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ABSTRACT: White-nose syndrome (WNS) has notably affected the abundance of Myotis lucifugus (little 
brown myotis) in North America. Thus far, substantial mortality has been restricted to the eastern part 
of the continent where the cause of WNS, the invasive fungus Pseudogymnoascus destructans, has 
infected bats since 2006. To date, the state of Washington is the only area in the Western US or Canada 
(the Rocky Mountains and further west in North America) with confirmed cases of WNS in bats, and 
there the disease has spread more slowly than it did in Eastern North America. Here, we review 
differences between M. lucifugus in western and eastern parts of the continent that may affect 
transmission, spread, and severity of WNS in the West and highlight important gaps in knowledge. We 
explore the hypothesis that western M. lucifugus may respond differently to WNS on the basis of 
different hibernation strategies, habitat use, and greater genetic structure. To document the effect of 
WNS on M. lucifugus in the West most effectively, we recommend focusing on maternity roosts for 
strategic disease surveillance and monitoring abundance. We further recommend continuing the 
challenging work of identifying hibernation and swarming sites to better understand the microclimates, 
microbial communities, and role in disease transmission of these sites, as well as the ecology and 
hibernation physiology of bats in noncavernous hibernacula. 

Key words: Disease susceptibility, hibernacula microclimate, little brown myotis, Myotis lucifugus, 
noncavernous hibernacula, Pseudogymnoascus destructans, western North America, white-nose 
syndrome, WNS. 

Myotis lucifugus, the little brown myotis, is 
a hibernating bat that uses a wide variety of 
landscapes, foraging habitats, and roost struc-
tures and was once abundant across North 
America. This species is perhaps the most well 
studied bat  in  North America,  yet  our  
knowledge base is heavily biased toward 
studies from eastern North America (east of 
the Rocky Mountains; hereafter the East). 
This imbalance is particularly true of its 
winter ecology; because eastern M. lucifugus 
occurs in large colonies in accessible caves 
and mines, it is relatively easy to study. 
Interest in the winter ecology and physiology 
of M. lucifugus has increased since 2006 
because of the rapid spread of white-nose 
syndrome (WNS), a fungal disease of hiber-

nating bats that has substantially affected 
several of the 12 North American bat species 
in which the disease has been documented 
(Frick et al. 2010; Cheng et al. 2021). Myotis 
lucifugus is estimated to have declined by up 
to 90% across the WNS-affected portion of its 
eastern distribution (Cheng et al. 2021). 

White-nose syndrome is caused by the 
psychrophilic fungus Pseudogymnoascus de-
structans (Pd). With its optimal growing 
conditions between 12.5 C and 15.8 C (Verant 
et al. 2012), Pd infects tissues during hiber-
nation when bats have relatively low skin 
temperatures and immune response is sup-
pressed (Bouma et al. 2010). Infections 
increase arousal frequency during hiberna-
tion, which depletes fat stores and leads to 
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starvation and death (Reeder et al. 2012; 
Warnecke et al. 2012; Verant et al. 2014). In 
the East, where bats hibernate in large 
numbers in caves and mines (Cheng et al. 
2021), transmission occurs mostly within 
hibernacula (Langwig, Frick et al, 2015; Hoyt 
et al. 2018). Bats acquire infections by 
contacting other bats or Pd-contaminated 
surfaces within hibernacula, which serve as 
an environmental reservoir for the fungus 
(Lorch et al. 2013; Hoyt et al. 2015). 

In North America, WNS was initially noted 
from a cave in New York in late 2006 (Blehert 
et al. 2009) and by 2022 had spread to 38 US 
states and eight Canadian provinces (USFWS 
2022). In 2016, the disease was unexpectedly 
discovered in the state of Washington (Lorch 
et al. 2016). In most of the East, the spread of 
WNS was documented in samples taken from 
hibernating bats; where environmental sam-
ples were also taken, detection of Pd typically 
lagged behind the detection of WNS on bats 
by up to 1 yr (Langwig, Frick et al. 2015; 
Verant et al. 2018). Contrastingly, in the Great 
Plains and California, initial detections of Pd 
were from environmental samples (e.g., caves, 
bridges) or samples from active bats in the 
spring, rather than the disease being docu-
mented on hibernating bats (USFWS 2022). 
Although WNS has been documented in 
eastern portions of Montana and Wyoming 
and Pd has been detected in eastern Idaho 
(USFWS 2022), Washington remains the only 
US state or Canadian province where WNS 
has been confrmed in bats in the West 
(defned here as the Rocky Mountains and 
further west in North America). In Washing-
ton, WNS appears to be spreading more 
slowly than it did in the East, with limited 
evidence of mass mortality (see section on 
WNS in Washington). 

Although WNS has devastated M. lucifugus 
in the East, it is still unclear whether the 
disease will have similar effects on this bat in 
the West. Pseudogymnoascus destructans is 
believed to have originated in Europe (Leop-
ardi et al. 2015; Drees et al. 2017) and is 
found throughout Asia and the Middle East 
(Puechmaille et al. 2011; Hoyt et al. 2016). 
However, Eurasian bats do not experience 

high mortality despite developing clinical 
signs of WNS (Wibbelt et al. 2010; Puech-
maille et al. 2011; Hoyt et al. 2016). Eastern 
North America also has one large hibernacu-
lum where WNS has not resulted in high 
mortality: Tippy Dam, a concrete spillway in 
Michigan with approximately 20,000 hiber-
nating M. lucifugus (Kurta et al. 2020). That 
WNS does not always result in severe disease, 
combined with apparent slower spread and 
differences in patterns of initial detection 
moving westward, raises the possibility that 
WNS may manifest differently in western M. 
lucifugus. 

Myotis lucifugus is broadly distributed 
across North America (Fenton and Barclay 
1980). Within that vast distribution, it is 
associated with many types of forests, grass-
lands, and deserts. The occurrence of the 
species across this range of conditions, where 
localized adaptation of subpopulations exists 
within a metapopulation (Morrison et al. 
2020), refects a generalized and expanded 
species niche breadth (Sexton et al. 2017; 
Carscadden et al. 2020). Adaptations to 
myriad biotic and abiotic conditions among 
regions (e.g., Morales et al. 2016) suggests a 
high potential that the susceptibility of M. 
lucifugus to WNS could vary across North 
America. 

This review seeks to summarize briefy what 
is currently known about the hibernation 
ecology and behavior, genetic structure, and 
physiology of western M. lucifugus; highlight 
differences from eastern M. lucifugus; and 
examine how these differences may infuence 
the spread and severity of WNS in the West. 
We also explore alternatives to winter colony 
counts for monitoring changes in species’ 
abundance and conducting disease surveil-
lance and offer recommendations for future 
research needs. 

Global differences in presentation of WNS 

Although Eurasian bats develop clinical 
signs of WNS, infection does not result in 
high mortality (Puechmaille et al. 2011). Hoyt 
et al. (2020) found that differential mortality 
could be attributed to seasonal changes in Pd 
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TABLE 1. Numbers of white-nose syndrome (WNS) surveillance samples collected from live and dead bats and 
bat roost substrates in Washington, USA, between January 2016 and July 2021 by month of collection and disease 
status. The causative agent of WNS is a fungus, Pseudogymnoascus destructans (Pd), that infects hibernating 
bats. Samples were considered positive for WNS when both histologic lesions were present on bat tissue and Pd 
was detected by PCR or fungal culture; if lesions were not present or the sample was from the environment, it 
was considered positive for Pd only. 

Month WNS-positive Pd-positive Inconclusive WNS-/Pd-negative 

December 0 0 0 10 

January 4 0 1 25 

February 64 0 0 28 

March 25 5 0 14 

April 33 1 0 80 

May 10 5 2 73 

June 6 4 1 163 

July 4 1 0 17 

levels in the environmental reservoir. In 
eastern North America, fungal levels within 
hibernacula remain high year-round, which 
means that bats become infected early in 
hibernation and develop high fungal loads by 
the end, resulting in high mortality (Hoyt et 
al. 2020). By contrast, Pd levels in Eurasian 
hibernacula decline dramatically over the 
summer, to approximately 1% of levels 
observed during hibernation (Hoyt et al. 
2020). Returning bats acquire infections much 
later in the hibernation season, resulting in 
less severe disease effects (Hoyt et al. 2020). 
Why Pd levels in the environmental reservoir 
drop in Eurasia, but not in eastern North 
America, is unclear. Hoyt et al. (2020) 
compared winter and summer hibernacula 
temperatures among regions but found no 
differences. Natural soil microbes may out-
compete Pd (e.g., Zhang et al. 2015), and Hoyt 
et al. (2020) hypothesized that microbial 
competition or predation reduced Pd in soil 
or sediment substrates of Eurasian caves over 
the summer. Lending support to this hypoth-
esis, a large winter colony of M. lucifugus has 
persisted at Tippy Dam in Michigan, US, 
despite the presence of WNS since 2015, and 
microbial communities found on bats hiber-
nating there differed from those hibernating 
at caves or mines in the region (Kurta et al. 
2020). That WNS does not always result in 
severe disease where it occurs raises the 
possibility that differences in hibernation 

conditions and ecology may mitigate the 
effects of disease on M. lucifugus in western 
North America. 

WNS in Washington, US 

White-nose syndrome was frst documented 
in King County, Washington, US, in 2016, 
although models based on the symbiotic virus 
associated with Pd suggest the fungus was 
probably introduced to Washington in 2014 
(Thapa et al. 2021). As of July 2021, 7 yr later, 
163 additional confrmed cases of Pd or WNS 
had been documented in 7/39 Washington 
counties (Fig. 1A). Positive WNS and Pd 
samples have been found between January 
and July, with 40% detected in February 
(Table 1). The proportion of positive WNS or 
Pd samples collected in Washington increased 
from 2% (of 173 samples) in 2015–2016 to 
53% (of 134 samples) in 2019–2020, suggest-
ing that WNS had become more prevalent 
(Washington Department of Fish and Wildlife 
2021; A. Tobin pers. comm.). 

Disease surveillance efforts in Washington 
suggest a greatly reduced rate of spread 
compared with the rate observed in the East 
(Fig. 1B). Within 6 yr of frst detection in the 
East (i.e., by 2011), WNS was confrmed or 
suspected in 14 states in the US and three 
Canadian provinces (USFWS 2022), encom-
passing an area approximately 315,000 km2. 
By contrast, the documented area of fungal 
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FIGURE 1. (A) Locations of samples collected for white-nose syndrome (WNS) surveillance efforts (passive 
and active combined) in Washington, USA, from 2016 to 2021. Each circle represents an individual sample: solid 
circles indicate a sample was positive for either WNS or Pseudogymnoascus destructans (Pd), and hollow circles 
indicate negative results, with color indicating the year that sample was collected. Shading of counties in 
Washington indicates WNS status: confrmed WNS-positive (dark gray shading), suspect for WNS (light gray 
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spread within Washington in the 6 yr follow-
ing initial detection (i.e., by 2021), was 
approximately 38,000 km2, calculated as the 
area of the counties within which WNS had 
been confrmed or suspected (Fig. 1B). 
Despite the proximity of Pd to southwestern 
British Columbia, all 277 samples collected 
within 400 km of the US-Canada border in 
British Columbia between 2016 and 2021 
tested negative (M. Kellner pers. comm.). 
Surveillance efforts in Oregon also failed to 
detect either WNS or Pd (USFWS 2022), 
suggesting that by 2021 the fungus had not 
spread from Washington. Because of the lack 
of known and accessible hibernacula, sample 
collection is reliant on dead bat submissions 
from the public and bat rehabilitators and 
from actively sampling for fungus at summer 
roosts. These circumstances may partially 
explain the observed lower rates of WNS 
spread in the West relative to the East. 

Mortality from WNS in Washington re-
mains well below the mortality reported in 
eastern hibernacula as WNS spread in that 
region (Frick et al. 2010; Cheng et al. 2021). 
In early spring of 2020, .40 dead bats with 
clinical signs of WNS (UV fuorescence; 
Turner et al. 2014) were found below a mixed 
M. lucifugus and Myotis yumanensis (Yuma
myotis) roost in a bat box in King County (Fig.
1A). This mortality event accounts for ≥23%
of bats confrmed with WNS in Washington
and is the largest observed in the West to
date. However, because of the lack of known
hibernacula, WNS mortality in Washington
cannot be observed directly, and monitoring
has focused on maternity colony emergence
counts instead. Counts at three mixed M.
lucifugus and M. yumanensis maternity colo-
nies that are within 40 km of the frst known
detection of WNS in King County have
declined 54–97% in the 3–5 yr after frst
detection of WNS or Pd at those sites. It is not

possible to determine whether WNS is the 
sole cause of the observed declines; however, 
colonies that have tested negative for WNS or 
Pd have not shown comparable declines over 
the last several years, even when located in 
similar habitat (C. Anderson pers. comm.). 

How hibernacula type and microclimate may affect 

the spread and severity of WNS 

In stark contrast to the East, where winter 
cave colonies may contain tens of thousands of 
bats (Cheng et al. 2021), the paucity of Myotis 
hibernating in caves and mines in the West 
has long been recognized (Twente 1960; 
Perkins et al. 1990). A comprehensive review 
of winter bat surveys of 2,888 caves and mines 
in 11 western states found only seven caves in 
Idaho and Montana, most located east of the 
Rocky Mountains, that contained ≥ 100 My-
otis bats (excluding Myotis velifer, the cave 
myotis; Weller et al. 2018). Furthermore, 95% 
of 502 aggregations were composed of 10 or 
fewer bats, with single bats accounting for 
45% of nonzero counts of Myotis bats in caves 
and 51% in mines (Weller et al. 2018). Recent 
surveys in western Canada produced similar 
results. The largest hibernaculum for M. 
lucifugus was a limestone erosion tube east 
of the Rocky Mountains in the Northwest 
Territories that contained nearly 3,000 indi-
viduals (Wilson 2014). In Alberta, midwinter 
counts at nine cave or mine hibernacula were 
smaller, ranging from 3 to 1,830 individuals 
(L. Wilkinson pers. comm.); most of those 
sites are on or near the eastern slopes of the 
Rocky Mountains, with two in the northern 
Boreal Canadian Shield. In contrast, no M. 
lucifugus cave or mine hibernacula have been 
confrmed west of the Rocky Mountain 
Continental Divide in British Columbia, 
despite hundreds of underground acoustic 
deployments and some internal inspections 
(Lausen et al. 2022). These results indicate 

shading), and positive for Pd only (hatching). A county was considered suspect for WNS when a sample from a 
bat tested positive for Pd and feld signs of WNS were present, but the disease was not confrmed by histology. 
The initial detection of WNS in Washington is denoted by a black triangle and a mortality event by a black X. (B) 
Rate of spread by county, district, or rural municipality for WNS and the causative pathogen, Pd, in the 6-yr 
period after the frst detections in New York and Washington, USA. 
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that western M. lucifugus relies on non-
cavernous structures for hibernation. 

Most bat species in the West appear to use 
rock features rather than caves and mines for 
hibernation (Neubaum et al. 2006; Johnson et 
al. 2017; Kl ug-¨ Baerwald et al. 2017; Neubaum 
2018; Blejwas et al. 2021). To date, only a 
handful of noncavernous hibernacula have 
been identifed for western M. lucifugus. In
Colorado, US, Neubaum (2018) found M. 
lucifugus individuals made short elevational 
movements up to large talus felds, where they 
presumably hibernated. In coastal Alaska, US, 
M. lucifugus hibernated on steep, forested
talus slopes, as well as in holes in the soil
beneath the root systems of trees or stumps
(Blejwas et al. 2021). The irregular network of
underground voids between rocks in talus
deposits, known as the Milieu Souterrain
Superfciel (MSS), provides roosting habitat
and is abundant in mountainous areas of the
West (Theobald et al. 2015). Acoustic (Ham

 

-
mesfahr and Ohms 2018) and radiotelemetry
studies (Neubaum et al. 2006; Michaelsen et
al. 2013; Johnson et al. 2017) indicate other
bat species also probably hibernate in the
MSS. Both Neubaum (2018) and Blejwas et
al. (2021) noted the availability of unused
caves and mines within 90–100 km of their
study sites, indicating a preference for non-
cavernous hibernacula. These observations
suggest that management of bats in the West
could beneft from thinking beyond the
conventional wisdom that ‘‘bats hibernate in
caves,’’ because alternative resources for
hibernation are plentiful.

Hibernacula in the MSS exhibit different 
microclimates and microbial communities 
than those found in caves (Mammola et al. 
2016). These factors have the potential to 
infuence not only the growth of Pd, but also 
the hibernation physiology and survival of bats 
infected with WNS. Higher temperatures in 
hibernacula correlate positively with fungal 
growth rates, fungal loads, and WNS effects 
(Langwig et al. 2016). Cold hibernaculum 
microclimates, where growth of Pd is con-
strained (Verant et al. 2012), have been 
associated with higher survival of bats in both 
laboratory (Johnson et al. 2014; Grieneisen et 

al. 2015) and feld studies (Langwig et al. 
2012; Grimaudo et al. 2022; Loeb and Winters 
2022; Turner et al. 2022), including sites 
where airfow was manipulated to reduce 
winter temperatures (Turner et al. 2022). 
Mean temperatures in rock hibernacula across 
the West ranged from – 4.7 C to 1.9 C (see 
Supplementary Material Table S1; Neubaum 
et al. 2006; Kl ug-Baer¨ wald et al. 2017; Blejwas 
et al. 2021). These temperatures are all colder 
than those reported for cave and mine 
hibernacula of M. lucifugus in the East, which 
commonly range from 4.9 C to 12.4 C (Perry 
2013; Verant et al. 2018). These results 
suggest that in the West, where cold temper-
atures and periodic bouts of below-freezing 
temperatures are characteristic of all non-
cavernous hibernacula identifed to date, the 
effects of WNS on M. lucifugus may be lower. 

The effects of humidity on fungal growth 
and survival of WNS-infected bats have 
received less attention. Growth of Pd at 13 
C in the laboratory increased with higher 
humidity until relative humidity reached 
81.5% (Marroquin et al. 2017), and fungal 
growth was higher in cold and wet hibernac-
ula than in cold and dry hibernacula (Gri-
maudo et al. 2022). However, Grimaudo et al. 
(2022) found that Pd tissue invasion was more 
extensive in dry environments, probably 
because of the fungus seeking moisture from 
the tissue itself (Grimaudo et al. 2022). 
Disease severity was further exacerbated by 
higher evaporative water loss in the dry 
conditions and resulted in lower survival in 
cold and dry sites (12/30 bats) than in cold and 
wet sites (29/30 bats), leading Grimaudo et al. 
(2022) to conclude that higher humidity 
reduced WNS severity at cold sites. Hiber-
nacula in the MSS may differ from bounded 
crevices in a cliff or rock face because they are 
open to both the surface above and the 
subsurface below. This openness may account 
for the high relative humidity observed during 
winter, which approaches 100% where it has 
been recorded in Alaska (Blejwas et al. 2021) 
and Colorado (see Supplementary Material 
Table S1). Because M. lucifugus has relatively 
high rates of evaporative water loss compared 
with other bat species (McGuire, Fuller, Dzal, 
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Haase, Klug-Baerwald al. 2021), MSS ¨ et 
hibernacula may be favored for hibernation 
in moist ecoregions. In Alaska and Colorado, 
where MSS hibernacula are both cold and 
wet, survival of WNS-infected bats may be 
higher than in eastern caves and mines. 
However, because MSS hibernacula are 
shallower and more sensitive to surface 
conditions than caves and mines (Mammola 
et al. 2016), microclimates in western hiber-
nacula probably vary by ecoregion, which may 
result in varying levels of WNS effects across 
the West. 

Although most attention has focused on 
hibernaculum microclimates in winter, Hoyt 
et al. (2020) found that high survival of 
Eurasian bats resulted from a dramatic 
decrease in Pd levels in caves over the 
summer, suggesting that summer conditions 
may also play a role in mediating WNS effects. 
Hoyt et al. (2020) concluded that summer 
temperatures in cave hibernacula, which 
remained relatively cool (3–9 C) in both 
Eurasia and North America, did not affect 
persistence of Pd and hypothesized that 
microbial competition or predation was re-
sponsible for reducing Pd in soil or sediment 
substrates. However, the only large winter 
colony in North America to survive despite 
the presence of WNS hibernates in a concrete 
spillway, not a cave, and summer tempera-
tures exceed 20 C (Kurta et al. 2020). In 
Colorado, mean summer (June–August) tem-
peratures at four hibernacula in the MSS were 
also higher than in caves or mines, ranging 
from 11 C to 19 C, with corresponding 
average relative humidity ranging from 42% 
to 76% (see Supplementary Material Table 
S1). The possibility that high summer tem-
peratures may affect the persistence of Pd 
over the summer, perhaps by altering the 
species composition or competitive interac-
tions of the microbial community of sites, 
merits further investigation, particularly be-
cause it may vary between natural and 
anthropogenic sites (Kurta et al. 2020). 

The effects of WNS may vary throughout 
the West according to site microclimate and 
duration of winter. In many parts of the West, 
particularly along the coast, winters are 

warming rapidly (McClure et al. 2022), and 
shorter winters may increase survival of bats 
hibernating in caves, with or without WNS 
(Hranac et al. 2021). However, hibernacula in 
the MSS are closer to the surface and more 
sensitive to external conditions, and temper-
atures in the MSS in Alaska were less stable in 
warm than in cold winters (Blejwas et al. 
2021). Loss of insulating snow cover and 
increasingly extreme temperature fuctuations 
during winter may render shallower hiber-
nacula unsuitable for hibernation in some 
areas, although bats may be able to fnd more 
stable temperatures by moving deeper into 
the MSS (Blejwas et al. 2021). The ability for 
bats to modulate hibernation temperatures 
with movements to colder areas within the 
hibernaculum may allow them to moderate 
disease effects (Blejwas et al. 2021; Loeb and 
Winters 2022). 

How aggregation size, movement distances, and 

swarming may affect transmission and spread of 

Pd 

Transmission of WNS in the East occurs 
primarily within hibernacula during winter 
(Langwig, Frick et al. 2015; Hoyt et al. 2018), 
where the development of an environmental 
reservoir of Pd within 1–3 yr of its arrival was 
found to result in an infection prevalence of 
almost 100% early in the hibernation season, 
regardless of colony size (Langwig, Hoyt et al. 
2015; Frick et al. 2017). Before the arrival of 
WNS, 59% of 255 winter colonies in the East 
had .100 M. lucifugus, with some numbering 
more than 10,000 individuals (Cheng et al. 
2021). The combination of large aggregations, 
high site fdelity to hibernacula, and high 
infection prevalence meant that the spread of 
Pd to a relatively small number of hibernacula 
resulted in large and rapid WNS effects 
(Cheng et al. 2021). This observation is 
consistent with modeling results reported by 
Laughlin et al. (2019) for communally roosting 
species: they found that pathogen spread and 
mortality were high when hosts were distrib-
uted among a small number of large roosts, 
even with low levels of host movement among 
sites. By contrast, hosts that exhibit high site 
fdelity but are distributed among many small 
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roosts may be buffered from both the spread 
of pathogens and mortality (Laughlin et al. 
2019). In the East, the effects of WNS were 
lower on Myotis leibii (eastern small-footed 
bats), which tend to roost solitarily or in small 
aggregations during winter; populations did 
not decline signifcantly after the introduction 
of WNS (Langwig et al. 2016; Moosman et al. 
2017; O’Keefe et al. 2019), and probability of 
presence actually increased in one study 
(Johnson et al. 2021). The absence of large 
hibernacula in caves and mines in the West 
also suggests the latter scenario. Although 
hibernating bats in Colorado and Alaska were 
not visible from the surface because of the 
jumbled nature of rocks within the MSS, the 
small size of the interstitial spaces precludes 
the large aggregations found in caves or mines 
(Neubaum 2018; Blejwas et al. 2021). No bats 
were radio-tracked to a location used by 
another bat in either study, but trail cameras 
used by Blejwas et al. (2021) did document 
use of some of the same hibernacula in the 
MSS in multiple years. 

Shorter seasonal movement distances may 
also slow the rate of Pd spread in the West. In 
areas where rock resources are limited, M. 
lucifugus relies on caves and mines for 
hibernation, and movements between sum-
mer ranges and hibernacula can be substan-
tial: 16–251 km in the eastern US (Griffn 
1945), 10–647 km in eastern Canada (Nor-
quay et al. 2013), and 178–236 km in Alberta, 
Canada (D. Hobson pers. comm.). In the 
West, which is more topographically diverse, 
greater availability of structures suitable for 
hibernation yields shorter movement distanc-
es. Autumn movements in the Rocky Moun-
tains averaged 3.0 km (range 0–21.4 km) in 
Colorado, US (Neubaum 2018), and 5.9 km 
(range 1.2–19.6 km) in Wyoming, US (John-
son et al. 2017). In coastal Alaska, US, 
distances between autumn tagging locations 
and hibernacula ranged from 1.4 to 24.2 km 
(Blejwas et al. 2021). Shorter movements to 
hibernacula used by fewer bats in the West 
should reduce the rate of Pd spread compared 
with longer commutes of larger aggregations 
of bats moving to and among infected caves in 
the East. 

Bats may spread Pd to new hibernacula 
either by winter movements of bats between 
hibernacula or during fall swarming. Humans 
can also spread the fungus to new caves or 
mines from their equipment or clothing 
(Ballmann et al. 2017), but poor accessibility 
of hibernacula in the West should limit this 
mode of transmission. Although our knowl-
edge of winter movements by bats in any 
system is scant, Langwig et al. (2021) found 
evidence for winter movements of eastern 
bats from larger to smaller colonies in caves 
before the arrival of WNS. Such movements 
proved critical for the spread of Pd in the 
Midwest, where 68% of introductions of WNS 
to new hibernacula occurred later in the 
hibernation season (Langwig et al. 2021). In 
the West, Eptesicus fuscus (big brown bat) 
and Lasionycteris noctivagans (silver-haired 
bat) movements between hibernacula during 
winter have been detected acoustically, al-
though movements typically have been ,1 km  
(Lausen and Barclay 2006; Klug-¨ Baerwald et 
al. 2017; Lausen et al. 2022; Neubaum et al. 
2022). However, M. lucifugus is rarely detect-
ed acoustically during winter in the West 
(Lausen and Barclay 2006; Burles et al. 2014; 
Neubaum et al. 2022), including at hibernac-
ulum entrances (Blejwas et al. 2021), suggest-
ing infrequent winter movements outside of 
hibernation sites. Furthermore, where MSS 
hibernacula are covered by deep snow, 
movements may not be possible (Neubaum 
2018; Blejwas et al. 2021). 

Studies of swarming behavior have largely 
been conducted in the East, where in late 
summer and early autumn, bats circle at cave 
and mine entrances for mating and to fnd 
suitable hibernacula (Fenton 1969; Thomas et 
al. 1979). Evidence of autumn swarming 
behaviors and the geographic features used 
during this time by M. lucifugus in the West is 
limited but includes cave entrances in Colo-
rado, US (Navo et al. 2002; Neubaum and 
Siemers 2021), and Vancouver Island, British 
Columbia, Canada (Davis et al. 2000), and at a 
cliff face (Shively and Barboza 2017) and MSS 
hibernacula (Blejwas et al. 2021) in Alaska, 
US. Cave-hibernating bats often swarm at the 
same caves where they hibernate (van Schaik 
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et al. 2015). Given that most western M. 
lucifugus has been found hibernating in 
smaller numbers at dispersed hibernacula 
(Neubaum 2018; Blejwas et al. 2021), it may 
also swarm at other types of sites, such as 
prominent geographic features, maternity 
roosts, bridges, or water features that are 
frequented by larger numbers of bats. Bats in 
Colorado have been documented swarming at 
caves where they do not hibernate (Navo et al. 
2002; Neubaum and Siemers 2021), which 
lends support to this hypothesis, as does the 
appearance of reproductive males with stored 
sperm at maternity roosts in late summer 
(Lausen et al. 2022). 

Conditions at swarming sites or other sites 
frequented by bats during this period that are 
suitable for Pd persistence might facilitate 
intra- and interspecifc transmission of Pd to a 
larger number of bats before hibernation, as 
well as introduce Pd to new environments, 
potentially creating new pathogen reservoirs 
(Neubaum and Siemers 2021). However, 
environmental reservoirs are unlikely to de-
velop at maternity roosts, where high summer 
temperatures limit viability of fungal spores 
(Hoyt et al. 2021), or in locations open to UV 
rays during the day (Palmer et al. 2018). 
Understanding more about autumn swarming 
behavior, the geographic features used, the 
suitability of these features as environmental 
reservoirs for Pd, and bat fdelity to these sites 
may help elucidate the role swarming has in 
Pd transmission and the severity of WNS in 
the West. 

Genetics and physiology of western M. lucifugus 

Genetic sequencing has confrmed substan-
tial differences in mitochondrial DNA haplo-
types among western M. lucifugus (Lausen et 
al. 2008; Morales and Carstens 2018), al-
though an examination of breeding patterns 
by population genetics suggests widespread 
breeding among haplotypes (Lausen et al. 
2008). Whether differences exist in WNS 
susceptibility among the different mitochon-
drial DNA haplotypes remains unexplored. 
Three studies using both mitochondrial and 
nuclear markers have found that western M. 

lucifugus exhibits greater genetic structure 
than eastern M. lucifugus, with bats in the far 
northwestern portion of the M. lucifugus 
distribution (Alaska in the US, Yukon and 
northwestern British Columbia in Canada) 
being the most genetically distinct (Vonhof et 
al. 2015; Wilder et al. 2015; Davy et al. 2017). 
This observation suggests a smaller scale of 
genefow among western M. lucifugus during 
breeding, which probably results from west-
ern bats mating and hibernating closer to their 
summer ranges than their eastern conspecifcs 
(Moussy et al. 2013; Wilder et al. 2015; Davy 
et al. 2017). The previously described short 
movement distances (,25 km) observed in 
radiotelemetry studies of western M. lucifugus 
(Johnson et al. 2017; Neubaum 2018; Blejwas 
et al. 2021) support this hypothesis. 

Although the western mountain ranges do 
not entirely restrict gene fow, M. lucifugus in 
the Boreal zone and plains east of the 
Continental Divide is more closely related to 
eastern individuals than to more geographi-
cally proximate western individuals in the 
Rocky Mountains and adjacent foothills (Von-
hof et al. 2015; Wilder et al. 2015). The 
foothills area on the eastern edge of the 
Continental Divide offers a mix of hibernac-
ulum types, and the westernmost large cave 
hibernacula for M. lucifugus are found in this 
region, which is also the area of greatest 
genetic admixture between eastern and west-
ern groups (Vonhof et al. 2015; Wilder et al. 
2015; Davy et al. 2017). Neubaum et al. 
(2007) noted similar genetic fndings for E. 
fuscus along this same interface. The infu-
ence of genetic diversity on WNS susceptibil-
ity should be explored, given that genetics 
might infuence skin and gut microbiomes 
(Avena et al. 2016; Nichols and Davenport 
2021), immune system function (Moore et al. 
2013), hibernal arousal rates (Lilley et al. 
2016), and skin properties (Vanderwolf, 
Campbell et al. 2021; Vanderwolf, Kyle et al. 
2021), all of which may play roles in 
determining susceptibility (Auteri and 
Knowles 2020; Lemieux-Labonté et al. 2020; 
Gignoux-Wolfsohn et al. 2021). 

Greater genetic differentiation in western 
M. lucifugus may lead to variation in physiol-
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ogy, including immune responses to WNS. 
For example, physiologic differences among 
bats hibernating in different environments 
may moderate the effects of differences in 
hibernation conditions. In Alberta, Canada, 
Klug-Baer¨ wald and Brigham (2017) conclud-
ed that E. fuscus adapted to dry crevice 
hibernacula in the prairies had lower rates of 
evaporative water loss than those hibernating 
in moist cave hibernacula in a forested area. 
This difference suggests other bat species may 
also exhibit intraspecifc variation in hiberna-
tion physiology across ecoregions and hiber-
naculum types. By contrast, McGuire, Fuller, 
Dzal, Haase, Silas et al. (2021) found no 
differences in torpid metabolic rate from 
three cave hibernacula that spanned a 1,500-
km latitudinal gradient. They concluded that 
although macroclimate varied widely among 
sites, bats chose hibernacula with preferred 
microclimates (~2–8 C), resulting in similar 
selection pressures. However, studies are 
needed to determine whether hibernating in 
noncavernous hibernacula, where microcli-
mate options may be fewer within small 
underground spaces, might result in differ-
ences in hibernation physiology that in turn 
infuence WNS susceptibility. 

Mapping of the US by Theobald et al. 
(2015) indicates that the West exhibits more 
physiographic diversity than the East, and 
resulting differences in habitat availability 
may infuence M. lucifugus in many ways. 
For example, a greater range of habitat 
diversity may equate to a wider range of 
microbiomes and possible differences in Pd 
resistance (Avena et al. 2016). Western 
topography may also play a driving role in 
genetic structure by creating more diverse 
summer foraging habitats and reducing move-
ment distances through a combination of 
geographic barriers and the greater availabil-
ity and variety of structures suitable for 
summer roosts and hibernation. In the 
northern reaches of the Rocky Mountains, 
the Continental Divide is a high-elevation 
division of drainages and climate, with mon-
tane forests west of the Continental Divide 
and Boreal zone and prairie grasslands to the 
east. These starkly contrasting ecotypes have 

undoubtedly placed different selective pres-
sures on bats, resulting in differing pheno-
types (Morales et al. 2018). 

Methods for monitoring western M. lucifu-
gus: As WNS spreads in the West, important 
questions remain: where and how fast is 
spread occurring, how are colonies being 
affected, and where might disease mitigation 
be most effectively applied? Most western M. 
lucifugus hibernacula remain unknown; locat-
ing additional winter sites would improve our 
understanding of M. lucifugus ecology in the 
region, including their response to WNS. 
Development of predictive models to priori-
tize searches for hibernacula would be help-
ful, but the limited ability of land cover layers 
to capture features such as talus and rock 
crevices, because of issues of scale and 
resolution, currently limits such models (The-
obald et al. 2015; Neubaum and Aagaard 
2022). However, as remote sensing techniques 
such as light detection and ranging (LiDAR), 
ground-truthing (direct observation) of land 
cover for forestry practices, and development 
of soil mapping throughout the West are 
refned and expanded, the ability to target 
these habitats will improve. Nevertheless, 
accessing sites during winter, especially at 
high elevations, on steep slopes, or in snow-
prone areas, will present challenges. Although 
it may not be widely effective to conduct 
disease surveillance or monitor colony sizes of 
M. lucifugus at hibernacula in the West, we 
encourage additional efforts to locate poten-
tial hibernation areas to improve understand-
ing of their winter ecology. 

Acoustic monitoring in summer is a viable 
option for documenting changes in the status 
of M. lucifugus and other species, as demon-
strated by the North American Bat Monitor-
ing Program (NABat; Loeb et al. 2015; 
Reichert et al. 2021). In the East, multiple 
studies documented dramatic declines in M. 
lucifugus activity in the frst 1–4 yr after the 
initial detection of WNS (e.g., Brooks 2011; 
Dzal et al. 2011; Ford et al. 2011), which 
generally correlated well with changes in bat 
counts at hibernacula. However, acoustic 
monitoring, especially for occupancy trends 
(Udell et al. 2022), may not be sensitive 
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enough to track the subtler effects of WNS 
that could unfold in the West, and a general 
lack of NABat mobile transects in the West 
reduces the likelihood of documenting chang-
es in relative abundance across the range of 
western M. lucifugus. Data from stationary 
acoustic detectors in the Pacifc Northwest 
during 2003–2018 (Rodhouse et al. 2019) did 
not detect a decline in M. lucifugus, although 
little sampling occurred within Pd-positive 
areas, and the effects of WNS in the 2 yr after 
initial detection were probably limited. Hicks 
et al. (2020) proposed developing site-specifc 
models of predicted activity from pre-WNS 
acoustic data that could be used to monitor for 
increases in winter activity or decreases in 
summer activity associated with WNS. Al-
though increases in winter activity of M. 
lucifugus may suggest WNS is present, 
acoustic monitoring in summer cannot distin-
guish whether declines in activity would be 
due to WNS or to other factors such as loss of 
roosts, foraging habitat, or both. The diffculty 
of distinguishing M. lucifugus calls from those 
of Myotis volans (long-legged myotis) or 
Myotis ciliolabrum (western small-footed 
bat) in some areas further complicates efforts 
to monitor M. lucifugus in the West with 
acoustics. Long-term capture surveys at select 
sites provide important demographic informa-
tion and have been used in many areas in the 
East to quantify changes in relative abun-
dance of species over time, including in 
response to WNS (O’Keefe et al. 2019; 
Johnson et al. 2021; Reynolds et al. 2021). 
Capture surveys should be conducted wher-
ever resources permit; however, implement-
ing such a strategy extensively enough to 
generate statistically robust inferences across 
the West may be infeasible because of costs, 
training, travel logistics, and safety consider-
ations. 

Counting bats at maternity roosts provides a 
direct method of tracking colony sizes of M. 
lucifugus in the West and was successfully 
used to monitor the decline and persistence of 
a maternity colony at Fort Drum, New York, 
after the arrival of WNS (Dobony and 
Johnson 2019). Myotis lucifugus is a habitat 
generalist during summer, often using anthro-

pogenic structures that are easily accessible. 
Maternity roosts represent many of the largest 
known aggregations of M. lucifugus in the 
West (Schorr and Siemers 2021). We envision 
a network of sentinel maternity roost sites 
where counts of bats could be made annually 
to track changes in numbers at both local and 
regional scales. This method of monitoring is 
likely to be most effective in areas where a 
colony regularly uses one or few known 
maternity roosts. The NABat program is 
already compiling results of emergence counts 
at maternity roosts to be fed into NABat 
analyses, and a working group is documenting 
common survey protocols to provide technical 
guidance (B. Straw pers. comm.). Additional-
ly, mark-recapture methods could be em-
ployed to better understand fner grained 
components of demographic parameters such 
as lifespan, annual survival rates, reproductive 
success, and changes in body condition over 
time (Schorr and Siemers 2021). Cumulative-
ly, maternity roost monitoring might provide a 
deeper understanding of colony dynamics 
across the West. 

Maternity roosts may also provide the most 
reasonable location for disease surveillance, 
specifcally when bats frst arrive in the spring. 
Although it would be preferable to conduct 
surveillance immediately after hibernal emer-
gence—before bats can reduce fungal loads 
by homeothermy, increased immune function, 
and grooming activity (Hoyt et al. 2021)— 
locating bats at this time is challenging in the 
absence of known hibernacula. Many western 
states and provinces have already initiated 
WNS surveillance at maternity roosts through 
submission of guano samples. Encouraging 
the public to report precise return dates of 
bats at their summer maternity roosts could 
facilitate mobilization of disease surveillance 
teams to screen bats or collect guano samples. 
Additionally, bridges are effective sites for Pd 
surveillance (Olson 2021), largely because of 
accessibility to locations where bats aggregate 
and night-roost. 

One potential challenge in monitoring M. 
lucifugus across much of the West is its 
tendency to share maternity roosts with M. 
yumanensis, a morphologically and ecologi-
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cally similar species that can be differentiated 
acoustically and genetically (Weller et al. 
2007). To date, mortalities from WNS in 
Washington are roughly equal for each species 
(Washington Department of Fish and Wildlife 
2021), suggesting that both species will be 
affected by WNS in the West. Given the 
differential effects of WNS among Myotis spp. 
in the East (even those within the same 
hibernaculum; Langwig et al. 2012; Frank et 
al. 2014; Langwig, Frick et al. 2015), it will be 
important to quantify differential effects, risk 
factors, and responses between M. lucifugus 
and M. yumanensis. Mixed roosts should be 
monitored by acoustics, individual marking, 
genetics from guano or capture, or a combi-
nation of techniques to confrm species 
identity. At a minimum, infected individuals 
should be identifed to species. 

Research and management recommendations 

We have summarized here that eastern and 
western M. lucifugus differ markedly in 
behavior, ecology, and genetic structure, and 
such differences are likely to infuence the 
consequences of WNS for western M. lucifu-
gus. We encourage researchers and managers 
to consider such ecoregional differences for 
broad-ranging bat species and account for this 
variation as they conduct analyses and recom-
mend management actions. Such species, 
including M. lucifugus, may represent a 
metapopulation consisting of subpopulations. 
A metapopulation structure should result in 
subpopulations that engage in higher levels of 
internal interactions compared with the level 
of interaction among subpopulations (Mill-
stein 2010), which would imply the potential 
for differing levels of effects from WNS. It will 
be important to understand whether western 
M. lucifugus possesses traits that may result in 
lower mortality from WNS, and a better 
understanding of the winter ecology and 
physiology of western M. lucifugus is impor-
tant for forecasting and managing the trans-
mission, spread, and effects of WNS in the 
West. New research approaches will be 
required to study bats occupying inaccessible, 
noncavernous hibernacula, such as the MSS, 

which are diffcult to identify and even more 
diffcult to survey. Additionally, understanding 
behaviors during swarming, the geographic 
features used, and whether such sites serve as 
environmental reservoirs for Pd will help 
predict the rate and mode of transmission 
and severity of WNS in the West. A thorough 
study of gene fow across the West would be 
helpful for informing models of WNS spread, 
as well as disease mitigation and recovery 
strategies. 

In the West, colony size monitoring and 
disease surveillance efforts focusing on ma-
ternity roosts in buildings, bridges, and bat 
boxes may be most valuable, given the 
opportunity to observe and capture bats 
reliably in those locations. Maternity roosts 
can be the focal sites for conducting Pd 
surveillance in early spring, monitoring num-
bers of bats by exit counts and mark-recapture 
in the summer, and radio-tagging in the 
autumn and for deploying disease mitigation 
tools (e.g., Forsythe et al. 2022) as they 
develop. Focusing monitoring efforts on 
maternity colonies will help researchers and 
managers both track the spread of the disease 
and evaluate its effect on M. lucifugus across 
the West. 

SUPPLEMENTARY MATERIAL 
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