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Abstract: White-nose syndrome is caused by the fungus Pseudogymnoascus destructans and has killed millions

of hibernating bats in North America but the pathophysiology of the disease remains poorly understood. Our

objectives were to (1) assess non-destructive diagnostic methods for P. destructans infection compared to

histopathology, the current gold-standard, and (2) to evaluate potential metrics of disease severity. We used

data from three captive inoculation experiments involving 181 little brown bats (Myotis lucifugus) to compare

histopathology, quantitative PCR (qPCR), and ultraviolet fluorescence as diagnostic methods of P. destructans

infection. To assess disease severity, we considered two histology metrics (wing area with fungal hyphae, area of

dermal necrosis), P. destructans fungal load (qPCR), ultraviolet fluorescence, and blood chemistry (hematocrit,

sodium, glucose, pCO2, and bicarbonate). Quantitative PCR was most effective for early detection of P.

destructans, while all three methods were comparable in severe infections. Correlations among hyphae and

necrosis scores, qPCR, ultraviolet fluorescence, blood chemistry, and hibernation duration indicate a multi-

stage pattern of disease. Disruptions of homeostasis occurred rapidly in late hibernation. Our results provide

valuable information about the use of non-destructive techniques for monitoring, and provide novel insight

into the pathophysiology of white-nose syndrome, with implications for developing and implementing

potential mitigation strategies.
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INTRODUCTION

White-nose syndrome (WNS) is a fungal disease caused by

Pseudogymnoascus destructans that affects hibernating bats

(Blehert et al. 2009; Lorch et al. 2011; Warnecke et al. 2012;

Verant et al. 2014). The fungus grows on exposed skin, pen-

etrates the epidermis, and invades the dermis, resulting in skin

lesions (Meteyer et al. 2009). WNS has caused severe declines,

including regional extirpation of some species, and has dev-

astated bat populations across eastern and midwestern North

America (Frick et al. 2010, 2015; Langwig et al. 2012, 2015b).

The current ‘‘gold-standard’’ for diagnosis of WNS is

histopathology. Wing tissue is examined for the presence of

curved conidia of P. destructans, growth of fungal hyphae,

and cupping erosions in the epidermis (Meteyer et al. 2009)

and a bat may only be confirmed WNS-positive based on

these criteria (United States Geological Survey 2014).

However, conidia and cupping erosions could be infre-

quent in mild or early infection, and therefore histological

detection of infection may require examination of large

amounts of tissue, necessitating euthanasia (but see recent

biopsy techniques of Turner et al. 2014). Alternative

methods of diagnosing WNS and the presence of P.

destructans could enable more rapid non-destructive

assessment of WNS status and disease severity.

In addition to detecting presence/absence of P. destruc-

tans and diagnosing disease, quantifying disease severity will

be useful for developing and testing hypotheses about

pathophysiology. Initial infection with P. destructans is not

associated with the cupping erosions diagnostic of WNS, and

variation in impact among species and populations (Langwig

et al. 2012, 2015a, b) suggests that infection may not lead to

the development of disease in all individuals or species.

However, infection is a precursor of disease in those indi-

viduals that later develop cupping erosions so we consider

infection an early stage of the disease process. Most WNS

studies have documented fungal presence/absence, or com-

pared infected and control groups, but some recent studies

have considered disease severity. Reeder et al. (2012) devel-

oped a WNS severity score based on histology (presence and

extent of P. destructans infection and cupping erosions) and

found shorter torpor bouts (more frequent arousals) in bats

with higher WNS severity scores. Using the same WNS

severity score, Cryan et al. (2013) found electrolyte depletion

correlated with wing damage, consistent with the hypotonic

dehydration hypothesis (Cryan et al. 2010). Warnecke et al.

(2013) used a different histology scoring system (proportion

of wing with hyphae that had evidence of dermal necrosis)

and found lower blood sodium and partial pressure of carbon

dioxide (pCO2) in bats with higher severity scores, con-

tributing to the development of a mechanistic model for the

disease. The availability of a variety of disease measures, and

an understanding of how they relate to disease severity, will

enhance the toolkit available for discerning mechanisms of

disease and possible mitigation strategies.

In addition to histology, several non-destructive tech-

niques could be used to assess WNS status and severity,

including ultraviolet (UV) fluorescence, quantitative PCR

(qPCR), and blood chemistry. Ultraviolet fluorescence has

recently been proposed as an indicator of WNS based on

orange fluorescence on wing membranes associated with P.

destructans lesions (Turner et al. 2014). If UV fluorescence

correlates with the size and number of lesions, fluorescence

could provide a measure of disease severity. Quantitative

PCR (Muller et al. 2013) provides an indication of fungal

load based on the amount of P. destructans DNA detected

following standardized swabbing of the forearm, wing, and/

or muzzle (Langwig et al. 2015a). Greater fungal loads are

likely to increase the probability of lesions and the extent of

wing surface area affected by P. destructans, which may also

indicate disease severity. Finally, blood chemistry could

provide an indication of disease severity. Blood sodium

(Cryan et al. 2013; Warnecke et al. 2013) and pCO2

(Warnecke et al. 2013) decrease with increasing WNS

severity and several other blood parameters differ between

infected (wild or captive inoculated) and uninfected (wild

unaffected or captive control) bats, including chloride,

hematocrit, glucose, and bicarbonate (Cryan et al. 2013;

Warnecke et al. 2013; Verant et al. 2014).

Our objectives were to (1) assess non-destructive diag-

nostic methods for P. destructans infection compared to

histopathology, and (2) to evaluate potential metrics of

disease severity. We compiled data from three captive

inoculation experiments conducted with wild-caught little

brown bats (Myotis lucifugus). To address the first objective,

we compared histological measures, P. destructans fungal

load, UV fluorescence, and blood chemistry of bats inocu-

lated with P. destructans to sham-inoculated control bats.

For objective two we examined correlations of various

measures, including histology, among inoculated bats. We

predicted that fungal load, UV fluorescence, and histology

scores would all be greater in inoculated bats compared to

controls, and would increase with increasing disease severity.

We predicted that bats with higher P. destructans fungal
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load, UV fluorescence, and histology scores (indicating in-

creased disease severity) would have lower blood sodium,

glucose, pCO2, bicarbonate, and higher hematocrit.

METHODS

Data analyzed in this study were gathered from three

captive inoculation experiments by the same research team

over a 2-year span, and all experiments followed the same

general experimental protocol (see summary of experi-

ments in Table 1). Some data from the first experiment

have been previously reported (Warnecke et al. 2012, 2013;

Wilcox et al. 2014; Turner et al. 2015). All three experi-

ments used hibernating little brown bats collected from

WNS-negative hibernacula in central Manitoba, Canada.

Bats were placed in cloth bags and transported to the

University of Saskatchewan (Saskatoon, SK, Canada) in a

temperature-controlled cooler. Upon arrival, the bats were

divided into control and treatment groups. Treatment bats

were inoculated with 20 lL of a PBS-Tween-20 solution

containing *500,000 P. destructans conidia, and control

bats were sham-inoculated with 20 lL of PBS-Tween-20

solution lacking conidia as described by Warnecke et al.

(2012). Following inoculation, bats were placed into mesh

cages in temperature and humidity controlled chambers,

provided with ad libitum fresh drinking water, and moni-

tored by infrared motion-sensitive security video. Bats were

not disturbed during hibernation other than to remove

moribund individuals or for pre-planned removal of bats

(see description of third experiment below).

The analysis presented here included a combined total of

181 bats from three experiments. Thefirst experiment (winter

2010–2011; Warnecke et al. 2012) comprised two inoculated

(NorthAmerican andEuropean isolates ofP. destructans) and

one control group (n = 18 per group). Environmental

chambers were set to 7�C and >97% relative humidity and

bats hibernated for 70–118 days. The second experiment

(winter 2011–2012) included eight groups—one control and

one inoculated group (same North American P. destructans

isolate as experiment 1) for each of four humidity treatments

(n = 10 or 11 per group). Environmental chambers were set

to 7�C and either 85, 90, 95, or>97% relative humidity and

bats hibernated for 48–108 days (all but three bats hibernated

>90 days). The third experiment (winter 2011–2012) com-

prised two groups—one control (n = 21) and one inoculated

(n = 23) with the sameNorth American P. destructans isolate

as the first experiment. For this experiment, 1/3 of the bats

were removed after 36 or 37 days (control and treatment

groups, respectively), another 1/3 were removed after 64 or

65 days, and the remaining 1/3 removed at the end of the

experiment (days 92 and 93). Overall, methods were very

similar in all experiments (same research team, source pop-

ulation, inoculation protocol, environmental chambers,

animal cages, and hibernation temperature). The differences

among experiments (Table 1) generated a range of disease

severity, analogous to the variation likely to be encountered in

free-living populations.

In all experiments, bats that showed signs of morbidity

(i.e., roosting alone, low in the hibernation cage, with wings

partially or completely outstretched; Warnecke et al. 2012)

were removed and humanely euthanized. We excluded bats

that died prior to being euthanized to avoid complications

of changes in diagnostic or physiological variables that

might have occurred post-mortem before sample collec-

tion. At the end of hibernation (experiment 1 and experi-

ment 2, final sample of experiment 3) or upon scheduled

removal (first two samples of experiment 3), bats were

euthanized by decapitation under isoflurane anesthesia.

Blood was collected with lithium-heparin-treated capillary

tubes and whole blood was immediately analyzed with a

handheld blood analyzer (i-STAT1 Vet Scan, Abaxis, Union

City, California, USA). Blood samples from the first

experiment were analyzed with a CG8+ cartridge and

samples from the other two experiments were analyzed

with an EC8+ cartridge. We considered parameters com-

mon to both cartridges and those that differed between

inoculated and control bats in the first experiment (War-

necke et al. 2013): sodium, hematocrit, glucose, pCO2, and

bicarbonate (calculated from pH and pCO2). One blood

sodium value from experiment 2 was 3 standard deviations

below the mean for that experiment with no other similar

data points and, therefore, was excluded as an outlier.

We used standard histological analysis as described by

Warnecke et al. (2013). The plagiopatagium of each bat was

divided into four sections, 5-lm-thick sections were cut

from rolled up wing tissue, stained with periodic acid-

Schiff stain, and evaluated with light microscopy. For each

bat, we determined the presence or absence of P. destruc-

tans in the histology samples using published criteria (i.e.,

curved conidia, hyphal morphology Meteyer et al. 2009;

United States Geological Survey 2014).

Weused two histology scoringmetrics to quantify disease

severity. For each wing section, the percentage of skin surface

with fungal hyphae was quantified using a six-point scale: 0

(nohyphae), 1 (<1%covered byhyphae), 2 (1–10%hyphae),
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3 (10–30% hyphae), 4 (30–50% hyphae), 5 (>50% hyphae).

The same scale was used to quantify the extent of dermal

necrosis, considering only areas of the wing with hyphae. We

considered extension of disease through the basement mem-

brane and into underlying dermis resulting in necrosis and

tissue disruption as a significant stage in pathogenesis. Overall

scores for the presence of hyphaewere calculated by taking the

mid-point of the percentage range corresponding with each

score (i.e., 0.5% for a score of 1, 5.5% for a score of 2, etc.) and

weighting by the relative size of the corresponding wing sec-

tion (sections 1 and 2 = 15% of plagiopatagium surface,

section 3 = 30%, section 4 = 40%). Overall necrosis scores

were calculated similarly, multiplying by the area with hyphae

as necrosis was only quantified over the area of the wing with

fungal hyphae. Thus, scores for hyphae and necrosis

approximate the area of the plagiopatagium affected by each

of these metrics.

Our system for scoring disease severity differed

somewhat from that published previously because we did

not rely on numbers of cupping erosions (Reeder et al.

2012) and, although the overwhelming majority of hyphae

was P. destructans, our scores were not necessarily P.

destructans-specific. We used the scoring system described

above to account for extensive hyphal growth of P.

destructans effacing the epidermis without cupping erosions

and also to include observations of minor infections with

non-P. destructans hyphae, both of which could affect

pathophysiology. Comparisons of hyphae and necrosis

scores between inoculated and control bats also allowed us

to quantify non-P. destructans hyphae and necrosis, and

normal levels of wing injury for healthy hibernating bats.

We obtained ultraviolet wing photos for experiments 2

and 3. After euthanasia, but before necropsy, the dorsal side of

the right wing was photographed in a darkened room with a

PathStand40 imaging system (SPOT Imaging Solutions, Ster-

ling Heights, MI). The wing was extended across an ultraviolet

lightbox (9-W, 368 nm wavelength, model BM100, Way Too

Cool LLC, Glendale, AZ) and illuminated from above by two

ultraviolet lamps approximately 20 cm above the wing. We

quantified percentage of the wing area that fluoresced by

outlining the plagiopatagium in ImageJ (version 1.47v) to

calculate total surface area, and then manually outlining areas

of fluorescence.

Fungal load (P. destructans) was determined by qPCR as

part of experiments 2 and 3. The forearm and muzzle were

swabbed with 5 passes of a sterile polyester swab (Puritan

Medical Products; Guilford, ME) moistened with sterile water

(Langwig et al. 2015a). The swab was then stored in RNAlater

(Sigma-Aldrich; St. Louis, MO) at-20�C. Swabs were packed
on dry ice and shipped to the Center for Microbial Genetics &

Genomics at Northern Arizona University, where qPCR

analysis was performed following Muller et al. (2013). DNA

extractions, negative controls, and qPCR followed the

methodology detailed in Janicki et al. (2015). Briefly, we used

a cycle threshold (CT) cutoff value of 40 to classify a positive

detection of P. destructans. Samples were run in duplicate

with detection in either duplicate considered positive. We

generated a single standard curve on each 96-well qPCR plate

with genomic DNA from P. destructans ATCC strain MYA-

4855, quantified with the Quant-IT PicoGreen double-

stranded DNA assay kit (Life Technologies, Carlsbad, CA) in

conjunction with a DynaQuant 300 fluorometer (Harvard

Bioscience, Inc., Holliston, MA), to confirm that quantifica-

tions were consistent from plate to plate. Serial DNA dilu-

tions ranged from 10 ng to 1000 fg. CT values were converted

to nanograms of P. destructans DNA based on the following

equation 10ðð22:04942�CTvalueÞ=3:34789Þ: One extreme outlier (12

standard deviations greater than the next highest value) was

excluded from further analysis.

We compared hyphae and necrosis scores, fluorescence,

and P. destructans fungal load of inoculated and control bats

using non-parametric Mann–Whitney U tests because of

skewed sample distributions. We compared histological

assessment of P. destructans presence/absence between inoc-

ulated and control bats with a test of proportions. We also

calculated the sensitivity (percentage of inoculated bats

identified as positive) and specificity (percentage of control

bats identified as negative) for presence/absence of P.

destructans, UV fluorescence, and qPCR to determine their

effectiveness as diagnostic criteria. To account for the time

course of disease (i.e., bats sampled early in hibernation may

not present all symptoms) we also calculated sensitivity and

specificity on the subset of bats that had hibernated at least

90 days. We chose this cut-off to include the final sample of

experiment 3 but exclude all bats that were sampled early in

hibernation as part of experiment 3.

We used t-tests to compare blood parameters of

inoculated and non-inoculated bats, including Holm–

Bonferroni correction for multiple comparisons. To

examine pairwise relationships among diagnostic parame-

ters (fluorescence, qPCR, hyphae, and necrosis scores), we

used a Spearman rank correlation matrix because sample

distributions were skewed. There were many possible

combinations of histology, fluorescence, and qPCR with

64 L. P. McGuire et al.



blood chemistry variables, so we first examined Pearson

correlations to identify relationships for further analysis.

Relationships with correlation coefficients >0.2 were

examined further using general additive models (GAMs) to

quantify non-linear patterns. Smoothing functions in

GAMs were fitted using penalized cubic regression splines

with the optimal degree of smoothing determined by cross-

validation (Zuur et al. 2009). For the relationship between

blood sodium and hyphae score, the basis dimension (k)

was manually chosen, rather than determined by cross-

validation, as the cross-validated solution clearly over-fitted

the data. All statistical analysis was performed in the soft-

ware package R v3.1.0 (R Core Team 2014).

RESULTS

Inoculated bats had greater fluorescence (W = 412.5,

P < 0.0001), P. destructans fungal load (W = 0,

P < 0.0001), hyphae score (W = 1305, P < 0.0001), and

necrosis score (W = 2488.5, P = 0.003) than control bats

(Fig. 1). Fungal load, as measured by qPCR, was the most

effective diagnostic technique for identifying P. destructans

infection, correctly identifying all inoculated bats (Fig. 1b;

Table 2). Up to 40% of the plagiopatagium area fluoresced

on individual inoculated bats (Fig. 1a), but fluorescence

was only present on 73% of all inoculated bats and 82% of

Figure 1. Comparison of inocu-

lated and control bats. Results of

statistical comparisons are reported

in the text. a The percent of the

plagiopatagium area that fluo-

resced. No fluorescence was ever

observed on a control bat. b P.

destructans fungal load. No P.

destructans DNA was ever detected

on a control bat. Some control bats

showed evidence of fungal hyphae

growth (c), and necrosis (d) but

there was no evidence of Pseudo-

gymnoascus destructans on any con-

trol bats and control histology

scores were very low.

Table 2. Comparison of Control and Inoculated Bats for the Diagnostic Factors Considered in the Analysis: UV Fluorescence, P.

destructans Fungal Load (qPCR), and Histology (Presence/Absence of P. destructans). Sensitivity and specificity were calculated with

regard to the ability of each method to correctly identify inoculated and control bats. Values in brackets indicate the results when

considering the reduced dataset, including only bats that hibernated >90 days

# Controls # Inoculated Sensitivity Specificity # False positives # False negatives

Fluorescence 55 (48) 55 (44) 73% (82%) 100% (100%) 0 (0) 15 (8)

qPCR 61 (47) 61 (43) 100% (100%) 100% (100%) 0 (0) 0 (0)

Histology 80 (66) 78 (53) 73% (85%) 100% (100%) 0 (0) 21 (8)
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inoculated bats that hibernated >90 days (Table 2). Histo-

logical assessment of the presence or absence of P. destruc-

tans had identical sensitivity as UV fluorescence (Table 2)

with 73% of inoculated bats testing positive for P. destruc-

tans by histology. As for UV fluorescence, this fraction in-

creased to 85% when only considering bats that hibernated

>90 days. All three methods had 100% specificity; no

control bats were ever identified as P. destructans-positive.

Hyphae and necrosis scores (Fig. 1c, d) were greater in

inoculated bats (hyphae: W = 1305, P < 0.0001; necrosis:

W = 2488.5, P = 0.003). Although non-P. destructans hy-

phae and necrosis were found on some controls (hyphae:

35/80, necrosis: 13/80), these scores were extremely low

(hyphae < 0.61, necrosis < 0.04) compared to inoculated

bats (mean/max, hyphae: 3.73/17.44, necrosis: 0.43/4.81).

In contrast to earlier analysis using just data from

experiment 1 (Warnecke et al. 2013), we found no differ-

ences in blood parameters between control and inoculated

bats (all P > 0.10 after a Holm–Bonferroni correction for

multiple comparisons). Disease severity was greater in year

one, as indicated by a greater difference between hyphae

and necrosis scores of inoculated and control bats in the

first year (two-way ANOVA, hyphae: year * inoculation

F1,154 = 34.37, P < 0.0001, necrosis: year * inoculation

F1,154 = 74.75, P < 0.0001).

In late hibernation, starting at approximately 90 days after

inoculation (Fig. 2), there was a dramatic increase in UV flu-

orescence (rho = 0.37, S = 15564.55, P = 0.006), P. destruc-

tans fungal load (rho = 0.51, S = 17479.37, P < 0.0001),

hyphae score (rho = 0.65, S = 23914.54, P < 0.0001), and

necrosis score (rho = 0.43, S = 40342.75, P = 0.0001).

Spearman rank correlations between all pairwise combi-

nations of UV fluorescence, qPCR, hyphae, and necrosis

scores were significant but the strength of these correlations

varied (Fig. 3). Relationships between hyphae score and UV

fluorescence, hyphae score and P. destructans fungal load, and

hyphae and necrosis scores were relatively strong (Fig. 3). The

relationships between necrosis and UV fluorescence, necrosis

and P. destructans fungal load, and UV fluorescence and P.

destructans fungal load were weaker (Fig. 3).

Lower blood sodium concentration was related to

higher P. destructans fungal loads [Fig. 4a; P = 0.029,

effective degrees of freedom (edf) = 1.87]. A similar pattern

was observed between hyphae score and blood sodium

(Fig. 4d; P < 0.0001, edf = 2.52) and necrosis score and

blood sodium (Fig. 4f; P < 0.0001, edf = 6.62). There was

Figure 2. Temporal changes in

disease severity metrics of inocu-

lated bats. UV fluorescence (a), P.

destructans fungal load (b), hyphae

score (c), and necrosis score (d)

increased rapidly late in hiberna-

tion. The experiment in year one

(open circles) continued longer

than the experiments in year two

(closed circles) which likely ac-

counts for the observed year-to-

year variation. UV fluorescence

and qPCR were not measured in

year one.
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a weak trend for a reduction in pCO2 at higher P.

destructans fungal loads but the relationship was not sig-

nificant (Fig. 4b; P = 0.125). However, pCO2 did decrease

with hyphae score (Fig. 4e; P = 0.0012, edf = 2.25) and

necrosis score (Fig. 4g; P = 0.0005, edf = 2.67). The

opposite pattern was apparent for the relationship between

P. destructans fungal load and bicarbonate. At higher

P. destructans fungal loads, bicarbonate concentration in-

creased (Fig. 4c; P = 0.0079, edf = 2.22). UV fluorescence

was not correlated with any blood parameters.

DISCUSSION

Compared to UV fluorescence and histology, qPCR was

most effective at determining P. destructans infection status

(100% sensitivity, 100% specificity), even in early hiber-

nation when fungal load and disease severity were low.

Histology and UV fluorescence were similar in differenti-

ating inoculated bats from controls, and were similar to

qPCR for bats with advanced infection that had hibernated

>90 days. Importantly, none of the methods (qPCR, UV

fluorescence, or histology) resulted in false positives (i.e.,

control bats identified as positive). Therefore, except dur-

ing early winter or cases where fungal infection does not

lead to the development of lesions, UV provides a useful

field method for identifying infected bats (Turner et al.

2014) that is complementary to visual surveys (Janicki et al.

2015). Both qPCR and UV represent effective ways to ra-

pidly and non-destructively sample bats for presence of P.

destructans, although qPCR performs best at all stages of

infection. UV fluorescence and fungal load were correlated

with hyphae score (Fig. 3) and thus may be useful as

metrics of disease severity. While UV fluorescence was

poorly correlated with necrosis score, this could reflect the

fact that, in contrast to other metrics, we were not able to

Figure 3. Spearman rank correlation matrix of disease severity metrics. All values have been square root transformed to aid in visual

interpretation. Spearman rank correlation rho, P value, and sample size are reported below the diagonal, corresponding to the scatterplots above

the diagonal. Note that UV fluorescence and qPCR were not measured in experiment 1.
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collect data on UV fluorescence for bats in our dataset with

the most severe disease (i.e., year 1). Thus, we recommend

additional studies of UV fluorescence in bats with advanced

infections.

Histology scores for control bats with non-zero hyphae

and necrosis scores were extremely low (Fig. 1) and large

quantities of hyphal growth and necrosis were only ob-

served in bats inoculated with P. destructans. False negatives

(i.e., inoculated bats with zero scores for hyphae and

necrosis) likely reflect early stages of disease progression in

which hyphae have not yet proliferated across sufficient

areas of the wing to be detected. Most false negatives (16/

22) were from experiment 3 during which bats were re-

moved in early-mid hibernation. Increasing the number of

histological sections examined would increase sensitivity

and potentially help identify individuals in the early stages

of disease that have not yet developed widespread lesions,

but would be costly and time consuming.

The non-linear patterns we observed between blood

chemistry and other measures of fungal growth or pathol-

Figure 4. General additive models fitted to non-linear relationships among blood and disease severity metrics. Solid line indicates the model fit

and dashed lines indicate±1 standard error. The relationship between pCO2 and P. destructans fungal load met the criteria for examination with

GAM (see text), but there was no significant relationship.
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ogy (Fig. 4) suggest a multi-stage progression of disease.

During early stages of infection physiological consequences

are not severe, but as hyphae proliferate in the epidermis

they involve sufficient area of the wing surface to impair

function. As infection progresses, fungal hyphae also begin

to penetrate the basement membrane of the epidermis

causing dermal necrosis. In later stages of infection, blood

sodium and pCO2 are reduced, and bicarbonate becomes

elevated. The positive relationship between P. destructans

fungal load and bicarbonate apparently contradicts the

treatment effect (lower bicarbonate in inoculated bats) re-

ported by Warnecke et al. (2013). P. destructans fungal load

was only available in year 2 when there was no inoculation

effect on bicarbonate. Numerous factors may affect bicar-

bonate concentration and these observations require further

investigation. Hibernation duration may account for the

difference we observed between years for histology and

blood analyses. The majority of the bats in year 1 (88%, 28/

32) survived for >108 days of hibernation, which was the

maximum hibernation duration in year 2. Thus, our dataset

was dominated by bats in early stages of infection with lower

disease severity. With a larger sample of severely diseased

animals (perhaps following longer hibernation duration)

stronger relationships between variables such as fluores-

cence and necrosis score may become apparent.

The rapid increase in many of the variables we mea-

sured late in hibernation (Fig. 2), and the patterns we ob-

served for disease severity (Fig. 2), could be informative for

management. Our data suggest that rather than a gradual

increase in the severity of symptoms throughout hiberna-

tion, WNS is characterized by a dramatic disruption of

homeostasis that happens quickly, late in hibernation. These

observations are consistent with Verant et al. (2014) where

the hibernation period was shorter (98 days compared with

up to 118 days) and severe disease was not observed. In

situations where the hibernation period is shorter (e.g.,

southern latitudes) or where microclimate or social condi-

tions limit fungal growth or transmission (Langwig et al.

2012; Verant et al. 2012), there may be an increased likeli-

hood of survival and recovery from the disease. In regions

where hibernation durations are long and/or the fungus

grows quickly, bats may be more likely to reach the ad-

vanced phase of disease, with numerous homeostatic factors

disrupted, and increased likelihood of mortality or reduced

likelihood of recovery in bats that survive to spring emer-

gence. This temporal pattern of disease progression could be

important when considering mitigation strategies. For

example, management options requiring the application of

some treatment (Cornelison et al. 2014; Hoyt et al. 2015)

should consider how disease progression might affect the

optimal timing of treatment application.

Several studies have documented the lesions and increased

arousals caused by P. destructans infection, and have suggested

that increased arousals lead to premature depletion of energy

stores (Cryan et al. 2010; Warnecke et al. 2012; Reeder et al.

2012;Warnecke et al. 2013; Verant et al. 2014).What is still not

understood are the pathophysiological connections between

lesions in wing tissue and increased arousal frequency, and

other disease processes that may contribute to mortality.

Considerationof disease severity and the chronologyof disease-

related pathologies are critical next steps for developing an

integrated understanding of WNS, with potential disease

management applications inboth free-living (e.g., comparisons

among affected sites) and captive contexts (e.g., targeting

individuals for rehabilitation). The pattern of disease severity

we observed and abrupt changes in diagnosticmeasures during

late hibernation suggest that simply comparing inoculated (i.e.,

sick) versus control (i.e., healthy) bats may be misleading

without accounting for some index of disease severity.

CONCLUSION

Our results highlight the value of non-destructive sampling

methods, and the potential for these methods to diagnose

P. destructans infection and quantify disease severity, in the

context of monitoring disease progression. Minimally

invasive, non-lethal sampling techniques can allow for

powerful longitudinal studies, tracking disease progression

within individuals and monitoring disease processes in

free-living animals. Until we understand fully the processes

by which infection with P. destructans harms the host,

mitigation options will be limited. However, techniques

such as those described here provide important tools to

develop a more complete understanding of variation in

disease severity and the chronology of disease progression.
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