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Abstract: White-nose syndrome (WNS) is having an unprecedented impact on hibernating bat populations in

the eastern United States. While most studies have focused on widespread mortality observed at winter

hibernacula, few have examined the consequences of wing damage that has been observed among those bats

that survive hibernation. Given that WNS-related wing damage may lead to life-threatening changes in wing

function, we tested the hypothesis that reduced abundance of free-ranging little brown myotis (Myotis lu-

cifugus) with severe wing damage as the summer progresses is due to healing of wing tissue. Photographs of

captured and recaptured adult females were examined for wing damage and healing rates were calculated for

each category of wing damage index (WDI = 0–3). We found that free-ranging bats with severe wing damage

were able to heal to a lower WDI score within 2 weeks. Bats with the most severe wing damage had faster

healing rates than did individuals with less damage. We also found a significant relationship between body

condition and WDI for adult females captured in the early weeks of the active season. Our results support the

hypothesis that some bats can heal from severe wing damage during the active season, and thus may not

experience increased mortality associated with reduced functions of wings. We urge researchers and wildlife

managers to use caution when interpreting data on WDI to assess the impact of WNS on bat populations,

especially during the later months of the active season.
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INTRODUCTION

The normal structure and function of wings is vital to the

survival of bats. Not only do bats rely on their wings for

flight and feeding, but these thin, highly vascularized

structures also facilitate gas exchange (Herreid et al. 1968;

Makanya and Mortola 2007), water balance (Kallen 1964;

Bassett 1980; Thomas and Cloutier 1992), and thermo-

regulation (Reichard et al. 2010). It is suspected that

Geomyces destructans (Gd), the psychrophilic fungus asso-

ciated with white-nose syndrome (WNS) in hibernating

bats (Blehert et al. 2009), is responsible for some of the

wing damage observed in bats with this devastating disease

(Reichard and Kunz 2009; Meteyer et al. 2009). Because

bats depend on their wings for aerial locomotion (dispersal,

foraging, and migration), predator avoidance, and
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(Cryan et al. 2010), it is important to understand whether

damaged wings are able to heal and regain their normal

functions following severe damage.

Histopathological examination of wing tissue from

bats affected by WNS indicates that skin lesions are asso-

ciated with Gd, the putative causative agent of WNS

(Gargas et al. 2009). The hyphae of Gd invade hair follicles

and skin glands, which may become filled with the prolif-

erating hyphae and conidia (Chaturvedi et al. 2011;

Meteyer et al. 2009). The fungus can then further invade

the underlying connective tissue and capillary beds, severely

eroding this tissue and causing infarctions (Meteyer et al.

2009; Cryan et al. 2010). The resulting necrotic tissue is

prone to tearing or may slough off, resulting in loss of wing

surface area (Reichard and Kunz 2009).

When WNS emerged in the northeastern US in 2006,

researchers began to record evidence of abnormal wing

damage, including perforations, scarring, and necrosis, in

bats with and without clinical signs of WNS (Fig. 1;

Reichard and Kunz 2009). However, as the active season

progressed, the prevalence of wing damage declined, raising

questions about the ultimate fate of bats with extensive

wing damage (Reichard and Kunz 2009). Some of these

bats could be dying because of complications resulting

from poor wing condition. Alternatively, others could

experience healing of their wing membranes, reducing the

likelihood that wing damage will be observed later in the

season.

Current understanding of healing in wing membranes

is based on only two studies of free-ranging bats (Davis

1972; Weaver et al. 2009), although other studies have fo-

cused on wing healing in captive or rehabilitated bats

(Church and Warren 1968; Iverson et al. 1974; Faure et al.

2009; Meteyer et al. 2011). Free-ranging bats naturally in-

cur damage from encounters with objects in the environ-

ment, and as a consequence of failed predation attempts

(Davis 1968). Both captive and free-ranging bats may also

be subjected to human-induced wing damage resulting

from wing biopsies collected by researchers for genetic

studies (e.g., Worthington-Wilmer and Barratt 1996;

Turmelle et al. 2011), dietary analysis (e.g., Sullivan et al.

2006; Cryan and Diehl 2009), or from injuries associated

with marking bats (Kunz and Weise 2009). Despite the

sometimes severe nature of initial wounding, many injuries

to wing tissue appear to heal given sufficient time. For

example, free-ranging pallid bats (Antrozous pallidus)

healed from relatively large 15 mm2 wounds to 1 mm2

wounds in less than 33 days (Davis 1972). There is con-

vincing evidence that bats exhibit an ability to recover from

such injuries with minor negative impact on foraging

success and ultimate survivorship (Worthington-Wilmer

and Barratt 1996; Faure et al. 2009; Weaver et al. 2009).

The primary objective of this study was to test the

hypothesis that free-ranging bats are capable of healing

following severe wing damage that is associated with

WNS. We predicted that recaptured bats would show

signs of recovery, with the fastest rates of healing being

observed in individuals with the most damage and thus

more area to heal. A secondary objective was to evaluate

the relationship between body condition and wing damage

index scores (WDI). We tested this relationship in very

early pregnancy, before a noticeable fetus is present, to

remove a potential bias that could be introduced by body

mass gained by pregnant females. We also predicted that

bats with high WDI would have a poorer body condition,

based on derived body mass indices (BMI = length of

forearm/mass).

METHODS

Study Site

This study was conducted between 13 May and 10 August

of 2009 at two maternity roosts of M. lucifugus in New

England (Framingham, Massachusetts and Milford, New

Hampshire). These maternity colonies are located in barns

that are used to shelter livestock and to store hay and varied

household items. Myotis lucifugus is the most common

Figure 1. Wing damage was defined following Reichard and Kunz

(2009) and included the following criteria: discoloration, tears, holes,

flaking, necrosis, receded wing margins, and missing tissue.
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species at these locations along with small numbers of

Eptesicus fuscus, M. septentrionalis, and Perimyotis subflavus.

The surrounding habitat is mixed hardwood forest, light

residential, and some agriculture. Both sites are located

near wetlands and waterways (Sudbury River in Framing-

ham, Massachusetts and Nashua River in Milford, New

Hampshire). In both colonies, M. lucifugus adult females

and pups form small clusters during the day in small cre-

vices or along the ridgepole of the barns and depart and

return through the main doors or from openings between

side-boards and eaves. These are the same colonies sampled

by Reichard and Kunz (2009) in the development of the

WDI, and thus are ideal for investigating the dynamics of

wing healing within the affected range of WNS.

Trapping and Field Measurements

Each colony was trapped at bi-weekly intervals using two

portable, double-frame harp traps (0.9 m wide by 1.0 m high

or 1.5 m wide by 1.9 m high). The traps were placed side by

side in front of one of the main open doors of the barns, while

the second main entrances were closed and other large pas-

sageways were obstructed by plywood or cotton sheets to

encourage bats to depart from a single portal (Kunz et al.

2009). Traps were left standing for approximately 1 h or until

no bats were captured over a 10-min period. Each captured

bat was placed into a clean, individually marked cotton bag

and placed inside a heated holding container for later pro-

cessing. Only adult bats were used in this study; juveniles

were sexed and noted in the total number captured but were

immediately released outside the building.

Sex, age, reproductive condition, length of forearm,

and body mass were recorded (Brunet-Rossinni and Wil-

kinson 2009; Racey 2009). Bats were banded with 2.9 mm,

individually numbered, lipped alloy bands (Porzana Ltd.,

UK; Kunz and Weise 2009). Wings and uropatagia were

transilluminated using a portable light box (GloBox

Lightbox, Artograph, Inc., Delano, Minnesota) and as-

signed a WDI score following methods described by Rei-

chard and Kunz (2009; Fig. 1).

Quantifying Recovery of Wings

Both wings and the uropatagium of each bat were transil-

luminated and photographed with a digital camera (Fuji-

film FinePix S700) by extending the wing and leg away

from the body so that the leg was fully extended in its

natural position and the forearm and propatagium were

perpendicular to the axis of the body. Photographs were

taken with the camera’s automatic macro setting and no

flash. A metric ruler or another object of known dimen-

sions was included in each image for scale (Fig. 1).

All photographs were characterized for the proportion

of total damaged wing area using ImageJ (v. 1.43u, Na-

tional Institutes of Health). First, the scale of each photo-

graph was established using a scaling item (i.e., metric ruler

or the radius of an US penny). Next, the entire pixel area of

each wing was established by outlining the visible wing

area. When part of the total wing area was occluded by the

handler, we estimated this area and included it in the total.

Wing area for each wing was summed for each bat. Finally,

the damaged area was outlined and the total damaged area

for each wing was summed for each bat. We considered

damage as one or more of the following conditions: dis-

coloration (i.e., white areas, abnormal brown areas, black

spots, red areas), tears, holes, flaking, necrosis, receded

wing margins, and missing tissue (Figs. 1, 2). Healing was

defined as a reduction in total damaged area between initial

capture and recapture date, and was usually identified as a

change from the above criteria to uniformly colored and

structured tissue. Healing rate was calculated by dividing

the total area of wing tissue that healed by the number of

days between initial capture and recapture.

Statistical Analyses

Statistical analyses of healing rate required that some of the

recaptured bats be removed due to lack of photographs, or

poor quality images that could not be used in our analysis.

Thus, we assessed healing rates of 29 recaptured bats.

Groupings by wing damage were based on initial WDI.

Average healing rates among WDI cohorts were compared

using nonparametric statistical analyses.

The relationship between BMI and WDI was calculated

using a subset of the total sample. To account for the effect

of reproductive condition (i.e., body mass gained during

pregnancy) on BMI, only female bats that were captured

between 13 May 2009 and 27 May 2009 were included in

this analysis. This time period was selected to avoid con-

founding effects of growing fetuses in pregnant bats; col-

onies first consisted of palpably pregnant bats on 27 May.

We assumed that most females captured were pregnant

between 13 May and 27 May, and that the small fetus

during this period did not have a measurable effect on body

mass or BMI. All statistical analyses were performed using

JMP v. 9.0.0 (SAS Institute Inc., S. Cary, North Carolina).
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RESULTS

We captured a total of 324 bats (including 71 that had

been banded in previous years) and recaptured 37. Many

of the recaptured adult females were observed in lactation

after 9 June. The greatest occurrence of pregnant females

was on 27 May at the Massachusetts site (n = 46) and on

3 June at the New Hampshire site (n = 19). Throughout

our study, only ten adult females showed no apparent

signs of reproduction. Among these individuals, seven had

BMI values that were lower than the average for all

individuals captured between 13 and 27 May (average

BMI = 0.21). The relative abundance of adult females

with different WDI scores varied with time (Pearson’s

v2 = 96.4, P < 0.001, N = 291; Fig. 3). The relative

abundance of the most severe wing damage (WDI = 2 or

3) was higher in early summer (13 May–10 June) than

late-summer (18 June–6 August). In May, the relative

abundance of bats with WDI = 2 and 3 was almost 50%

of the total number captured. After 4 June, the relative

abundance of bats with WDI = 2 was less than 0.25 and

after 10 July no bats were observed with WDI = 2 or 3,

except for one individual on 6 August. The abundance of

moderate to severe wing damage was greatest during the

time period coinciding with early to late pregnancy

(13–27 May; Fig. 3).

BMI varied among bats with different WDI scores

(Kruskal–Wallis test, v2 = 11.66, df = 3, P = 0.0086) cap-

tured between 13 May 2009 and 27 May 2009 (Fig. 4). Bats

with WDI = 2 or 3 had significantly lower BMI than bats

with WDI = 0 or 1 (pairwise comparisons using Wilcoxon

Method).

Figure 2. Photographs of a transilluminated wing of an adult female

Myotis lucifugus showing the most extensive healing recorded in this

study. The highlighted region shows an area of lost wing tissue that

healed over a period of time extending from 10 June 2009 (a) to 6

August (b) 2009 (57 days). This particular bat was captured in

lactation on 23 June 2009 and was observed in post-lactation on 6

August 2009.

Figure 3. Relative proportion of adult

female Myotis lucifugus with various

degrees of wing damage recorded at

two summer maternity roosts in New

England. Trapping events that yielded

fewer than five individuals were ex-

cluded from this analysis.

N. W. Fuller et al.



Healing rate among recaptured bats varied within the

grouped WDI measures (Fig. 5). Healing rates among bats

with moderate to severe wing damage (WDI = 2 or 3)

were significantly faster than in bats with lesser damage

(WDI = 0 or 1; Kruskal–Wallis test, v2 = 16.729, df = 2,

P = 0.0002). Bats with an initial capture WDI of 0 (n = 5)

had an average healing rate of 0.010 cm2/day. Bats with an

initial WDI score of 1 (n = 10) healed at an average rate of

0.232 cm2/day. Half of these individuals healed to level 0.

The group containing bats with an initial score of 2

(n = 12) had an average healing rate of 0.750 cm2/day. Of

these, eight individuals healed to level 1 and four healed to

level 0. Due to the small sample size of bats with WDI = 3

and unusual healing patterns within this group, an average

healing rate could not be calculated and compared.

However, both of the individuals in this group showed

extensive healing, reaching levels 2 and 1. The maximum

healing rate observed in this study was 1.293 cm2/day in a

bat that repaired 37.498 cm2 of damaged tissue in 29 days,

transitioning from level 2 to 0 (Fig. 6).

DISCUSSION

Implications of Rapid Wound Healing

in Free-Ranging Bats

We present evidence that some bats affected by WNS

during hibernation are capable of rapid healing of their

wing membranes and survive the effects of WNS-associated

wing damage upon arrival at maternity roosts. We describe

healing for 29 of 37 (78%) recaptured bats. Of the

remaining eight bats that were recaptured, four showed a

decrease in WDI, but we were unable to document these

Figure 4. Mean BMI [BMI = Mb (g)/length of forearm (mm)] of

adult female Myotis lucifugus with different WDI scores at summer

maternity roosts in New England from 13 May to 27 May 2009. BMI

was calculated before visibly or palpably pregnant females were

observed at study colonies to control for gain in body mass during

pregnancy. Bars labeled with similar letters are not significantly

different. Error bars are standard errors.

Figure 5. Average healing rates (cm2/day) of wings of adult female

Myotis lucifugus at two summer maternity roosts in New England.

Bars labeled with similar letters are not significantly different. Error

bars are standard errors.

Figure 6. Healing rates of adult female Myotis lucifugus at two

summer maternity roosts in New England. Each connected pair of

points represents an individual bat. a Healing rates of each

recaptured bat that was included in photographic wing analysis.

Markers represent month of initial capture. Open diamonds May,

closed squares June, shaded triangles July. b Healing rates of bats that

were initially captured between 13 May 2009 and 27 May 2009 (day

0) and recaptured within 28 days of initial capture.

Free-Ranging Little Brown Myotis (Myotis lucifugus) Heal



changes due to lack of photographs. The remaining four

bats that showed no evidence of healing had low initial

WDI scores (0 or 1). Our study demonstrates the value of

mark-recapture data and thus reveals resilience to wing

injuries among free-ranging M. lucifugus subjected to wing

damage associated with WNS.

An hypothesis proposed by Reichard and Kunz (2009)

states that the reduction in relative abundance of mod-

erate to severe wing damage late in the active season was

due to increased mortality from predation or starvation

resulting from reduced flight maneuverability and forag-

ing efficiency of these individuals. In support of this

hypothesis, they reported only two recaptured bats during

the summer of 2008 that had improved wing conditions

and observed numerous dead bats in and nearby their

study colonies. While we offer evidence to the contrary,

we cannot fully reject this hypothesis. Recapture rates for

this study were relatively low (*0.10) but were similar to

those in past studies on M. lucifugus (0.10–0.35; Frick

et al. 2010b), Thus, we cannot account for bats that were

not recaptured, and it is possible that some or all of these

bats died, although evidence from the Massachusetts site

suggests that at least one bat that was banded in 2009 had

survived until the spring of 2011 (K. Langwig, personal

communication).

We observed a faster healing rate among bats with

moderate to severe wing damage (WDI = 2 or 3) than in

bats with lesser damage (WDI = 0 or 1). This result

matches previous results of wing healing studies in free-

ranging and captive bats (Church and Warren 1968; Iver-

son et al. 1974; Davis 1972; Faure et al. 2009; Weaver et al.

2009; Meteyer et al. 2011) and patterns of mammalian

wound healing in general (Singer and Clark 1999). Cuta-

neous wound healing, as understood from clinical studies,

generally progresses as follows: clotting, inflammation, re-

epithelialization, wound contraction, and angiogenesis

(Singer and Clark 1999). Within each step there is a

complex interaction of gene regulation, cell migration, and

cytokine secretions (i.e., epidermal growth factors) that

promotes cell proliferation, microbial clearing, and tissue

restructuring (Martin 1997). The accelerated healing we

observed in free-ranging bats with severely damaged wing

tissues likely represents rapid epithelialization paired with

wound contraction. However, individuals with lesser

damage, including spotting and lack of pigmentation, most

likely exhibit signs of melanocyte repopulation, a process

that occurs in the final stages of wound healing (Cox et al.

1989).

The cellular mechanisms of wing membrane healing in

bats are not known, nor is there information on whether

wings of bats regenerate, such as have been observed in skin

tissues of other mammals (Breedis 1954; Williams-Boyce

and Daniel 1986). Whether bats regenerate wing tissue

completely, including replacement of hair follicles and skin

glands, is an important component to our understanding of

how wing damage affects the physiology of bats during

hibernation (Cryan et al. 2010). If bat wings do not recover

completely, leaving them with poorly functioning or

abnormally distributed skin appendages (e.g., hair follicles

and glands), then survivors of one hibernation season may

suffer cumulative injury as their wings become increasingly

compromised with each successive winter of WNS-induced

damage followed by tissue replacement in the active season.

In addition to the direct effects of wing damage on

flight aerodynamics and wing physiology, rapid wing tissue

healing may reflect a greater allocation of nutrients to

wound healing in those bats that have severe wing damage.

Rapid healing of small wounds in bats is likely an adaptive

process and is usually beneficial, considering that bats

regularly incur minor injuries (Davis 1968). While healing

to this degree increases the probability of short-term sur-

vival by facilitating flight, long-term survival may be

compromised when individuals allocate more nutrients to

healing than they normally would. Wound healing is

energetically expensive to mammals and depends consid-

erably upon the status of the immune system (Lee 2006).

Thus, bats may experience energetic trade-offs by allocating

more energy to regenerating lost tissue rather than to other

important processes such as reproducing, mounting an

immune response to challenges other than wound healing,

or migration (Bernardo and Agosta 2005). A trade-off be-

tween reproduction and immune function has been shown

in a number of vertebrate taxa, including small mammals

(French et al. 2007, 2009). If limited energy resources are

allocated to repair wing tissue, then bats will face increased

risks to survival and reproduction during the early weeks of

the active season, a trade-off that would be exacerbated by

low ambient temperatures (increasing thermoregulatory

costs) and reduced insect availability during the spring in

New England (Hoying and Kunz 1998).

Considerations for WNS Research

WNS is having an unprecedented impact on hibernating

bat populations in the eastern United States (Frick et al.

2010a) but the actual mechanism of mortality remains

N. W. Fuller et al.



elusive. However, an hypothesis recently proposed by

Cryan et al. (2010) suggests that damaged wing membranes

may play a significant role in the death of WNS-affected

bats during hibernation. As the hyphae of Gd invade and

erode wing tissue, specifically the sebaceous glands that

produce secretions that aid in waterproofing, wings may

lose their ability to regulate water balance. Consequently,

affected bats may be forced to arouse from torpor more

frequently because of their need to replenish body water

(Cryan et al. 2010; Németh et al. 2010). If this postulated

mechanism is indeed the cause of mortality among bats

with WNS, then healing of wing tissue during the active

season represents a life-saving process to the few bats that

survive hibernation after being infected with Gd. Additional

research is needed to understand the physiology of healthy

and damaged wing tissue during the hibernation and active

season.

Records of WDI are invaluable in establishing a base-

line level of wing damage in a region and may also be used

to assess the lasting impact of WNS into the active season.

For example, large-scale studies offer the potential to

determine the relationship between the occurrence of wing

damage and regions of Gd infection (Francl et al. 2011). It

is tempting, however, to diagnose ‘‘confirmed presence’’ of

WNS in a region where a higher frequency of wing damage

from Gd is observed, but wing condition alone is not a

diagnostic tool to confirm WNS (Meteyer et al. 2009;

Reichard and Kunz 2009). Until a temporal model of wing

membrane healing and a reliable field test of Gd presence

are developed, factors such as date of observation must be

considered before attempting to correlate wing damage

with WNS. We note that little damage was discernable on

most individuals by mid- to late-summer (i.e., during post-

lactation; Fig. 2); any damage observed during or after late

July should be carefully scrutinized for cause.

Researchers may attempt to correlate intensity of Gd

infection (i.e., fungal load) with degree of wing damage.

Again, some evidence supports this hypothesis, but these

observations must be validated with histopathological

analysis to demonstrate fungal penetration of wing tissue

(Meteyer et al. 2009). Given the fragility of wing tissue

and the gregarious nature of most hibernating bats, a

number of other sources of wing damage could be mis-

interpreted as damage from Gd. Assessing baseline

occurrence of WDI in geographic regions that are unaf-

fected by WNS will permit researchers to identify

changing patterns of wing damage in bat populations that

incur wing damage more regularly.

Maternity Colonies Corroborate WNS-Related

Population Declines

One trend revealed from comparing the 2008 study

(Reichard and Kunz 2009) and our 2009 findings is the

notable decrease in total captures in 2009. This pattern may

be explained by large-scale mortality due to WNS at nearby

hibernacula (Aeolus Cave, East Dorset, Vermont and the

Chester Mines, Chester, Massachusetts). The hibernating

population at the upper Chester Mine before the winter of

2008/2009 was estimated to be 8,000–10,000 individuals,

but has since declined to just 116 bats by mid winter in

2009/2010 (T. French, personal communication). The

population at Aeolus Cave before it was infected with Gd

may have been as high as 300,000 individuals (Trombulak

et al. 2001) but the majority of the bats hibernating in the

accessible portions of this site had died by late January 2009

(S. Darling, personal communication). We can further

illustrate the decline at these colonies using the Schnabel

Method (1938) for estimating population size based on

mark-recapture data of adult female bats. Using Reichard

and Kunz’s (2009) data for summer of 2008, we calculated

total occupancy of bats in the Massachusetts site to be 4,570

individuals, while the total at the New Hampshire site was

657 individuals. Unfortunately, these numbers appear to be

greatly inflated compared to direct emergence counts at

these colonies. Notwithstanding, these values illustrate the

point that bats were sufficiently numerous in 2008 that the

probability of recapturing an individual bat was extremely

low, which will bias Schnabel estimations. In the summer of

2009, we calculated the population of bats in the Massa-

chusetts site to be 281 individuals and 41 individuals in the

New Hampshire site using the same trapping and popula-

tion estimation procedures. Although this value may still

overestimate colony size because of inherit limitations and

assumptions of mark-recapture methods (O’Shea et al.

2004), the difference between years is striking, showing a

precipitous population decline at each colony, which cor-

roborates observations of reduced activity at acoustic

monitoring stations (Dzal et al. 2010; Brooks 2011).

CONCLUSION

This study represents important evidence that some bats

that incur wing damage during hibernation (presumably

from exposure to WNS, in this instance) are able to heal

rapidly and may also successfully reproduce in spite of such

Free-Ranging Little Brown Myotis (Myotis lucifugus) Heal



damage. However, while this evidence is a positive note

among mostly negative trends in WNS research, it is

important that conservation efforts for bats focus on year-

round strategies both during hibernation and throughout

the active season. With the severe declines in summer

populations observed in this and other studies (Dzal et al.

2010; Brooks 2011), and the prediction of regional

extinction of M. lucifugus within 16–20 years (Frick et al.

2010a), the few maternity colonies that remain represent

vital islands of reproduction and genetic variation. If

human interventions, such as increased utility-scale wind-

energy development (Kunz et al. 2007; Arnett et al. 2008)

and ‘‘pest control’’ practices threaten the viability of

these colonies, then local extinction of populations of

M. lucifugus may occur sooner than predicted. Further

research is needed to assess the long-term impacts of WNS

on summer colonies of bats in the northeastern US and the

effect of wing damage on reproductive success, foraging

ability, flight maneuverability, physiological functions of

wings, and energetic costs of healing.
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