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Abstract
1. The persistence of populations declining from novel stressors depends, in part, on
their ability to respond by trait change via evolution or plasticity. White-nose syndrome (WNS) has caused rapid declines in several North America bat species by
disrupting hibernation behaviour, leading to body fat depletion and starvation.
However, some populations of Myotis lucifugus now persist with WNS by unknown
mechanisms.
2. We examined whether persistence of M. lucifigus with WNS could be explained by
increased body fat in early winter, which would allow bats to tolerate the increased
energetic costs associated with WNS. We also investigated whether bats were
escaping infection or resistant to infection as an alternative mechanism explaining
persistence.
3. We measured body fat in early and late winter during initial WNS invasion and
8 years later at six sites where bats are now persisting. We also measured infection prevalence and intensity in persisting populations.
4. Infection prevalence was not significantly lower than observed in declining populations. However, at two sites, infection loads were lower than observed in declining populations. Body fat in early winter was significantly higher in four of the six
persisting populations than during WNS invasion.
5. Physiological models of energy use indicated that these higher fat stores could
reduce WNS mortality by 58%–70%. These results suggest that differences in fat
storage and infection dynamics have reduced the impacts of WNS in many populations. Increases in body fat provide a potential mechanism for management intervention to help conserve bat populations.
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CHENG et al.

system or cutaneous barriers, including antimicrobial peptides or
the skin microbiome (Hoyt et al., 2015)), as suggested by recent

Anthropogenic processes have resulted in rapid environmental

work showing lower pathogen loads in some colonies (Langwig

change, resulting in novel environments and multiple stressors

et al., 2017); or (e) tolerance of infection (Frick et al., 2017), either

(Vitousek, Mooney, Lubchenco, & Melillo, 1997). The persistence

via altered hibernation behaviour (Lilley et al., 2016) or greater fat

of populations in the face of anthropogenic change depends, to

stores, which could allow animals to tolerate more frequent arous-

some degree, on their ability to respond demographically or by trait

als or sickness behaviour.

change at the population level—whether through selection or phe-

Given the impact of WNS on hibernation energetics (Reeder

notypic plasticity (Cattau, Fletcher, Kimball, Miller, & Kitchens, 2017;

et al., 2012; Warnecke et al., 2012) and the importance of body fat

Darimont et al., 2009; Daszak, Cunningham, & Hyatt, 2001; Dirzo

in overwinter survival (Kunz et al., 1998; Supporting Information

et al., 2014; Gomulkiewicz & Holt, 1995; Hendry, Farrugia, & Kinnison,

Figure S5), greater body fat of WNS-affected bats should also be

2008; Kilpatrick et al., 2006; Williams, Shoo, Isaac, Hoffmann, &

associated with higher overwinter survival, but evidence for fatter

Langham, 2008) .  Novel pathogens can exert strong selective pres-

bats following WNS declines has been mixed. A single analysis that

sures on populations and cause rapid evolutionary responses in hosts

grouped all data across 13 sites in Virginia suggested that body mass

(Altizer, Harvell, & Friedle, 2003) and have allowed some species to

index (BMI) in females of three bat species, M. lucifugus, Perimyotis

persist and recover (e.g., rabbits and Myxoma virus (Ratcliffe, Myers,

subflavus and M. sodalis, during early hibernation showed little

Fennesy, & Calaby, 1952), house finches and Mycoplasma gallisepti-

temporal variation over a 5-year period following WNS detection

cum (Bonneaud et al., 2011)), while other species have been driven

(Powers, Reynolds, Orndorff, Ford, & Hobson, 2015). In contrast, at

extinct (e.g., chytridiomycosis; Skerratt et al., 2007). Identifying host

a single site in Kentucky, body mass and BMI of M. lucifugus in fall

traits that enable persistence can be critical to help facilitate manage-

swarm were significantly higher in year following WNS detection

ment efforts to recover populations following perturbations (Hobbs,

than the three previous years (Lacki et al., 2015).

Hallett, Ehrlich, & Mooney, 2011).

Here, we examine whether M. lucifugus in colonies that are now

In the past decade, the disease white-nose syndrome (WNS),

persisting at least 8 years after WNS detection have greater early

caused by the fungal pathogen, Pseudogymnoascus destructans

winter body fat than bats from these same colonies nearly a decade

(Pd), has caused widespread declines in hibernating bats in North

earlier when WNS was first detected. We hypothesized that bats in

America and threatens several species with extinction (Frick et al.,

persisting colonies would have greater early winter fat stores than

2010, 2015, 2017; Langwig et al., 2012). Pd infects the epidermis of

when WNS emerged, and we used energetic models to examine

hibernating bats during winter causing gross lesions in infected skin

whether differences in fat could explain the persistence of little

tissue (Meteyer et al., 2009), a cascade of physiological responses

brown bats at these sites. We also tested the alternate hypotheses

(including hypotonic dehydration, hypovolaemia and metabolic ac-

that bats in persisting sites were escaping infection, or resistant to

idosis), disruption of hibernation patterns and sickness behaviour

infection, by measuring infection prevalence and intensity of Pd.

(Bohn et al., 2016; Verant et al., 2014; Warnecke et al., 2013). In

Finally, we gathered data on temporal patterns of variation in body

healthy bats, arousals during winter hibernation are infrequent (rep-

mass for M. lucifugus to put our results in a broader spatial and

resenting <1% of hibernation time expenditure) but necessary in

temporal context.

order to counteract costs of torpor, including the build-up of metabolic waste and dehydration, despite also being energetically costly
(using 80%–90% of total stored body fat throughout the winter)
(Kayser, 1965; Thomas, Dorais, & Bergeron, 1990). Pd-infected bats
arouse approximately twice as frequently as uninfected bats (Lilley
et al., 2016; Lorch et al., 2011; Reeder et al., 2012), which results in
premature depletion of body fat and starvation.

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Sites
We studied bats at six sites in the north-eastern United States during
initial WNS invasion (2009) and again roughly 8 years later (2016)

While many colonies of multiple species have been extirpated

in colonies persisting with WNS (Supporting Information Table S1).

or continue to decline from WNS, some colonies of the little brown

Specific dates of WNS arrival at each of these sites are unknown,

bat Myotis lucifugus in the north-eastern United States appear

but Pd is presumed to have invaded between 2008 and 2009, with

to have stabilized following initial declines (Langwig et al., 2012,

the most severe declines occurring when many sick bats were ob-

2017; Maslo, Valent, Gumbs, & Frick, 2015). The mechanisms al-

served leaving the site during the first 2–3 years following Pd arrival

lowing each colony to persist with Pd are not fully known but may

(Supporting Information Figure S1; Frick et al., 2010; Langwig et al.,

include: (a) reduced transmission from density-dependent disease

2012).

dynamics (Anderson, & May, 1992), (b) attenuated virulence of
the pathogen (Alizon, Hurford, Mideo, & Van Baalen, 2009), (c)
environmental refugia that reduce pathogen growth rate, such

2.2 | Data collection

as lower temperatures or humidity (Langwig et al., 2012; Verant

We measured body fat in early winter (November to December)

et al., 2014), (d) resistance to infection by bats (e.g., via the immune

and again in late winter (February to March) to assess fat loss over
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hibernation (Supporting Information Table S1). We sampled an

from repeated scans to produce a single estimate of total body fat

average of 22 ± SD = 8 (range: 2009: 4–39; 2016: 19–20) M. lucifugus

for each bat (the mean difference between the two measurements

per site per visit with a roughly even sex ratio (Supporting Information

was 0.03 g). We calculated the per cent body fat as the amount

Table S1).

of fat measured by QMR divided by the body mass of each bat.

In the winter of 2009, which encompasses the hibernation sea-

We measured body fat using QMR at all sampling visits in 2016

son from October 2008 to April 2009 (except for late winter sam-

except for late hibernation sampling at Hibernia Mine where we

pling at Williams conducted in February 2008), we collected bats and

measured forearm length and body mass. We estimated body fat

measured fat mass using Soxhlet analyses. We collected bats during

for this visit based on the relationship between measured QMR

early (November through December) and late winter (February

fat and body mass (Supporting Information Figure S2). After QMR

through March) from roosting locations inside hibernacula, recorded

sampling, we placed bats in bags inside coolers, and transported

body mass and killed them via overdose of isoflurane followed by

them back to their roosting location and released them.

cervical dislocation. We stored specimens at 4°C for up to 2 weeks
and then transferred them to Boston University where we measured
total body fat mass by lipid extraction with a Soxhlet apparatus using

2.3 | Statistical analyses

3:1 solution of 95% ethyl alcohol and petroleum ether (Reynolds &

All analyses were run in program R version 3.3.0 (Brack & Twente,

Kunz, 2001). We calculated fat mass (g) as the difference between

1985; R Core Team, 2016; Twente, Twente, & Brack, 1985).

dry mass before lipid extraction and lean dry mass after lipid extraction. We also calculated proportion body fat as the total body fat
(g) divided by body mass (g) at time of collection.
In the winter of 2016 (October 2015–April 2016), we first sampled bats for Pd infection at their roosting location by swabbing

2.3.1 | Pd prevalence and fungal load on bats
in 2016
We examined Pd prevalence using a generalized linear mixed-effects

bats using a polyester-t ipped swab (Fisher Scientific 23-4 00-116)

model (with a binomial distribution and a logit link) and Pd load using

five times across the forearm and five times across the muzzle

a linear mixed-effects model using package lme4. We first examined

(Langwig et al., 2015). We stored swabs in RNAlater until pro-

whether Pd prevalence and load increased over hibernation time (de-

cessing to preserve genomic DNA (Puechmaille, Fuller, & Teeling,

fined as days since the fall equinox—September 22 or 23 depending

2011). We measured Pd prevalence and fungal loads on bats from

on the year) as a continuous fixed effect and site as a random ef-

swabs using quantitative polymerase chain reaction (Muller et al.,

fect. We examined whether Pd prevalence or load differed between

2013) and quantified Pd DNA from Ct scores as described previ-

sexes or was correlated with body fat of a bat within each hiberna-

ously (Frick et al., 2017). After collecting swab samples and UV

tion sampling time period (early or late winter), and included body

photographs of wings in situ, we transported bats in cloth bags

fat, sex and hibernation time as fixed effects and site as a random

inside coolers (maintained at room temperature, 17–24°C) from

effect. We used the Akaike information criteria with a correction for

the hibernacula to a sprinter van housing a quantitative magnetic

small sample size (function AICc in package MuMIn; Bartoń, 2016) to

resonance (QMR) scanner to measure body fat. We used QMR,

compare models.

rather than Soxhlet analyses for measuring fat mass in winter 2016

We also compared trends in Pd prevalence and Pd loads over

sampling because it can be done on live bats and in a relatively

winter hibernation at our six sites with continent-wide patterns

short period of time, which minimizes disturbance to bats. QMR

(Frick et al., 2017) to determine whether differences in Pd trans-

has been validated for a range of species, including little brown

mission (lower Pd prevalence in early winter) or host resistance

bats (Guglielmo, McGuire, Gerson, & Seewagen, 2011), providing

(decreased change in Pd loads over hibernation and lower Pd loads

body composition measurements (in our case, body fat) that are di-

at the end of hibernation; Langwig et al., 2017) were contributing

rectly comparable (1:1) to Soxhlet analyses (McGuire & Guglielmo,

to persistence of bats at our six sites. We compared Pd prevalence

2010). The QMR scanner was maintained at 17–24°C inside the

and loads at our six sites with >5,600 Pd samples taken across 130

temperature-controlled van. We calibrated and validated the ac-

sites across North America (Frick et al., 2017). We used the best-

curacy of the QMR using 5.02 and 15 g canola oil standards be-

supported models describing continental trends in Pd prevalence

fore and after sampling at each site. Prior to QMR measurement,

and loads (generalized linear mixed-effects model with binomial

we measured forearm length of each bat using digital callipers

distribution and linear mixed-effects model using package lme4 and

(±0.01 mm) and weighed each individual using a digital scale

lmerTest), which included site as a random effect and days in hiber-

(±0.01 g). We allowed each bat to fully arouse and reach euther-

nation, years since first Pd detection at a site and species as fixed ef-

mic body temperature prior to QMR processing. Once aroused,

fects (Frick et al., 2017). In order to compare trends in Pd prevalence

each bat was gently inserted into and restrained by a 3-cm inter-

and loads at our sites against continental trends (Frick et al., 2017),

nal diameter plastic tube outfitted with breathing holes (EchoMRI-

we included an additional grouping variable with one level for each

Bird-Mini-HLDR-A SM, product number 600-0 00533B). The tube

of our six sites plus an additional grouping variable for continental

was then placed inside the QMR scanner. Each scan took 2–3 min,

data (designated as “continental”). We used this grouping variable

and we scanned each bat twice. We averaged fat measurements

as a fixed effect in this model with “continental” as the reference

594

|

Journal of Animal Ecology

level. For Pd prevalence analysis, we subtracted 32 days from the

CHENG et al.

(a)

date (the mean hibernation day in early winter when our samples
were taken) in order to compare the early winter Pd prevalence at
our sites against the continent-wide dataset on this date. For Pd load
analysis, we adjusted days in hibernation to the end of hibernation
(day 192) in order to compare late winter Pd loads at our sites with
the continent-wide dataset on this date.

2.3.2 | Site-specific differences in body condition
between sampling periods
We compared body fat between bat colonies sampled in winter
2009 and 2016 at each site to account for site-specific differences
in winter body fat in bats. For each of the six sampled sites, we ex-

(b)

amined predictors of body fat with linear beta regression models
(function betareg in package betareg; Cribari-Neto & Zeileis, 2010).
We included the two sampling time periods (2009 and 2016), sex
of the sampled bat, hibernation time (also defined as days since
the fall equinox) and interactions between these terms as fixed effects (Supporting Information Table S8). We used AICc, as described
above, to compare models. We used beta regression because the response variable (fraction body fat) was constrained between 0 and 1
and because analyses with log- or arcsine-square-root-transformed
data resulted in residuals that deviated significantly from normality
using a Shapiro–Wilk normality test (function shapiro.test).

2.4 | Predicted WNS survival from greater body fat
In order to examine how increased body fat might affect survival of
bats with WNS, we used an energetic model (Thomas et al., 1990)
to estimate WNS mortality prior to, during WNS invasion in 2009
and after WNS invasion in 2016 (Supporting Information Appendix
S1). We calculated overwinter mortality for bats starting with early
hibernation body fat from our measurements in 2009 versus 2016,

F I G U R E 1 Pd prevalence and fungal loads in bats sampled
in 2016 in early and late winter in six persisting Myotis lucifugus
populations. Points show Pd prevalence ±1 SE based on a binomial
distribution (a) and mean log10 -transformed fungal loads in
attograms ±1 SE (b) at our six sites (colours). Grey points and grey
dashed lines represent sampling from a previous study of 130 sites
across North America (Frick et al., 2017)

and expending energy over the course of hibernation at pre-WNS
and peak-WNS rates (Lilley et al., 2016; Supporting Information

continental trends (Frick et al., 2017; Supporting Information Table S3).

Appendix S1). We compared overwinter mortality for three sce-

Pd loads in early winter were similar to those from declining sites in the

narios: (a) bats starting with early hibernation body fat observed in

continental study (Frick et al., 2017), but were lower than expected at

2009 and experiencing no WNS impacts, (b) bats with early hiberna-

the end of hibernation in two (Aeolus and Barton Hill) out of six sites

tion body fat observed in 2009 and experiencing higher arousal fre-

(Figure 1b and Supporting Information Table S4). Pd loads increased over

quencies from WNS and (c) bats with early hibernation fat observed

hibernation at comparable rates to continental trends except at Barton

in 2016 and also experiencing higher arousal frequencies from WNS.

Hill where Pd loads increased at a lower rate compared to continental
trends (Figure 1b and Supporting Information Table S4). At Williams

3 | R E S U LT S

Hotel, Pd loads decreased over hibernation (Figure 1b and Supporting

3.1 | Pd prevalence and fungal loads on bats in 2016

early and late winter were sampled from different sections of the mine.

In early winter of 2016, prevalence averaged 82.3% ± 7.8%, which was

bat (Supporting Information Table S5).

Information Table S4), but these data may not be comparable as bats in
Pd presence or load did not vary significantly with body fat or sex of the

not significantly lower than prevalence observed at 5,659 sampling
events across continental North America (Frick et al., 2017) where Pd
has become established (Figure 1a; Table S3). Prevalence increased

3.2 | Site-specific changes in body condition

to >90% at five of six sites by late winter (Figure 1a), and changes

Fat stores in early winter were significantly greater in bats sampled in

in Pd prevalence over hibernation at our six sites did not differ from

2016 than in 2009 at four out of six sites (Figures 2 and 3, Supporting

|
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Information Tables S6 and S8) and when examined collectively

3.3 | Predicted WNS survival from greater body fat

across all sites (Supporting Information Table S8). At sites where bats
were fatter, they were fatter by 0.8 ± 0.009 g (mean ± SE; Aeolus,

Across all sites, we estimated that average winter mortality prior

Graphite, Hibernia, Williams Preserve) and had greater body mass

to WNS arrival was 6% ± 3%, increased to 52% ± 12% during initial

by 1.08 ± 0.07 g (mean ± SE; Aeolus, Graphite, Hibernia), exceeding

mortality from WNS in 2009 and decreased to 36% ± 9% in 2016

natural inter-annual variation in body mass, which was 0.19 ± 0.05 g

(Figure 5). At sites where bats were fatter in 2016 (Aeolus, Graphite,

(mean ± SE; Bay City Mine, Wise1, Williams Preserve) (Figure 4 and

Hibernia, Williams Preserve), mortality prior to WNS arrival was es-

Figure S3). At three of these four sites (Aeolus, Graphite, and Williams

timated at 4% ± 3%, but rose to 69% ± 16% during WNS invasion in

Preserve), the rate of fat loss over winter did not differ between 2009

2009. In 2016, estimated mortality decreased to 25% ± 4% for bats

and 2016 (Supporting Information Tables S6 and S7), whereas at

experiencing sustained impacts from WNS but with greater body fat

Hibernia Mine, bats lost fat more slowly over winter in 2016 than 2009

(Figure 5). Thus, these energetic models suggest that higher body

(Supporting Information Tables S6 and S7). At two sites (Barton Hill

fat observed in persisting bats would reduce WNS mortality by an

and Williams Hotel), fitted models suggested that early winter body fat

average of 64% (Figure 5).

was lower in 2016 than 2009 (Figure 2; Supporting Information Tables
S6 and S7). In addition, at Williams Hotel, the best-fit model suggested

4 | D I S CU S S I O N

that 2016 bats started with less fat in early winter but lost fat more
slowly than 2009 bats (Figure 2; Supporting Information Tables S6 and
S7). Body fat was significantly higher in female bats than males at three

White-nose syndrome has caused widespread declines and extirpa-

of the six sites (Supporting Information Figure S4; Tables S6 and S7).

tions in many colonies of hibernating bats as it has spread across North
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Graphite
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Hibernia
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Williams Hotel

Williams Preserve
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America, but some colonies of M. lucifugus are now persisting with the

in four colonies of M. lucifugus in New York (Langwig et al., 2017),

fungus in parts of the north-eastern United States (Frick et al., 2015,

including two that were studied here (Williams Preserve where

2017; Langwig et al., 2012, 2017). We found that infection with the

fat stores were higher, and Williams Hotel where they were not).

fungus in six persisting colonies was not lower than expected, but that

Increased torpor bout duration could also contribute to continued

infection intensity was lower than in declining populations at two per-

persistence of WNS-affected bats, and has been suggested as an

sisting colonies at the end of winter, and at four of six sites bats were

explanation for persistence at one site (Lilley et al., 2016). Although

significantly fatter in early hibernation in 2016 than bats at these sites

temperatures were also cold at this site (and torpor bout duration

nearly a decade earlier during initial invasion of the fungus. Energetic

decreases loglinearly with roosting temperature (Brack & Twente,

models suggested that the increased fat stores observed at these sites

1985; Twente et al., 1985)), the torpor bout duration was 29% lon-

could reduce WNS mortality by 58%–70%.

ger than expected based on temperature (Supporting Information

Although increased body fat likely reduced WNS mortality, other

Figure S6). However, bats at this site had much longer arousal du-

mechanisms are necessary to fully explain persistence of bats with

rations; thus, it is not clear whether their energy expenditure would

WNS at our sites. Pd prevalence in bats sampled during early hiber-

be lower than bats exhibiting disturbed hibernation behaviour

nation was 10%–35% lower than sites where Pd has been present

characteristic of WNS (Reeder et al., 2012; Warnecke et al., 2012).

for at least 5 years (Frick et al., 2017). These results suggest that Pd

Finally, M. lucifugus in hibernacula with lower temperatures had less

transmission was lower in early winter at these sites, either due to

severe declines due to WNS (Langwig et al., 2012), possibly due to

density-dependent mechanisms (Anderson & May, 1979), reduction

reduced Pd growth (Verant et al., 2012) or lower energy expendi-

of the environmental reservoir (and therefore environment-to-bat

ture by bats during hibernation (Brack & Twente, 1985; Twente et al.,

transmission) over time, or increased resistance in bats (Langwig

1985), suggesting that cooler hibernacula temperatures could also

et al., 2017). Lower transmission would increase survival by (a) al-

facilitate bats persisting with Pd. Additional research is needed to

lowing some bats to escape infection entirely (5%–15% of bats were

determine the relative contribution of these different mechanisms

Pd-negative in late winter at our sites) and (b) delaying infection in

to persistence of M. lucifugus with WNS.

bats, some of which could survive until spring since death often oc-

Our results are consistent with previous studies showing increased

curs 70–100 days after infection in the laboratory (Warnecke et al.,

body condition in early winter in M. lucifugus following WNS declines

2012). We did not find evidence that Pd transmission was lower at

at the majority of sites, but not all. We re-examined differences in

persisting sites than in declining populations. However, we found

body mass from a study in Virginia of M. lucifugus (Powers et al.,

that late winter Pd loads were lower than expected at two sites and

2015), which had data from three sites where bats were sampled in

increased at a slower rate over hibernation at one of these sites com-

early winter both before and after WNS detection and had >4 bats per

pared to declining populations (Frick et al., 2017), suggesting that

sample (Supporting Information Appendix S2). We found that body

some bats may be exhibiting resistance, as has been documented

mass was 15%–23% higher in two (Highland 2, Bath 2) out of three
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colonies following declines of 88%–99% (Figure 4 and Supporting

during hibernation. Second, it can be done in combination with other

Information Figure S3), and 7% higher in another (Bland 1; Figure 4

conservation efforts occurring during winter. Improving body con-

and Supporting Information Figure S3). A separate study in Kentucky

dition may facilitate both increased survival and reproduction, and

(Colossal Cave) found that body mass of M. lucifugus measured during

this can facilitate the evolution of resistance or tolerance (Kilpatrick,

fall swarm was higher by 15%–20% 1 year following WNS detection

2006; Maslo et al., 2015). Employing these conservation strategies

and an 80% decline (Figure 4 and Figure S3; Lacki et al., 2015). These

may provide critical relief and facilitate recovery as WNS impacts

data suggest that body fat increases following mass mortality due to

continue to threaten North American bat populations.

WNS in many, but not all, colonies of M. lucifugus, and are contributing
to persistence of bat colonies with WNS. Whether the variation in
increased fat stores is due to differences in site quality near hibernac-
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izing, and by reducing invasive plants and restoring native vegetation
which has recently been shown to be critical for some insectivorous
bird populations (Narango, Tallamy, & Marra, 2018). Managing habitats to increase the ability of bats to increase fat stores before winter
has several advantages as a management strategy. First, there is no
associated risk with causing additional mortality due to disturbance

REFERENCES
Alizon, S., Hurford, A., Mideo, N., & Van Baalen, M. (2009). Virulence
evolution and the trade-off hypothesis: History, current state of affairs and the future. Journal of Evolutionary Biology, 22(2), 245–259.
https://doi.org/10.1111/j.1420-9101.2008.01658.x

CHENG et al.

Altizer, S., Harvell, D., & Friedle, E. (2003). Rapid evolutionary dynamics and disease threats to biodiversity. Trends in Ecology & Evolution,
18(11), 589–596. https://doi.org/10.1016/j.tree.2003.08.013
Anderson, R. M., & May, R. M. (1979). Population Biology of Infectious
Diseases I. Nature, 280, 361–367.
Anderson, R. M., & May, R. M. (1992). Infectious diseases of humans: dynamics and control. Oxford, UK: Oxford University Press.
Anthony, E. L., & Kunz, T. H. (1977). Feeding strategies of the little brown
bat, Myotis lucifugus, in southern New Hampshire. Ecology, 58(4),
775–786. https://doi.org/10.2307/1936213
Bartoń, K. (2016). MuMIn: Multi-model inference. R package version
1.15.6. Retrieved from https://CRAN.R-project.org/package=MuMIn.
Belwood, J. J., & Fenton, M. B. (1976). Variation in the diet of Myotis lucifugus (Chiroptera: Vespertilionidae). Canadian Journal of Zoology,
54(10), 1674–1678.
Bohn, S. J., Turner, J. M., Warnecke, L., Mayo, C., McGuire, L. P., Misra, V.,
… Willis, C. K. R. (2016). Evidence of ‘sickness behaviour’ in bats with
white-nose syndrome. Behaviour, 153(8), 981–1003. https://doi.org/
10.1163/1568539X-00003384
Bonneaud, C., Balenger, S. L., Russell, A. F., Zhang, J., Hill, G. E., & Edwards,
S. V. (2011). Rapid evolution of disease resistance is accompanied
by functional changes in gene expression in a wild bird. Proceedings
of the National Academy of Sciences of the United States of America,
108(19), 7866–7871. https://doi.org/10.1073/pnas.1018580108/-/
DCSupplemental
Brack, V., Jr., & Twente, J. W. (1985). The duration of the period of hibernation of three species of vespertilionid bats. I. Field studies. Canadian Journal of Zoology, 63(12), 2952–2954. https://doi.
org/10.1139/z85-442
Cattau, C. E., Fletcher, R. J. Jr, Kimball, R. T., Miller, C. W., & Kitchens,
W. M. (2017). Rapid morphological change of a top predator
with the invasion of a novel prey. Nature Ecology & Evolution, 2,
108–115.
Cheng, T. L., Gerson, A., Moore, M. S., Reichard, J. D., DeSimone, J.,
Willis, C. K., … Kilpatrick, A. M. (2019). Data from: Higher fat stores
contribute to persistence of little brown bat populations with white-
nose syndrome. Dryad Digital Repository, https://doi.org/10.5061/
dryad.sh487nh
Cheng, T. L., Mayberry, H., McGuire, L. P., Hoyt, J. R., Langwig, K. E., Nguyen,
H., … Frick, W. F. (2016). Efficacy of a probiotic bacterium to treat
bats affected by the disease white-nose syndrome. Journal of Applied
Ecology, 54(3), 701–708. https://doi.org/10.1111/1365-2664.12757
Clare, E. L., Symondson, W. O. C., Broders, H., Fabianek, F., Fraser, E.
E., MacKenzie, A., … Reimer, J. P. (2013). The diet of Myotis lucifugus across Canada: Assessing foraging quality and diet variability. Molecular Ecology, 23(15), 3618–3632. https://doi.org/10.1111/
mec.12542
Cornelison, C. T., Keel, M. K., Gabriel, K. T., Barlament, C. K., Tucker, T.
A., Pierce, G. E., & Crow, S. A. (2014). A preliminary report on the
contact-independent antagonism of Pseudogymnoascus destructans
by Rhodococcus rhodochrous strain DAP96253. BMC Microbiology,
14(1), 1–7. https://doi.org/10.1186/s12866-014-0246-y
Cribari-Neto, F., & Zeileis, A. (2010). Beta Regression in R. Journal of
Statistical Software, 34(2), 1–24.
Darimont, C. T., Carlson, S. M., Kinnison, M. T., Paquet, P. C., Reimchen,
T. E., & Wilmers, C. C. (2009). Human predators outpace other agents
of trait change in the wild. Proceedings of the National Academy of
Sciences of the United States of America, 106(3), 952–95.
Daszak, P., Cunningham, A. A., & Hyatt, A. D. (2001). Anthropogenic
environmental change and the emergence of infectious diseases
in wildlife. Acta Tropica, 78(2), 103–116. https://doi.org/10.1016/
S0001-706X(00)00179-0
Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J., & Collen, B.
(2014). Defaunation in the Anthropocene. Science, 345(6195), 401–
406. https://doi.org/10.1126/science.1251817

Journal of Animal Ecology

|

599

Frick, W. F., Cheng, T. L., Langwig, K. E., Hoyt, J. R., Janicki, A. F., Parise,
K. L., … Kilpatrick, A. M. (2017). Pathogen dynamics during invasion
and establishment of white-nose syndrome explain mechanisms of
host persistence. Ecology, 98(3), 624–631. https://doi.org/10.1002/
ecy.1706
Frick, W. F., Pollock, J. F., Hicks, A. C., Langwig, K. E., Reynolds, D. S.,
Turner, G. G., … Kunz, T. H. (2010). An emerging disease causes
regional population collapse of a common North American bat
species. Science, 329(5992), 679–682. https://doi.org/10.1126/
science.1188594
Frick, W. F., Puechmaille, S. J., Hoyt, J. R., Nickel, B. A., Langwig, K. E.,
Foster, J. T., … Kilpatrick, A. M. (2015). Disease alters macroecological patterns of North American bats. Global Ecology and Biogeography,
24(7), 741–749. https://doi.org/10.1111/geb.12290
Gomulkiewicz, R., & Holt, R. D. (1995). When does evolution by natural
selection prevent extinction? Evolution, 49(1), 201–207. https://doi.
org/10.1111/j.1558-5646.1995.tb05971.x
Guglielmo, C. G., McGuire, L. P., Gerson, A. R., & Seewagen, C. L. (2011).
Simple, rapid, and non-invasive measurement of fat, lean, and total
water masses of live birds using quantitative magnetic resonance.
Journal of Ornithology, 152(S1), 75–85. https://doi.org/10.1007/
s10336-011-0724-z
Hendry, A. P., Farrugia, T. J., & Kinnison, M. T. (2008). Human influences on rates of phenotypic change in wild animal populations.
Molecular
Ecology,
17(1),
20–29.
https://doi.
org/10.1111/j.1365-294X.2007.03428.x
Hobbs, R. J., Hallett, L. M., Ehrlich, P. R., & Mooney, H. A. (2011).
Intervention ecology: Applying ecological science in the twenty-
first century. BioScience, 61(6), 442–450. https://doi.org/10.1525/
bio.2011.61.6.6
Hoyt, J. R., Cheng, T. L., Langwig, K. E., Hee, M. M., Frick, W. F., &
Kilpatrick, A. M. (2015). Bacteria isolated from bats inhibit the growth
of Pseudogymnoascus destructans, the causative agent of white-nose
syndrome. PLoS One, 10(4), e0121329. https://doi.org/10.1371/journal.pone.0121329.s007
Kayser, C. (1965). Hibernation. In: Mayer, W. & Van Gelder, R. (Eds.),
Physiological mammalogy (pp. 179–296). New York, NY: Academic
Press.
Kilpatrick, A. M. (2006). Facilitating the evolution of resistance to avian
malaria in Hawaiian birds. Biological Conservation, 128(4), 475–485.
https://doi.org/10.1016/j.biocon.2005.10.014
Kilpatrick, A. M., LaPointe, D. A., Atkinson, C. T., Woodworth, B. L.,
Lease, J. K., Reiter, M. E., & Gross, K. (2006). Effects of chronic avian
malaria (Plasmodium relictum) infection on reproductive success of
Hawaii Amakihi (Hemignathus virens). Auk, 123(3), 764–774.
Kunz, T. H., Wrazen, J. A., & Burnett, C. D. (1998). Changes in body mass
and fat reserves in pre-hibernating little brown bats (Myotis lucifugus). Ecoscience, 5(1), 8–17.
Lacki, M. J., Dodd, L. E., Toomey, R. S., Thomas, S. C., Couch, Z. L., &
Nichols, B. S. (2015). Temporal changes in body mass and body
condition of cave-hibernating bats during staging and swarming.
Journal of Fish and Wildlife Management, 6(2), 360–370. https://doi.
org/10.3996/042015-JFWM-033.S7
Langwig, K. E., Frick, W. F., Bried, J. T., Hicks, A. C., Kunz, T. H., & Marm
Kilpatrick, A. (2012). Sociality, density-dependence and microclimates determine the persistence of populations suffering from a
novel fungal disease, white-nose syndrome. Ecology Letters, 15(9),
1050–1057. https://doi.org/10.1111/j.1461-0248.2012.01829.x
Langwig, K. E., Frick, W. F., Reynolds, R., Parise, K. L., Drees, K. P., Hoyt,
J. R., … Kilpatrick, A. M. (2015). Host and pathogen ecology drive
the seasonal dynamics of a fungal disease, white-nose syndrome.
Proceedings of the Royal Society B: Biological Sciences, 282(1799),
20142335. https://doi.org/10.1258/002367770781071635
Langwig, K. E., Hoyt, J. R., Parise, K. L., Frick, W. F., Foster, J. T., &
Kilpatrick, A. M. (2017). Resistance in persisting bat populations after

600

|

Journal of Animal Ecology

white-nose syndrome invasion. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences, 372(1712), 20160044.
https://doi.org/10.1016/j.cosust.2010.04.002
Lilley, T. M., Johnson, J. S., Ruokolainen, L., Rogers, E. J., Wilson, C. A.,
Schell, S. M., … Reeder, D. (2016). White-nose syndrome survivors
do not exhibit frequent arousals associated with Pseudogymnoascus
destructans infection. Frontiers in Zoology, 13(1), 12. https://doi.
org/10.1186/s12983-016-0143-3
Lorch, J. M., Meteyer, C. U., Behr, M. J., Boyles, J. G., Cryan, P. M., Hicks,
A. C., … Blehert, D. S. (2011). Experimental infection of bats with
Geomyces destructans causes white-nose syndrome. Nature, 480,
376–378. https://doi.org/10.1038/nature10590
Maslo, B., Valent, M., Gumbs, J. F., & Frick, W. F. (2015). Conservation
implications of ameliorating survival of little brown bats with white-
nose syndrome. Ecological Applications, 25(7), 1832–1840. https://
doi.org/10.1890/14-2472.1
McGuire, L. P., & Guglielmo, C. G. (2010). Quantitative magnetic resonance: A rapid, noninvasive body composition analysis technique
for live and salvaged bats. Journal of Mammalogy, 91(6), 1375–1380.
https://doi.org/10.1644/10-MAMM-A-051.1
Meteyer, C. U., Buckles, E. L., Blehert, D. S., Hicks, A. C., Green, D. E., ShearnBochsler, V., … Behr, M. J. (2009). Histopathologic criteria to confirm
white-nose syndrome in bats. Journal of Veterinary Diagnostic Investigation,
21(4), 411–414. https://doi.org/10.1177/104063870902100401
Muller, L. K., Lorch, J. M., Lindner, D. L., O'Connor, M., Gargas, A., &
Blehert, D. S. (2013). Bat white-nose syndrome: A real-time TaqMan
polymerase chain reaction test targeting the intergenic spacer region of Geomyces destructans. Mycologia, 105(2), 253–259. https://
doi.org/10.3852/12-242
Narango, D. L., Tallamy, D. W., & Marra, P. P. (2018). Nonnative plants
reduce population growth of an insectivorous bird. Proceedings of the
National Academy of Sciences of the United States of America, 115(45),
11549–11554. https://doi.org/10.1073/pnas.1809259115
Parker, K. A., Springall, B. T., Garshong, R. A., Malachi, A. N., Dorn, L. E.,
Costa-Terryll, A., … Kalcounis-Rueppell, M. C. (2018). Rapid increases
in bat activity and diversity after wetland construction in an urban
ecosystem. Wetlands, https://doi.org/10.1007/s13157-018-1115-5
Powers, K. E., Reynolds, R. J., Orndorff, W., Ford, W. M., & Hobson, C.
S. (2015). Post-white-nose syndrome trends in Virginias cave bats,
2008–2013. Journal of Ecology and the Natural Environment, 7(4), 113–
123. https://doi.org/10.5897/JENE2015.0507
Puechmaille, S. J., Fuller, H., & Teeling, E. C. (2011). Effect of sample preservation methods on the viability of Geomyces destructans, the fungus
associated with white-nose syndrome in bats. Acta Chiropterologica,
13(1), 217–221. https://doi.org/10.3161/150811011X578778
R Core Team (2016). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from https://www.R-project.org/
Ratcliffe, F. N., Myers, K., Fennesy, B. V., & Calaby, J. H. (1952).
Myxomatosis in Australia; a step towards the biological control of the
rabbit. Nature, 170(4314), 7–11. https://doi.org/10.1038/170007a0
Reeder, D. M., Frank, C. L., Turner, G. G., Meteyer, C. U., Kurta, A., Britzke,
E. R., … Jacob, R. (2012). Frequent arousal from hibernation linked to severity of infection and mortality in bats with white-nose syndrome. PLoS
One, 7(6), e38920. https://doi.org/10.1371/journal.pone.0038920.s002
Reynolds, D. S., & Kunz, T. H. (2001). Standard methods for destructive
body composition analysis. In: Speakman J. R. (ed.), Body composition

CHENG et al.

analysis of animals (pp. 39–55). Cambridge, UK: Cambridge University
Press.
Skerratt, L. F., Berger, L., Speare, R., Cashins, S., McDonald, K. R., Phillott,
A. D., … Kenyon, N. (2007). Spread of chytridiomycosis has caused
the rapid global decline and extinction of frogs. EcoHealth, 4(2), 125–
134. https://doi.org/10.1007/s10393-007-0093-5
Thomas, D. W., Dorais, M., & Bergeron, J. M. (1990). Winter energy
budgets and cost of arousals for hibernating little brown bats,
Myotis lucifugus. Journal of Mammalogy, 71(3), 475–479. https://doi.
org/10.2307/1381967
Twente, J. W., Twente, J., & Brack, V., Jr (1985). The duration of the period
of hibernation of three species of vespertilionid bats. II. Laboratory
studies. Canadian Journal of Zoology, 63(12), 2955–2961.
Verant, M. L., Boyles, J. G., Waldrep, W. Jr, Wibbelt, G., & Blehert, D. S.
(2012). Temperature-dependent growth of Geomyces destructans,
the fungus that causes bat white-nose syndrome. PLoS One, 7(9),
e46280.
Verant, M. L., Meteyer, C. U., Speakman, J. R., Cryan, P. M., Lorch, J. M.,
& Blehert, D. S. (2014). White-nose syndrome initiates a cascade of
physiologic disturbances in the hibernating bat host. BMC Physiology,
14(1), 1–10. https://doi.org/10.1186/s12899-014-0010-4
Vitousek, P. M., Mooney, H. A., Lubchenco, J., & Melillo, J. M. (1997). Human
domination of Earth's ecosystems. Science, 277(5325), 494–499.
Warnecke, L., Turner, J. M., Bollinger, T. K., Lorch, J. M., Misra, V., Cryan,
P. M., … Willis, C. K. R. (2012). Inoculation of bats with European
Geomyces destructans supports the novel pathogen hypothesis
for the origin of white-nose syndrome. Proceedings of the National
Academy of Sciences of the United States of America, 109(18), 6999–
7003. https://doi.org/10.1073/pnas.1200374109
Warnecke, L., Turner, J. M., Bollinger, T. K., Misra, V., Cryan, P. M.,
Blehert, D. S., … Willis, C. K. R. (2013). Pathophysiology of white-
nose syndrome in bats: A mechanistic model linking wing damage to
mortality. Biology Letters, 9(4), 20130177. https://doi.org/10.1007/
s10354-009-0651-2
Williams, S. E., Shoo, L. P., Isaac, J. L., Hoffmann, A. A., & Langham,
G. (2008). Towards an integrated framework for assessing the
vulnerability of species to climate change. PLoS Biology, 6(12),
2621–2626.
Zhang, T., Chaturvedi, V., & Chaturvedi, S. (2015). Novel Trichoderma polysporum strain for the biocontrol of Pseudogymnoascus destructans,
the fungal etiologic agent of bat white-nose syndrome. PLoS One,
10(10), e0141316. https://doi.org/10.1371/journal.pone.0141316

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Cheng TL, Gerson A, Moore MS, et al.
Higher fat stores contribute to persistence of little brown bat
populations with white-nose syndrome. J Anim Ecol.
2019;88:591–600. https://doi.org/10.1111/1365-2656.12954

