis velifer 10/6/2016 Male Adult Scrotal 42.8 122 1.36 9.98 1
Mpyotis velifer 10/6/2016 Female Adult Non-reproducing 46.4 148 3.64 10.36 0
Mpyotis velifer 10/6/2016 Female Adult Non-reproducing 43.5 182 7.12 10.14 0
Myotis velifer 10/6/2016 Male Adult Scrotal 48 142 275 10.51 0
Myotis velifer 10/6/2016 Male Adult Scrotal 47 142 231 10.9 0
Myotis velifer 10/6/2016 Male Adult Scrotal 46.4 16 336 11.59 2
Mpyotis velifer 10/6/2016 Male Adult Scrotal 46.1 145 3.16 10.59 0
Mpyotis velifer 10/6/2016 Female Adult Non-reproducing 44.5 172 643 9.87 0
Moyotis velifer 10/6/2016 Male Adult Scrotal 45.2 13.9 2.73 10.1 1
Mpyotis velifer 10/6/2016 Female Adult Non-reproducing 443 17.1 594 10.23 0
Moyotis velifer 10/6/2016 Male Adult Scrotal 41.8 124 1.53 10.03 1
Moyotis velifer 10/6/2016 Male Adult Scrotal 46.2 158 453 10.38 1
Mpyotis velifer 10/7/2016 Female Adult Non-reproducing 45.1 143 3.18 10.02 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 47.4 4.1 3.27 9.87 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 43.5 124 274 8.77 0
Moyotis velifer 10/7/2016 Male Adult Non-reproducing 45.2 158 4.61 10.38 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 45.2 12.1 1.76 9.5 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 44.8 13.9 347 9.55 1
Myotis velifer 10/7/2016 Male Adult Scrotal 43 12.6  2.26 9.33 0
Myotis velifer 10/7/2016 Male Adult Scrotal 44.5 15.5 4.4 10.31 1
Myotis velifer 10/7/2016 Female Adult Non-reproducing 45.1 147 4.09 9.66 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44.6 13.1  2.18 10.1 0
Myotis velifer 10/7/2016 Male Adult Scrotal 44 13.7 281 9.82 1
Mpyotis velifer 10/7/2016 Male Adult Scrotal 43.8 13 2.18 9.9 0
Myotis velifer 10/7/2016 Male Adult Scrotal 44 .4 11.7  1.31 9.45 0
Myotis velifer 10/7/2016 Male Adult Scrotal 43.5 2.1 2.02 9.27 1
Mpyotis velifer 10/7/2016 Male Adult Scrotal 44.5 13.7 234 10.4 0
Myotis velifer 10/7/2016 Male Adult Scrotal 43.9 125 222 9.48 1
Myotis velifer 10/7/2016 Female Adult Non-reproducing 453 15.1 447 9.7 0
Myotis velifer 10/7/2016 Male Adult Scrotal 46.4 125 125 10.32 0
Myotis velifer 10/7/2016 Male Adult Scrotal 45.1 126 1.79 9.8 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44.5 125 127 10.07 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44.4 11.4  0.61 9.94 1



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 10/7/2016 Male Adult Scrotal 43.1 15 3.02 10.99 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 45.1 154 3.68 10.72 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 43.4 12.1  2.08 9.1 0
Mpyotis velifer 10/7/2016 Male Adult Scrotal 44.4 12.7  1.79 9.94 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 45.2 13.6  1.88 10.54 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44 .4 1.2 1.09 9.02 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44.2 12.1 1.55 9.53 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44 .4 13 1.97 10.16 1
Myotis velifer 10/7/2016 Male Adult Scrotal 45.7 10.8 0.74 9.45 0
Moyotis velifer 10/7/2016 Female Adult Non-reproducing 45.2 144 3.54 9.75 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 46.4 149 393 9.9 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 44.6 144  3.69 9.79 1
Moyotis velifer 10/7/2016 Female Adult Non-reproducing 46.2 155 494 9.58 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 46 149 3.01 10.79 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 46 13.1  2.25 9.94 1
Mpyotis velifer 10/7/2016 Female Adult Non-reproducing 43.2 13.9  3.21 9.71 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 44.5 133 247 9.61 1
Moyotis velifer 10/7/2016 Female Adult Non-reproducing 46 16.5 5.05 10.37 1
Moyotis velifer 10/7/2016 Female Adult Non-reproducing 48.8 14.1 2.64 10.49 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 44.2 13.6 246 10.14 1
Myotis velifer 10/7/2016 Male Adult Scrotal 443 11.6 1.2 9.33 1
Myotis velifer 10/7/2016 Male Adult Scrotal 42.2 13.6  2.87 9.7 1
Mpyotis velifer 10/7/2016 Male Adult Scrotal 43.2 13.1 198 10.05 0
Myotis velifer 10/7/2016 Male Adult Scrotal 45 123 1.55 9.49 1
Myotis velifer 10/7/2016 Female Adult Non-reproducing 46.6 142 3.26 9.81 1
Myotis velifer 10/7/2016 Female Adult Non-reproducing 46.1 144 4.09 9.37 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44.9 1.1 0.71 9.56 1
Mpyotis velifer 10/7/2016 Male Adult Scrotal 45.2 16.7 3.66 12.03 0
Moyotis velifer 10/7/2016 Female Adult Non-reproducing 45.5 18.1 6.63 10.66 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44.1 139 1.88 1091 2
Mpyotis velifer 10/7/2016 Female Adult Non-reproducing 44.6 16.7  4.86 10.9 0
Myotis velifer 10/7/2016 Male Adult Scrotal 43.8 129 131 10.53 0
Myotis velifer 10/7/2016 Male Adult Scrotal 46 148 227 11.5 1
Myotis velifer 10/7/2016 Male Adult Scrotal 45.2 154 338 11.08 1
Myotis velifer 10/7/2016 Male Adult Scrotal 44.2 132 2.09 1031 0



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 10/7/2016 Male Adult Scrotal 46.7 13.8  2.13  10.77 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 45.6 17 3.83 1198 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 45.7 14.3 2.4 10.91 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 44 .4 14.8 3.6 10.47 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 45 13.5 241 10.19 1
Myotis velifer 10/7/2016 Male Adult Scrotal 43.9 154 418 1045 1
Myotis velifer 10/7/2016 Male Adult Scrotal 46 155 3.51 11.03 1
Myotis velifer 10/7/2016 Male Adult Scrotal 46.5 142 253 1043 1
Myotis velifer 10/7/2016 Male Adult Scrotal 454 12.6  2.25 8.39 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 42.1 148 273 10.87 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 42.7 146 3.14 1054 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 453 132 2.17 9.99 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 45.6 172 586 1043 1
Moyotis velifer 10/7/2016 Male Adult Scrotal 46.1 147 293 10.67 1
Perimyotis subflavus 10/4/2016 Male Adult Scrotal 342 5.6 2.11 2.59 2
Perimyotis subflavus 10/5/2016 Male Adult Scrotal 342 6.1 1.53 3.92 3
Perimyotis subflavus 10/5/2016 Male Adult Scrotal 33.7 6.3 1.84 4.28 0
Perimyotis subflavus 10/5/2016 Male Adult Scrotal 33.8 6.7 1.71 4.67 0
Perimyotis subflavus 10/6/2016 Female Adult Non-reproducing 37.1 8.6 3.51 4.71 2
Perimyotis subflavus 10/6/2016 Male Adult Scrotal 34.6 8.5 3.82 4.46 1
Myotis velifer 10/6/2016 Female Adult Non-reproducing 46.1 125  1.59 10.06 0
Myotis velifer 10/6/2016 Male Adult Scrotal 44.6 12 1.76 9.39 1
Myotis velifer 10/6/2016 Male Adult Scrotal 48.2 16.4 324 12.03 0
Myotis velifer 10/6/2016 Male Adult Scrotal 46 4.1 3.26 9.81 2
Mpyotis velifer 10/6/2016 Male Adult Scrotal 44.7 142 346 10.04 0
Mpyotis velifer 10/6/2016 Female Adult Non-reproducing 43.5 12.6  2.88 8.93 0
Myotis velifer 10/6/2016 Female Adult Non-reproducing 44.5 16.1 494 10.46 1
Myotis velifer 10/6/2016 Female Adult Non-reproducing 454 15.6 499 9.81 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 44.1 11.9 1.38 9.43 1
Myotis velifer 10/7/2016 Male Adult Scrotal 42.9 11.6  1.69 8.77 2
Mpyotis velifer 10/7/2016 Female Adult Non-reproducing 47 15.8  4.19 10.16 0
Myotis velifer 10/7/2016 Female Adult Non-reproducing 45.8 11.9 1.45 9.23 1
Mpyotis velifer 10/7/2016 Female Adult Non-reproducing 45.1 15.1  4.59 9.43 0
Mpyotis velifer 10/7/2016 Male Adult Scrotal 44.9 12.9 2.3 9.43 0
Mpyotis velifer 10/7/2016 Female Adult Non-reproducing 45.5 142 293 10.17 2



Bat Species Date Sex Age  Reproductive? Forearm Mass  Fat Lean Wing Score  Respirometry?
Myotis velifer 10/7/2016 Male Adult Scrotal 44.9 12.1 242 8.82 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 43.6 122 2.04 9.26 0
Moyotis velifer 10/7/2016 Female Adult Non-reproducing 459 12 5.54  10.51 0
Moyotis velifer 10/7/2016 Male Adult Scrotal 45.2 13.8° 221 10.38 0
Myotis velifer 10/7/2016 Male Adult  Scrotal 44.8 128 1.63 10.15 1




Oregon Caves National Monument
Final Project Report 2018-2019
Under Permit ORCA-2018-SCI-0001

We caught a total of 57 bats: 32 Corynorhinus townsendii, 1 Myotis californicus, 8 M. evotis, 4
M. thysanodes, 3 M. volans, and 9 M. yumanensis (Table 1; Appendix) over the sampling period
of fall 2018 to winter 2019. During the fall, bats were caught using mist nets and harp traps at the
cave entrance. During the winter, bats were hand-captured from cave walls. We determined sex,
age, reproductive condition, and wing score and measured forearm length and body mass of each
bat. We used quantitative magnetic resonance (QMR; Echo-MRI-B, Echo Medical Systems,
Houston, TX) to measure fat mass and lean mass. We measured metabolic rate (TMR) and
evaporative water loss (EWL) during torpor using open-flow respirometry. We measured body
fat from 43 individuals and processed 14 individuals through respirometry. Body mass and body
fat were greater in females compared to males for the species we had both sexes (Figure 1). We
only captured C. townsendii in both seasons; there was no difference in body mass nor fat mass
between seasons (Figure 2). We only ran respirometry on C. townsendii during the winter
months, so we could not compare metabolic rate or evaporative loss between seasons (Figure 3).

We predicted survival for C. townsendii (Figure 4) over the range of environmental conditions
experienced in the cave. We also inferred the survival once affected with white-nose syndrome
(Figure 4). The modified hibernation energetics model estimates the time until fat exhaustion
during hibernation as a function of bat characteristics, hibernaculum microclimate, and fungal
growth. Survival is determined by comparing model output time to winter duration — if time until
fat exhaustion is greater than winter duration, survival occurs. We validated the model
predictions with field and laboratory data and determined model sensitivity to bat characteristics.

For further information about our findings please visit www.science4bats.org/publications and
review all project associated publications.

Table 1: The number of each species per year captured at Oregon Caves NM.

Species Year  Count
Corynorhinus townsendii 2018 9
Corynorhinus townsendii 2019 23
Mbyotis californicus 2018 1
Myotis evotis 2018 8
Mpyotis thysanodes 2018 4
Mpyotis volans 2018 3
Myotis yumanensis 2018 9




L
1251 .
C)
@ N Sex
10.0
g * ® * Female
=3 * Male
@ 757 ==
EE == ===
5.0 .
CoTO MYCA MYEV MYTH MYVO MYYU
25
220 Sex
®
g - Female
151
2" BE male
[T
1.0
0.5 — : : : : :
COTO MYCA MYEV MYTH MYVO MYYU

Figure 1. Body mass (top) and fat mass (bottom) by sex for the six species captured at

Oregon Caves NM.
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Figure 2. Body mass (top) and fat mass (bottom) by season for the six species captured at
Oregon Caves NM. The single MYCA was captured in the fall.
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Figure 3. Mass-specific torpor metabolic rate (TMR; top) and mass-specific evaporative
water loss (EWL; bottom) for COTO captured at Oregon Caves NM.
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Figure 4: Predicted days until total fat exhaustion for Corynorhinus townsendii in Oregon
Caves National Monument. Solid lines represent days of hibernation duration (125 days)
predicted for Oregon Caves National Monument and the range of microclimate conditions
that would allow survival in this area. Dashed lines represent microclimate conditions
measured at the roosting location within the mine. The area where solid and dashed lines
overlap is the microclimate conditions available that allow survival. White space represents
impossible microclimate space based on the saturation potential for each temperature.
Here, we predict that most microclimate space available in Oregon Caves National
Monument would allow for survival from white-nose syndrome (WNS).



APPENDIX: Morphometric data from species captured at Oregon Caves NM. Forearm is in mm, mass, fat, and lean mass in g.

Species Date Sex Age Reproductive Condition  Forearm Mass  Fat Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 10/9/2018 Male Adult Scrotal 45.5 12.1 0

Corynorhinus townsendii ~ 10/9/2018 Female  Adult Non-reproducing 353 13.9 0

Corynorhinus townsendii ~ 10/9/2018 Male Adult Scrotal 44.5 10.5 0

Corynorhinus townsendii ~ 10/9/2018 Female  Adult Non-reproducing 453 12.6 0

Corynorhinus townsendii ~ 10/9/2018 Male Adult Scrotal 42.2 9.5 1

Corynorhinus townsendii ~ 10/12/2018  Female  Adult Non-reproducing 443 14.4 0

Corynorhinus townsendii ~ 10/12/2018  Male Adult Non-reproducing 42.6 8.8 0

Corynorhinus townsendii ~ 10/12/2018  Female  Adult Non-reproducing 44.2 9.9 0

Corynorhinus townsendii ~ 10/12/2018  Male Adult Non-reproducing 43 9.3 1

Corynorhinus townsendii ~ 2/7/2019 Male Adult Non-reproducing 44.7 9.2 1.76 7.15 1

Corynorhinus townsendii ~ 2/7/2019 Male Adult Non-reproducing 43.4 9.4 2.16 6.85 1

Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 45.6 10.6  2.19 7.98 1 yes
Corynorhinus townsendii ~ 2/7/2019 Male Adult Scrotal 41.2 9.1 1.69 7.38 1

Corynorhinus townsendii ~ 2/7/2019 Male Adult Scrotal 43.7 9.6 1.76 7.56 0 yes
Corynorhinus townsendii ~ 2/7/2019 Male Adult Scrotal 43.9 9.8 1.84 8.01 0 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 43.9 10.7 223 8.54 0 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 44.7 9.7 1.3 8.6 1

Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 43.1 11.4 276 8.18 1 yes
Corynorhinus townsendii ~ 2/7/2019 Male Adult Scrotal 44.9 11 1.29 8.36 1 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 43.4 10.2 1.49 8.7 0

Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 43.4 10.5  2.13 8.27 0 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 453 12 2.51 8.07 0 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 43.2 10 1.93 7.1 0

Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 45.2 10.6 1.68 8.8 1 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 44 .4 103 2.02 8.06 1

Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 454 11.4 237 8.87 1 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 46.3 11 1.95 9.14 1 yes
Corynorhinus townsendii ~ 2/7/2019 Male Adult Scrotal 43.1 9.5 2.05 7.36 1 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 443 10.1 1.67 8.7 2

Corynorhinus townsendii ~ 2/7/2019 Male Adult Scrotal 43.7 8.8 0.56 8.5 0

Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 45.1 11.7 226 8.74 1 yes
Corynorhinus townsendii ~ 2/7/2019 Female  Adult Non-reproducing 46.1 126 2.62 10.58 1 yes
Mpyotis californicus 10/12/2018  Female  Adult Non-reproducing 32.4 4.5 0



Species Date Sex Age Reproductive Condition  Forearm Mass  Fat Lean  Wing Score  Respirometry?
Myotis evotis 10/9/2018 Male Adult Non-reproducing 36 6.7 1
Myotis evotis 10/9/2018 Male Adult Non-reproducing 37.2 6 0
Mpyotis evotis 10/12/2018  Male Adult Scrotal 38.9 7.1 0
Mpyotis evotis 10/12/2018  Male Adult Scrotal 37.5 6.2 0
Myotis evotis 10/12/2018  Female  Adult Non-reproducing 37.4 7 0
Myotis evotis 10/12/2018  Male Adult Scrotal 37.9 6.4 2
Myotis evotis 10/12/2018  Male Adult Non-reproducing 36.4 9.5 0
Mpyotis evotis 10/12/2018  Female  Adult Non-reproducing 39.2 7.8 2
Moyotis thysanodes 10/9/2018 Male Adult Non-reproducing 41.1 6.5 1
Mpyotis thysanodes 10/9/2018 Male Adult Non-reproducing 40.5 5.9 0
Mpyotis thysanodes 10/12/2018  Male Adult Non-reproducing 39.5 7 0
Moyotis thysanodes 10/12/2018  Male Adult Scrotal 394 6.2 1
Myotis volans 10/9/2018 Male Adult Scrotal 38.2 7 0
Myotis volans 10/9/2018 Male Adult Non-reproducing 38.9 6.3 0
Mpyotis volans 10/12/2018  Male Adult Scrotal 383 6.3 0
Myotis yumanensis 10/9/2018 Male Adult Scrotal 33.5 5.4 0
Myotis yumanensis 10/9/2018 Male Adult Scrotal 32.6 5.6 0
Myotis yumanensis 10/9/2018 Male Adult Non-reproducing 34.8 5.4 0
Myotis yumanensis 10/12/2018  Male Adult Scrotal 34.8 4.8 2
Myotis yumanensis 10/12/2018  Male Adult Scrotal 35.2 5.7 0
Myotis yumanensis 10/12/2018  Male Adult Scrotal 33.4 6 0
Myotis yumanensis 10/12/2018  Male Adult Non-reproducing 333 6.1 0
Myotis yumanensis 10/12/2018  Male Adult Scrotal 34.2 68 0
Myotis yumanensis 10/12/2018  Male Adult Scrotal 34 5.6 0




Utah Division of Wildlife
Final Project Report 2017-2018
Under permit 2COLL10094

We caught a total of 165 bats: 156 Corynorhinus townsendii, 1 Eptesicus fuscus, 1 Myotis
ciliolabrum, 1 M. evotis, 5 M. lucifugus, and 1 M. thysanodes (Table 1; Appendix) over the
sampling period of fall 2017 to winter 2018. During the fall, bats were caught using mist nets
and harp traps at the cave entrance. During the winter, bats were hand-captured from cave walls.
We determined sex, age, reproductive condition, and wing score and measured forearm length
and body mass of each bat. We used quantitative magnetic resonance (QMR; Echo-MRI-B, Echo
Medical Systems, Houston, TX) to measure fat mass and lean mass. We measured metabolic rate
(TMR) and evaporative water loss (EWL) during torpor using open-flow respirometry. We
measured body fat from 82 individuals and processed 27 individuals through respirometry. Body
mass and body fat were greater in females compared to males for the species we had both sexes
(Figure 1). We only captured C. townsendii in both seasons; there was no difference in body
mass between seasons (Figure 2). There was also no difference between metabolic rate between
seasons, but there was differences in evaporative water loss (Figure 3).

We measured hibernaculum temperature and relative humidity over each hibernation period
using HOBO (Model U23-001, Onset Computer Corporation) and iButton (Model DS1921Z-F5,
Maxim Integrated Products) microclimate data loggers. We placed four HOBO and ten iButton
loggers throughout the hibernacula in the fall and recorded conditions at 3 h intervals. We
collected loggers from the hibernacula in the spring (May) of each year. The mean temperature
of the cave was 3.06 °C while the mean relative humidity was 75.80 % (Figure 4).

We predicted survival for C. townsendii (Figure 5) over the range of environmental conditions
experienced in the cave. We also inferred the survival once affected with white-nose syndrome
(Figure 5). The modified hibernation energetics model estimates the time until fat exhaustion
during hibernation as a function of bat characteristics, hibernaculum microclimate, and fungal
growth. Survival is determined by comparing model output time to winter duration — if time until
fat exhaustion is greater than winter duration, survival occurs. We validated the model
predictions with field and laboratory data and determined model sensitivity to bat characteristics.

For further information about our findings please visit www.science4bats.org/publications and
review all project associated publications.




Table 1: The number of each species per year captured at Logan Cave.

Species Year Count
Corynorhinus townsendii 2017 125
Corynorhinus townsendii 2018 31
Eptesicus fuscus 2017 1
Mpyotis ciliolabrum 2017 1
Myotis evotis 2017 1
Mpyotis lucifugus 2017 5
Mpyotis thysanodes 2017 1
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Figure 1. Body mass (top) and fat mass (bottom) by sex for the six species captured at
Logan Cave. The single data points for MCI, MYEV, EPFU, and MYLU were all male.
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Figure 2. Body mass (top) and fat mass (bottom) by season for the six species captured at
Logan Cave. The single data points for EPFU, MYCI, MYTH, and MYLU were all for fall.
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Figure 3. Mass-specific torpor metabolic rate (TMR; top) and mass-specific evaporative
water loss (EWL; bottom) for COTO captured at Logan Cave.
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Figure 4: Microclimate (top: temperature, bottom: water vapor pressure difference) at
different locations throughout Logan Cave cave.
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Figure 5: Predicted days until total fat exhaustion for Corynorhinus townsendii in Logan
Cave. Solid lines represent days of hibernation duration (172 days) predicted for Logan
Cave and the range of microclimate conditions that would allow survival in this area.
Dashed lines represent microclimate conditions measured at the roosting location within
the mine. The area where solid and dashed lines overlap is the microclimate conditions
available that allow survival. White space represents impossible microclimate space based
on the saturation potential for each temperature. Here, we predict that most microclimate
space available in Logan Cave would allow for survival from white-nose syndrome (WNS).



APPENDIX: Morphometric data from species captured at Logan Cave. Forearm is in mm, mass, fat, and lean mass in g.

Species Date Sex Age Reproductive Condition Forearm Mass  Fat  Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 40.9 8.1 0.43 6.2 0
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.7 13 2.53 6.37 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 45.8 12 2.66  7.33 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.8 9.9 0.84  3.87 1
Corynorhinus townsendii ~ 10/2/2017  Male Adult Non-reproducing 42.3 8.2 0.92 598 0
Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 443 9 048 5.04 1
Corynorhinus townsendii ~ 10/2/2017  Male Adult Non-reproducing 43.9 8.4 0.54 5.69 2
Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 41.1 8.1 0.17 6.9 0
Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 41.4 8.9 028 7.21 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.7 12.3 2.4 8.37 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.9 11.9 1.89 5.8 1
Corynorhinus townsendii ~ 10/2/2017 ~ Male Adult Scrotal 42 8.5 0.47 4.8 1
Corynorhinus townsendii ~ 10/2/2017 ~ Male Adult Non-reproducing 433 8.9 1.75  5.89 1
Corynorhinus townsendii ~ 10/2/2017  Male Juvenile = Non-reproducing 42.8 7.5 0.46  5.87 0
Corynorhinus townsendii ~ 10/2/2017  Male Juvenile = Non-reproducing 43.9 8.3 0.58  3.26 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 433 11.4 1.83  5.26 1
Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 42.4 8.2 0.44 428 0
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 43.4 11.1 1.84  7.86 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 43 11.6 211 4.25 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 454 9.7 .12 6.93 0
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 43.1 11 2.15  7.34 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 433 11.8  2.57 7.5 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.4 10.2 .21 3.71 1
Corynorhinus townsendii ~ 10/2/2017  Male Juvenile = Non-reproducing 42.4 9.2 145 6.21 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 43.1 11.4 1.24  4.29 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 454 11.5 241  7.97 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 43.8 10.4 1.36  5.52 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 42.9 10.9 1.86  7.95 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.8 11 1.49 5.86 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.2 10.9 1.78  7.58 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44 9.7 0.94 4.64 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 459 11.2 1.82  7.88 1
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 43.8 10.5 1.66  3.49 1



Species Date Sex Age Reproductive Condition Forearm Mass  Fat  Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 43.9 10.8  2.04 4 1

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 44.9 10.8 .32 4.23 1

Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 43 8.5 0.53  6.65 0

Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 42.6 9.1 0.29 5.86 0

Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 443 8.6 0.48 6.76 1

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 453 11.7 213  8.15 1

Corynorhinus townsendii ~ 10/2/2017  Male Adult Scrotal 42.3 8.8 0.30 4.81 0

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 45.1 11 1.59  8.11 1

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 45.2 10.6 L.5 7.59 1

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 42.2 9.7 1.14  5.01 1

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 45.2 1.5 211  6.39 1

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 453 9.7 0.63 7.5 1

Corynorhinus townsendii ~ 10/2/2017  Female  Adult Non-reproducing 46.4 10.9 .12 6.15 1

Corynorhinus townsendii ~ 10/3/2017  Male Adult Scrotal 42.2 8.6 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44 .4 12.5 0 yes
Corynorhinus townsendii ~ 10/3/2017  Male Juvenile = Non-reproducing 43.1 8.3 0

Corynorhinus townsendii ~ 10/3/2017  Male Adult Non-reproducing 42.3 8.7 1 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 46.7 11.9 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 46 11.7 0

Corynorhinus townsendii ~ 10/3/2017  Male Adult Non-reproducing 43.1 8.5 0 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 453 11.5 0 yes
Corynorhinus townsendii ~ 10/3/2017  Male Adult Scrotal 443 9.1 0

Corynorhinus townsendii ~ 10/3/2017  Male Adult Scrotal 44.5 9.5 0 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 443 10.7 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 46.2 13.5 0 yes
Corynorhinus townsendii ~ 10/3/2017  Male Adult Non-reproducing 453 7.7 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.9 9.1 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44.6 11.4 1

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 42.9 9.3 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 453 10.9 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 453 12.6 0 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.7 9 0

Corynorhinus townsendii ~ 10/3/2017  Female  Juvenile = Non-reproducing 40.2 9.5 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44.8 11.4 2



Species Date Sex Age Reproductive Condition Forearm Mass  Fat  Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 10/3/2017  Male Adult Scrotal 43.4 8.1 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 43 10.8 1

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 453 11.8 1 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.2 11.9 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44.1 10.1 1

Corynorhinus townsendii ~ 10/3/2017  Male Adult Scrotal 42.9 8.7 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44.2 10.9 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 43 9 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.1 11.2 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 453 11.2 1

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44.6 11.7 1 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 43.4 10.5 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.7 11.3 1

Corynorhinus townsendii ~ 10/3/2017  Male Adult Non-reproducing 42.3 9.4 1 yes
Corynorhinus townsendii ~ 10/3/2017  Male Adult Non-reproducing 41.5 8.7 0 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 43.6 8 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 42.3 11 1

Corynorhinus townsendii ~ 10/3/2017  Male Adult Scrotal 44 9.6 1 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44 10.5 1

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.8 9.8 1

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.5 12.5 1 yes
Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 443 11.2 1

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44.5 10.7 0

Corynorhinus townsendii ~ 10/3/2017  Male Adult Non-reproducing 443 7.9 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 44.2 11.5 0

Corynorhinus townsendii ~ 10/3/2017  Female  Adult Non-reproducing 45.2 12.4 0

Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 43.1 11.2 1 yes
Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 43.6 10.8 1 yes
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 42.7 9.1 0

Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 44.9 10.8 1 yes
Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 43.2 11.8 1 yes
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 43.6 9.3 1 yes
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 41.1 9 1

Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 433 9.7 1 yes
Corynorhinus townsendii  1/23/2018  Female = Adult Unknown 45 10.7 1




Species Date Sex Age Reproductive Condition Forearm Mass  Fat  Lean  Wing Score  Respirometry?
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 42.2 9 0

Corynorhinus townsendii ~ 1/23/2018  Male Adult Scrotal 41.6 9.1 1

Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 43.1 9.3 0

Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 44.9 11.1 1

Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 47 10.9 1 yes
Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 44.5 11.9 1 yes
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 44.1 9.2 0

Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 43 9.7 0 yes
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 42.1 9 1

Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 44.8 9.5 1 yes
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 44.1 9.1 1

Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 43.9 9.3 1 yes
Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 46 10.8 2

Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 42.3 8.4 1

Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 46 11.8 1 yes
Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 43.6 9.2 1

Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 41.7 9.7 0 yes
Corynorhinus townsendii ~ 1/23/2018  Male Adult Unknown 44.8 10.8 1 yes
Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 44.1 10.5 1

Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 4.1 10.2 1

Corynorhinus townsendii ~ 1/23/2018  Female  Adult Unknown 45.5 9.5 1

Eptesicus fuscus 10/11/2017  Male Adult Scrotal 47.9 18.9 1

Myotis ciliolabrum 10/11/2017  Male Adult Non-reproducing 33.6 6.1 0

Myotis evotis 10/3/2017  Male Adult Non-reproducing 37.3 5.5 0

Mpyotis lucifugus 10/2/2017  Male Adult Scrotal 36.4 6.3 1

Myotis lucifugus 10/3/2017  Male Adult Non-reproducing 37.2 8 0

Myotis lucifugus 10/3/2017  Male Adult Scrotal 36.2 6.4 0

Mpyotis lucifugus 10/3/2017  Male Adult Scrotal 38.7 7.4 1

Mpyotis lucifugus 10/11/2017  Male Adult Scrotal 35.2 5.5 1

Mpyotis thysanodes 10/3/2017  Male Adult Scrotal 42 10.1 1
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