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Abstract

Traditional pathogen surveillance methods for white-nose syndrome (WNS), the most seri-
ous threat to hibernating North American bats, focus on fungal presence where large con-
gregations of hibernating bats occur. However, in the western USA, WNS-susceptible bat
species rarely assemble in large numbers and known winter roosts are uncommon features.
WNS increases arousal frequency and activity of infected bats during hibernation. Our
objective was to explore the effectiveness of acoustic monitoring as a surveillance tool for
WNS. We propose a non-invasive approach to model pre-WNS baseline activity rates for
comparison with future acoustic data after WNS is suspected to occur. We investigated rela-
tionships among bat activity, ambient temperatures, and season prior to presence of WNS
across forested sites of Montana, USA where WNS was not known to occur. We used
acoustic monitors to collect bat activity and ambient temperature data year-round on 41
sites, 2011-2019. We detected a diverse bat community across managed (n = 4) and
unmanaged (n = 37) forest sites and recorded over 5.37 million passes from bats, including
13 identified species. Bats were active year-round, but positive associations between aver-
age of the nightly temperatures by month and bat activity were strongest in spring and fall.
From these data, we developed site-specific prediction models for bat activity to account for
seasonal and annual temperature variation prior to known occurrence of WNS. These pre-
diction models can be used to monitor changes in bat activity that may signal potential pres-
ence of WNS, such as greater than expected activity in winter, or less than expected activity
during summer. We propose this model-based method for future monitoring efforts that
could be used to trigger targeted sampling of individual bats or hibernacula for WNS, in
areas where traditional disease surveillance approaches are logistically difficult to imple-
ment or because of human-wildlife transmission concerns from COVID-19.
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Introduction

North American bat species face several contemporary conservation challenges throughout
their range, including threats to habitat from loss and alteration of forested environments, and
direct mortality from development of wind energy infrastructure [1, 2]. However, transmission
of Pseudogymnoascus destructans (Pd), the pathogen that causes white-nose syndrome (WNS),
has emerged as the most serious threat to over a dozen species of North American bats that use
caves and mines for hibernacula [3]. The Pd fungus invades skin tissues (e.g., wing membrane)
which disrupts homeostasis and causes dehydration that corresponds to an abnormally high
frequency of arousals from torpor [4]. Bats with WNS increase arousal [5] and acoustic activity
rates [6] above baseline levels during the normal hibernation period, which depletes critical
energy reserves and can ultimately cause mortality. WNS has caused precipitous declines in
populations of hibernating bats and has contributed to the federal listing of the northern long-
eared bat (Myotis septentrionalis) as threatened under the U.S. Endangered Species Act [7] and
endangered listings for three bat species in Canada under the Species at Risk Act [northern
long-eared bat, little brown bat (Myotis lucifugus), and tri-colored bat (Perimyotis subflavus)]
[8]. Monitoring for WNS is a critical management action and primarily has focused on detect-
ing the Pd pathogen either directly from bats captured in hibernacula or with environmental
samples from occupied caves and mines [9].

Since its emergence in eastern North America in 2006, WNS has spread westward with
some models predicting WNS to arrive to Montana by 2026 [10]. In June 2020, sampling con-
ducted at bridges in 3 eastern Montana counties confirmed the presence of Pd, but not WNS
[11]. Further, WNS was detected in a little brown bat in Washington state in 2016 and Pd
detection continues to increase among sites and across different species within Washington
[12]. Thus, there is a second WNS epicenter, which could affect known and previously unrec-
ognized susceptible bat species and increase the spread of WNS through western North Amer-
ica from both the west and the east [13].

The presence of WNS in the Pacific Northwest opens another front in critical efforts to
combat bat declines and shortens the timeline for implementing conservation strategies to
protect vulnerable bat species. This effort is complicated by the fact that winter hibernation
behavior for most western species is poorly understood [14], yet this is when WNS has the
greatest negative impacts on bat populations [2, 15, 16]. Further, little is known about winter
roost sites and activity patterns of many bats in western North America. A recent review indi-
cates that WNS-susceptible species rarely congregate in large numbers in the western U.S. and
that known winter roosts may be relatively uncommon or difficult to identify [17]. Thus, typi-
cal surveillance approaches of estimating hibernating bat numbers and sampling for Pd imple-
mented in eastern North America where large hibernacula are more common does not
translate well to all ecoregions [18]. Therefore, alternate approaches to facilitate pathogen sur-
veillance, monitor disease impacts, and conduct mitigation efforts for WNS are urgently
needed [13].

In addition to WNS, bats can be influenced by habitat alteration from anthropogenic activi-
ties, such as forest harvesting [19]. Forested areas provide essential habitat features that sup-
port bat diversity, including roost sites (e.g., trees) and foraging areas (e.g., riparian zones,
wetlands) [20-22]. Sustainable management of these forest resources may minimize the envi-
ronmental stress on bats outside of the winter season (when WNS most severely impacts bats).
Despite a robust network of public lands managed for preservation in western North America
[23], bat species richness is low in some protected areas, such as Glacier National Park [24]
and lower bat activity is commonly reported in undisturbed habitats compared to disturbed
[19]. Managed forests support many species of bats not found or poorly represented in
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protected areas on public lands [1] and some forest management practices that reduce under-
story vegetation such as commercial thinning and prescribed burning can increase bat activity
and occupancy [19, 25, 26]. Nationally, public and private forestlands are managed under state
forest practices rules, water quality best management practices, and forest sustainability pro-
grams (i.e., Sustainable Forestry Initiative, Forest Stewardship Council, American Tree Farm)
to protect water quality and quantity, which includes riparian buffers that often provide habitat
for bats.

We quantified presence of bats across forested sites in Montana, USA to document baseline
levels of species diversity and activity rates prior to presence of WNS. Our objective was to
evaluate long-term acoustic monitoring as a surveillance approach to monitor for potential
WNS presence in overwintering bat populations on both managed and unmanaged forest.
Specifically, we developed a statistical method to evaluate whether activity data occur outside
the range of normal conditions, thus warranting more intensive sampling for the presence of
Pd on bats or in the environment. We predicted that bat populations in the western U.S.
would have low levels of activity during winter months, high levels of activity during the sum-
mer, and that acoustic monitoring could be used as an effective approach for disease surveil-
lance in remote areas of the Intermountain West.

Methods
Study area

Our study area included forested areas across Montana, USA (Fig 1). The forested areas in the
western portion of the state were Douglas fir (Pseudotsuga menziesii)/snowberry (Symphori-
carpos albus) forest type, which generally characterized the region [27] and included locations
of our acoustic detector stations. These forests had a mixed overstory, including Douglas-fir,
ponderosa pine (Pinus ponderosa), grand fir (Abies grandis), western larch (Larix occidentalis),
lodgepole pine (Pinus contorta), and Engelmann spruce (Picea engelmannii), with understory
vegetation comprised of snowberry, huckleberry (Vaccinium spp.) and beargrass (Xerophylum
tenax). Westside elevations ranged from 800 to 1150 meters. The climate in these ecoregions
was continental-maritime with relatively low annual precipitation, with most precipitation
occurring as snow [28]. The forested locations in eastern Montana were characterized by lim-
ber pine (Pinus flexilus) and ponderosa pine (Pinus ponderosa) forest with understory of Idaho
fescue (Festuca idahoensis) and bluebunch wheatgrass (Agropyron spicatum). Eastside sample
site elevations ranged from 850-1520 meters. Climate in the eastern ecoregions was continen-
tal with dramatic fluctuations in winter temperatures and longer, hotter, more arid summers
than western ecoregions [29].

We selected 41 sampling sites that were near lentic or lotic systems and had >25% forest
cover within a 1-kilometer buffer, estimated from the Montana Land Cover data set in a geo-
graphic information system [30] (Fig 1). We did not randomly select sites for acoustic detec-
tors but installed them in areas with potential for high bat activity that included proximity to
standing live and dead trees, talus and rock cliffs, and waterbodies. We located four sites on
intensively managed forest owned and managed by Plum Creek Timber Company (after 2016,
Weyerhaeuser) for production of sawtimber and other forest products. The remaining 37 sam-
pling sites were selected from a regional bat acoustic monitoring network organized by the
Montana Natural Heritage Program [31, 32]. These locations are primarily represented by fed-
eral and state landownership, but also include some tribal and private land. We received per-
missions from the relevant regulatory body or private landowners to conduct the research on
all study sites, including the Northern Region of the U.S. Forest Service, located in Missoula,
Montana USA; Montana/Dakotas State Bureau of Land Management, located in Billings,
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Fig 1. We passively monitored bat activity with acoustic recording devices across 41 sampling sites in Montana, USA, from 2011-2019.
Reprinted from ESRI with permission from ESRI, under a CC BY 4.0 license, original copyright 2020.

https://doi.org/10.1371/journal.pone.0241052.9001

Montana USA; Montana Department of Fish, Wildlife, and Parks, located in Missoula, Mon-
tana USA, and numerous private landowners.

Field sampling

We installed a single, full-spectrum acoustic recording unit (ARU) at each sampling site. Not
all ARUs recorded data simultaneously or across the entire 2011-2019 study period, but we
installed units for year-round recording of bat echolocation. Each ARU station consisted of a
SM3BAT or SM2BAT+ acoustic detector (Wildlife Acoustics, Maynard, Massachusetts) and a
microphone (U1 or SMX-US) mounted on a pole at a height of approximately 3 meters. The
ARUs operated on a 6- or 12-volt charging system (20-watt solar panel, 36-amp hour battery,
and a charge controller) and housed in a weather-proof container on the ground below the
microphone. We set the ARUs to record from sunset to sunrise to maximize battery life and
balance with other logistical restraints of year-round sampling in remote locations. The units
employed a sampling rate (samples per second) of 196,000, 256,000 or 384,000 kHz. All ARUs
used a minimum frequency filter of 8 kHz, a trigger window of 2 seconds and a maximum file
length of 5-8 seconds. Most ARUs recorded in the WACO compression format while four
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ARUs recorded directly to.wav format. The individual ARU equipment and settings varied
between the hardware platforms (SM3BAT vs. SM2BAT+), with detection distances of approx-
imately 20-30 meters [33], depending on the frequency of the source and other environmental
variables (i.e., temperature and humidity) [34]. The equipment and settings were consistent
for a given site throughout the study. The sensitivities of all microphones were within the man-
ufacturer’s specifications at the beginning of the deployment at each sampling site and
replaced approximately annually. We examined equipment for functionality, checked micro-
phone sensitivity, and exchanged data storage cards approximately once per month during
summer and up to 6 months between visits during winter due to logistical constraints of
access. Each ARU recorded a site-specific temperature approximately once every 1 or 5
minutes.

Data analysis

At the end of our study, we parameterized acoustic files with Sonobat 4.1.0 (Sonobat, Arcata,
California USA) using a high-performance computing cluster at Montana Technological Uni-
versity. The parameters were then input into the Sonobat Montana [20160912] classifier to
automatically assign a species classification to each bat pass. The Montana classifier uses two
regional species suites, each tuned to the species potentially present in that portion of the state.
In cases where a bat pass was unable to be classified to species, a generic “bat” label was
assigned. Similar to the North American Bat Monitoring Program [35], we defined a bat pass
as a sequence of echolocation pulses separated by more than 2 seconds of silence. We limited
the maximum file duration to 5-8 seconds to reduce potential for recording more than one
bat per sequence [36]. To quantify activity rates of bats, we analyzed the number of bat passes
per detector-night (the number of operational detectors multiplied by the number of nights).
For a night to be included in our estimates of detector- nights, the detector needed to register
an internal temperature in the status file. We excluded data that did not meet this criterion
from analysis. We manually verified a subset of diagnostic bat passes (approximately monthly
for each species) with Sonobat to ensure that species diversity of bats was accurate at all sam-
pling stations [37].

We calculated the average number of passes per night over each month, by species, site and
year using the ratio of total monthly qualified passes and the number of nights in the month.
Similarly, we calculated the average number of passes per night across all species, including
passes without a species classification (total bat activity). A mean monthly temperature (°C)
was estimated from the mean of temperatures recorded at each site between sunset and sunrise
across all nights in a month.

We used a statistical model to describe variation in monthly-average nightly bat activity
associated with several sources. To address our research questions, we aimed to characterize
the extent to which activity varied among sampling sites, across years, by season, and in associ-
ation with temperature. We fit a linear mixed-effects model with fixed effects for monthly-
average mean temperature, season, and their interaction. We included random intercepts by
site and year and random slopes for the temperature effect by site and year. Thus, this model
allowed for different overall levels of bat activity by site and year, and different temperature
trends by site and year, while estimating population-average effects and quantifying the varia-
tion among sites and years. Bat activity was log-transformed prior to analysis, and a constant
of 0.01 was added prior to transformation to accommodate values of zero. We defined season
by assigning each month to one of four calendar-based seasons (Winter = Dec, Jan, Feb;
Spring = Mar, Apr, May; Summer = Jun, Jul, Aug; Fall = Sep, Oct, Nov). We fit all models in R
[38] using package Ime4 [39]. We excluded sites with < ten months with at least one bat
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detection across all species from data used to fit the model. Additionally, only data from 2012-
2016 were used to fit the model, as limited data were available outside of this range. We note
that both data restriction choices were performed to ensure sufficient data were available to
estimate site-specific effects in the mixed effects model, but that no such restrictions were used
in our raw data summaries. In addition to using the fitted model to describe variation in bat
activity, we also used the model to generate prediction intervals [40] for new or future observa-
tions of bat activity in our region. We generated prediction intervals based on the model out-
put using the ‘predictInterval” function in package merTools [41].

Results

We collected acoustic data used for our analysis between 28 Sept 2011 and 4 August 2019,
totaling 24,850 detector-nights at 41 sites. Stations operated for an average of 606 (SD = 307)
nights through the study. There were gaps in recordings because of equipment malfunction
and wildlife encounters, but more than 5.37 million bat passes were recorded. After removing
months with erroneous data due to equipment malfunction, 868 months of bat pass and tem-
perature data were analyzed (per site mean: 21.2 months, SD = 10.7 months). We manually
vetted acoustic files to confirm 13 species across the study, 11 of which were observed on man-
aged forest sites (Table 1). Three species [big brown bat (Eptesicus fuscus), silver-haired bat
(Lasionycteris noctivagans), and western small-footed myotis (Myotis ciliolabrum)] had con-
firmed activity in all calendar months, indicating that some bat species maintained some level
of flight activity year-round. Three presumed migratory species—spotted bat (Euderma

Table 1. Summary of bat activity across forested sites in Montana using acoustic recording units deployed year-round from 2011-2019.

Species Total filtered auto-identified Sites with manually confirmed presence | Calendar months with manually confirmed presence
detections (n=41) (n=12)

Corynorhinus 286" 21 5
townsendii
Eptesicus fuscus 419,335 34 12
Euderma maculatum 527 8 8
Lasionycteris 364,152 37 12
noctivagans
Lasiurus borealis 104,724° 16 5
Lasiurus cinereus 262,867 39
Myotis californicusck® 112,147 15 9
Moyotis ciliolabrum® 100,889 32 12
Myotis evotis 52,912 39 9
Mpyotis lucifugus 221,886 39 10
Mpyotis thysanodes 3,750 16 7
Myotis volans 42,0014 74 3d
Myotis yumanensis 44,495 15 8
(unidentified) 3,645,255 NA NA

Bolded species are known or suspected to be affected by WNS; underlined species are documented carriers of Pseudogymnoascus destructans without WNS [42].

* Rarely detected away from roosts due to very quiet calls; auto-identified calls may be confused with other species.

® Auto-identified calls are frequently confused with M. lucifugus; most of these calls may be M. lucifugus.

© M. californicus and M. ciliolabrum not yet been documented with WNS, but are both believed to be susceptible given impacts to closely related M. leibii in the eastern
Us.

4 Definitive characteristics for hand confirmation rarely encountered for M. volans; unable to assess accuracy of auto-identified call sequences, but proportion of call

volume appears consistent with proportion of capture data in Montana.

https://doi.org/10.1371/journal.pone.0241052.t001
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maculatum), eastern red bat (Lasiurus borealis), and hoary bat (L. cinereus)-were observed in
8, 6, and 7 months, respectively. Of the 5.37 million bat detections, approximately 32% were
auto-classified to species by the Sonobat Montana [20160912] classifier, which is consistent
with the level of species identification from other research [2]. Due to the high percentage of
missing species information, our analyses include both estimates of total bat activity, i.e., total
activity over all species, including bat passes not identified to species, and estimates for indi-
vidual species where possible.

Across 24,850 detector-nights of sampling ambient temperatures, mean monthly tempera-
tures ranged from -16.5°C to 23.3°C. Mean monthly temperatures (+ SD°C) in Montana var-
ied across seasons [Winter -1.7°C (+ 3.9°C); Spring 5.8°C (£ 4.3°C); Summer 16.2°C (+
3.2°C);and Fall 6.7°C (= 5.7°C)).

Bat activity tended to be highest during summer months with most sites averaging >100
passes/night during July and August (Fig 2). Additionally, most sites showed some activity
during December and January, with one site averaging >10 passes/night. Species-specific
results show similar trends. We observed a strong positive association between average total
bat activity and mean monthly temperature (Fig 3). The relationship was approximately log-
linear for all 41 study sites, although the level of activity varied by site.

Results from our fitted model indicated a strong positive association between mean
monthly temperature and total bat activity that varied by season (Figs 4 and 5). The estimated
trends during the fall and spring indicated approximately 12.0- and 8.5-times greater numbers
of bat passes per day, respectively, for every 5°C increase in mean monthly temperature, on
average, after adjusting for site and inter-annual differences. The association between bat
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Fig 2. Among-site distribution of mean per-night bat activity by month, displayed on the log-10 scale. Bat activity is summed
across all species and averaged over all years for 41 unique sites and 437 site-months. Boxplots display mean, quartile, and max and
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https://doi.org/10.1371/journal.pone.0241052.9003

activity and temperature was less pronounced during the winter and summer, where in both
seasons we estimated approximately 2.8-fold greater activity, respectively, for 5°C increases in
temperature. Overall levels of activity at a similar temperature also varied by season, although
the difference was strongly dependent on temperature (Fig 6).

We used the model random effects to estimate among-site and among-year variation in the
mean response and temperature trends. We estimated considerable among-site variation in
total bat activity after adjusting for temperature and seasonal effects, with site-specific means
varying approximately 3.3-fold (1 SD) and among-year variation within a site of approximately
1.8-fold (Fig 4). Estimated temperature trends among sites and among years were generally
consistent, with variation in slopes of approximately 12% and 1% respectively.

We fit this same model form to three individual species—Eptesicus fuscus, Myotis lucifugus,
and M. californicus—to explore the possibility of seasonal differences in temperature associa-
tions among a species less vulnerable to WNS [E. fuscus; [43]], one highly vulnerable (M. luci-
fugus; [44] and one of unknown vulnerability (M. californicus). We note that since the
majority of the bat passes were unidentified, the species-specific estimates may contain sub-
stantial unknown biases, as an unknown proportion of the unidentified bat passes consist of
these species. Our results suggest that winter activity for M. californicus is less strongly associ-
ated with mean monthly temperature than E. fuscus, while the reverse is suggested for the fall
(Fig 5).
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We used the model fit to E. fuscus activity data (i.e., detections classified to the species E.
fuscus) to illustrate a proposed monitoring approach with a statistical model for a single WNS-
susceptible species. The model was fit to data from all 41 sites to estimate among-site and
among-year variation in activity, but we use the results to generate prediction intervals for
four forest sites to depict how a landowner might implement this approach for WNS surveil-
lance monitoring. Most observed activity data points fell within the 95% prediction interval, as
expected (Fig 7). The prediction intervals were constructed to incorporate the estimated
among-year variation in activity within a site. Future observations of activity for these sites,
along with model predictions, could be plotted to compare with prediction intervals.

Discussion

Rapidly evolving technologies to passively observe and monitor wildlife concurrent with
computational improvements in processing and analyzing large quantities of data are shifting
management and research techniques from an animal-in-hand approach to indirect measure-
ments of presence, abundance, diversity, and health [45, 46]. Although acoustic monitoring
has been implemented to investigate habitat relationships and community composition of bats
[36], uses of this technology are expanding into other objectives. Here, we describe how year-
round activity rates of bat species derived from acoustic monitoring can be used for surveil-
lance monitoring for WNS. We developed a simple and repeatable statistical modeling
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approach for WNS surveillance monitoring with bat activity data collected from a broad
geographic and temporal scale prior to known occurrence of WNS in the Intermountain
West. This statistical approach can be applied elsewhere and may be particularly relevant
for geographic locations where prominent hibernacula are inaccessible, rare, or unidentified
[18].

Further, our long-term and year-round collection of acoustic data for bats expands on lim-
ited knowledge of activity rates of species through time, seasons, across locations, and prior to
WNS. Very little is known about the winter ecology of many species, specifically in western
North America because of the limited sampling that has occurred during that season. Techno-
logical advances in passive monitoring devices and identification software and an interest in
WNS has contributed to increased monitoring for bats in winter, when previously it was
assumed they were rarely active [6, 47]. Across our broad selection of 41 forested sites in Mon-
tana, we documented a diverse community of bats (13 confirmed species), including at sites
with a history of forest management. Several species maintained some level of activity through
winter, despite cold temperatures that averaged -1.0°C in this season, which was below tem-
peratures where at least some insect prey could sustain flight [48]. As expected, bat activity was
positively related to warmer temperatures, although the strength of the relationship varied by
season, with the strongest relationships with temperatures in spring and fall. In more temper-
ate climates, other species of bats also displayed year-round activity that varied by season, sites,
and species, including both migratory and non-migratory bats [2, 6]. The implications of
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winter activity of bats is not well-understood, particularly as it relates to body condition and
energy stores or susceptibility to WNS [6].

The ecology of bats infected with Pd may lead individuals to change behaviors, such as
higher activity rates during winter when bats typically use torpor to conserve energy [6]. Aber-
rant behaviors by bats, including daytime activity out of roosts or hibernacula and during sub-
freezing temperatures increased after detection of WNS in the southeastern U.S. [6]. However,
the effects of winter bat activity on individual fitness have not been well-quantified. In North
Carolina, it was posited that year-round activity of typically migratory bats, including L. bore-
alis, whose non-migratory behaviors could increase survival by reducing mortality from
threats during migration, such as strikes from wind turbines [2]. Alternatively, year-round
activity by bats could be energetically costly if food resources do not meet metabolic demands
and reduce reproductive output by individuals [2]. Where underground caves or human struc-
tures are uncommon as hibernacula (e.g., the Intermountain West), bats may congregate in
smaller numbers in rock crevices during winter ([49]; unpublished data from this study).
These wintering behaviors may provide protection against bat to bat transmission of Pd. How-
ever, talus slopes can provide suitable temperature and humidity profiles for growth of Pd,
albeit below optimal levels [50]. The variability of relationships among prey availability, year-
round activity, individual fitness, and susceptibility to WNS remain a knowledge gap for
North American bats [51, 52].
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Surveillance monitoring for WNS

In addition to describing presence and seasonal activity rates of bats across forested sites in
Montana, we developed a process for using acoustic monitoring for disease surveillance that
can be applied elsewhere. Whereas approaches to incorporate uncertainty in estimates of pop-
ulation trends from bat count data in hibernacula are established, less information is available
for managers to identify early-warnings from acoustic monitoring data [18]. Here, we suggest
the same basic framework that we used for the descriptive model of bat activity could be
applied to an acoustic monitoring program aimed at identifying changes in bat activity consis-
tent with WNS. The approach could be used for single or multiple species and on individual
sites or a collection of sites. Additionally, the modeling approach is useful for detecting aber-
rant behaviors that could be associated with WNS, including higher than normal activity rates
during seasons where bats should be in torpor, or low activity rates due to population-level
declines in bats. The general approach we consider is as follows:

1. Collect baseline (pre-WNS) data within a season or seasons of interest, and across several
years and optionally across several sites.

2. Fit a mixed-effects model to the data, incorporating variation with temperature, among
years and among sites. Optionally include other covariate information predictive of bat
activity that can be easily gathered.

3. Generate a population or site-level prediction interval that includes among-year variation.
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4. Monitor the collection of new data for excessive departures from the model prediction
interval. In particular, look for bat activity in excess of the predicted range during winter
months followed by bat activity below the predicted range during the following spring and
summer [53].

We emphasize that our modeling approach was descriptive in nature and that we only
recorded bat activity during nighttime. However, the approximately log-linear relationship
with mean monthly temperature was strong in our dataset and may be useful in other investi-
gations of bat activity. Bat activity also showed approximately log-linear relationships with
mean daily-max and daily-min temperatures. The non-random selection of sites included in
our analysis limits the interpretation of the estimated model random effects or their applica-
tion to other populations of sites. Another limitation of species-specific results in this study
relates to the large proportion of bat detections where no species label was assigned, where
unknown biases could impact model estimates. We suggest that future site-specific surveil-
lance models may be improved by including acoustic monitoring in daytime and by obtaining
more high-quality species-specific call data with updated microphone technology [6].

We used prediction intervals to characterize expected ranges of among-year activity at the
site level. One advantage of this approach in a monitoring program is that one set of intervals
can be applied across multiple years without the need for annual refitting, provided suitable
baseline data were used for model fitting. It is important to note that prediction intervals for
mixed-effects models can be defined for any level of the random-effects structure [41], with
the appropriate level dependent on the end-use application. Alternatives to prediction intervals
could be employed in a monitoring program, including refitting a model each year to directly
compare new data with a reference time period.

Conclusions

Currently, most conservation and management actions related to WNS in North America are
related to known hibernacula. For regions where large hibernacula are uncommon or rare, but
where bats may still be susceptible to this threat, alternative approaches are necessary to ensure
early detection of WNS outbreaks and prevent further losses with targeted management
actions. We propose a proactive and simple monitoring approach that could assist in manag-
ing risk of further loss of bat populations, which is especially relevant given current restrictions
on field research due to concerns about transmission of COVID-19 from humans to North
American bats and among humans [54]. Deploying passive ARUs to quantify bat activity,
developing a predictive model of activity rates for one or more sites (including managed and
unmanaged forest), and examining future data for deviations from these prediction intervals
can all assist with a rapid response, including WNS confirmation that could assist in recovery
efforts.
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