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Bat flight membranes are critical for locomotion, foraging, and physiological homeostasis. Wild bats frequently
injure their flight membranes during interactions with the environment and conspecifics or from disease.
Researchers biopsy bat wing membranes to mark individuals or collect tissue for taxonomic and molecular
studies. Because there are differences in the embryological development of different wing membrane regions,
we evaluated differences in flight membrane healing between 2 anatomical regions using 4-mm diameter
circular biopsies in the chiropatagium and plagiopatagium of the Egyptian fruit bat (Rousettus aegyptiacus;
Pteropodiformes) and the insectivorous big brown bat (Eptesicus fuscus; Vespertilioniformes). In R. aegyptiacus,
plagiopatagium wounds took longer to heal to 50% of their initial area compared to chiropatagium wounds;
however, this difference was not observed in E. fuscus. Plagiopatagium wounds also were more likely to enlarge
in the days immediately following biopsy in R. aegyptiacus compared to E. fuscus. A sigmoid function accurately
modeled wound areas and thus healing times in both species. Given the observed differences in wound-healing
times between distinct regions of the bat wing membrane, our results indicate that researchers should choose a

tissue biopsy location based on the species and question of interest.
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Biopsying the flight membranes of bats (Order Chiroptera)
was originally proposed as a temporary marking technique
(Bonaccorso and Smythe 1972). With the advent of molecular
technologies, tissue biopsies have emerged as the most common
method for obtaining bat DNA for use in genetic, phylogenetic,
and population ecology studies (Wilmer and Barratt 1996; Faure
et al. 2009). A typical biopsy involves extending the flight mem-
brane (e.g., wing) against a flat surface and pressing down on
the tissue with a sterile biopsy punch tool (Wilmer and Barratt
1996). Although wing punching is not detrimental to flight (e.g.,
Davis 1968; Weaver et al. 2009), to the best of our knowledge,
there are no standard locations for tissue biopsies in bats.

The flight membranes or patagia of bats are divided into
4 sections: the uropatagium or tail membrane, and the wing
membranes consisting of the plagiopatagium extending from
the dorsum to the fifth digit of the hand, the chiropatagium
(also known as the dactylopatagium) extending between the
phalanges, and the propatagium extending from the shoulder
to the thumb and forming the leading edge of the wing. The
skin of the flight membranes is typically mammalian with some

differences in morphology (Gupta 1967; Crowley and Hall
1994). Most mammals have 3 distinct skin layers: the epidermis,
dermis, and hypodermis. In the patagia of bats, there is conten-
tion over whether the dermis and hypodermis are well defined.
There is consensus that the skin forming the wing membrane
is composed of an epidermal bilayer (ventral and dorsal) sep-
arated by central connective tissue (Murphy 1960; Holbrook
and Odland 1978). Within this central region are interstitial
structures including sweat and apocrine glands, pilo-sebaceous
units, blood and lymphatic vessels, collagen, and elastin fibers
(Murphy 1960; Cortese and Nicoll 1970). The tissue composi-
tion of the wing also differs between the plagiopatagium, chi-
ropatagium, and uropatagium. In Myotis ricketti, the array of
cells in the chiropatagium is sparser than in the plagiopatagium
(Yin et al. 2011). In Eptesicus serotinus and Nyctalus noctula,
the chiropatagium lacks layers of epidermis, the hypodermis,
and skin glands (Kovalyova 2015). The absence of these tissue
layers may explain why the chiropatagium also is the thinnest
flight membrane, whereas the plagiopatagium is thicker and
contains all 3 layers (Crowley and Hall 1994).
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Variation in tissue composition of different flight membranes
could alter wound-healing times. In the big brown bat (Eptesicus
fuscus), biopsies from the uropatagium are larger in mass and
wounds heal faster than same-sized biopsies in the chiropata-
gium (Faure et al. 2009; Pollock et al. 2016). Despite this, the
chiropatagium remains the most common flight membrane for
tissue biopsy (e.g., Sullivan et al. 2006; Bogdanowicz et al.
2012). That said, some studies have started to biopsy the pla-
giopatagium (e.g., Ellison et al. 2006; Knornschild et al. 2012).

Increased researcher sampling combined with the tissue
lesions that result from infection with the fungus that causes
white-nose syndrome has renewed interest in the study of
flight membrane wound healing in bats (e.g., Faure et al. 2009;
Ceballos-Vasquez et al. 2015; Pollock et al. 2016). The structure
of the bat wing makes it highly suitable for experimental work
on factors that influence epidermal (cutaneous) healing in the
absence of contributions from dermal layers. Moreover, mini-
mal muscle and nervous innervation in the wing, combined with
alack of internal organs, decreases the potential for critical dam-
age or discomfort during biopsy. Bat flight membranes are also
relatively easy for researchers to manipulate, alter, and image.

Wound-healing times of the chiropatagium and plagiopa-
tagium have never been compared experimentally. The chi-
ropatagium develops from the persistence of interdigital tissue
(Giannini et al. 2006; Adams 2008) caused by inhibition of cell
apoptosis (Weatherbee et al. 2006). In contrast, the plagiopata-
gium forms from overgrowth of the skin adjacent to the proxi-
mal regions of the limbs and fifth phalange (Cretekos et al. 2005)
and its development relies on the proliferation of tissue from
the torso as well as the upper and lower extremities (Kovalyova
2015). We wondered if the developmental changes that give
rise to the differing morphologies of the chiropatagium and pla-
giopatagium during embryogenesis could influence the process
of wound healing in adults. To explore this, we conducted a
comparative study of wound healing in the chiropatagium and
plagiopatagium of 2 bat species from different suborders: the
Egyptian fruit bat (Rousettus aegyptiacus; Pteropodiformes)
from the Yinpterochiroptera, and the big brown bat (E. fuscus;
Vespertilioniformes) from the Yangochiroptera.

MATERIALS AND METHODS

Study animals.—We tested 24 adult R. aegyptiacus (9
female, 15 male) from a captive exhibit housed at the Toronto
Zoo, and 17 adult E. fuscus (12 female, 5 male) from a captive
research colony at McMaster University. Roughly equal num-
bers of males and females were pseudo-randomly assigned to 1
of 2 groups: 1) tissue biopsy in the left chiropatagium and right
plagiopatagium, or 2) tissue biopsy in the right chiropatagium
and left plagiopatagium. All females were visually inspected
and determined to be nonreproductive at the time of testing.

Animals were kept in husbandry facilities at their respective
institutions and were permitted to fly for the duration of the
experiment. At McMaster, E. fuscus were housed in an indoor,
free-flight facility (2.5 x 1.5 x 2.3 m) where the colony temper-
ature and lighting varied with ambient conditions. Bats had ad

libitum access to mealworms (Zenebrio molitor), water, and an
outdoor flying area (2.5 x 3.8 x 2.7 m—Skrinyer et al. 2017). At
the Toronto Zoo, R. aegyptiacus were housed in an indoor, free-
flight facility (2.9 x 3.1 x 2.6 m) where the colony temperature
and lighting (12 h light:dark) were regulated. Bats had ad libitum
access to fruit (mainly apples, bananas, grapes, melons, man-
goes, kiwis, and pears), water, and a window with ambient light.

Biopsy procedures.—Wing biopsies on R. aegyptiacus were
conducted in January 2014 at the Toronto Zoo under the super-
vision of a veterinarian. We recorded the mass and forearm
length of each bat before anesthetizing it with a 1-5% isofluor-
ane-oxygen gaseous mixture (cone mask, flow rate = 1 I/min).
Although anesthesia is typically not used for tissue biopsies of
bats in the field, this was a requirement of the Zoo protocol.
Anesthetized bats were maneuvered into a supine position and
the wing was manually extended in a manner similar to that
described by Weaver et al. (2009). We used a circular, sterile
Sklar Tru-Punch biopsy tool to excise tissue from a preassigned
region of the flight membranes. The chiropatagium and plagi-
opatagium were biopsied in the same approximate locations
in all bats using visual inspection of the phalanges or blood
vessels as landmarks. For consistency between individuals,
biopsies were conducted by the same experimenter and tis-
sue excisions encompassed the same blood vessel. We used a
4-mm diameter biopsy tool because this punch size is common
in bat field studies (e.g., Pollock et al. 2016). The theoretical
area (A) of a 4-mm diameter (2-mm radius, r) circular biopsy
is 12.57 mm? (A = 7tr?). Tissue biopsies for E. fuscus were con-
ducted in August 2014 and followed the same procedures as
R. aegyptiacus, with the exception that big brown bats were
not anesthetized and so they were placed in a custom restrainer
immediately prior to tissue biopsy (Ceballos-Vasquez et al.
2014). For consistency, we maintained biopsy landmarks as
closely as possible with R. aegyptiacus while noting differ-
ences in the distribution of blood vessels between species.

All procedures conformed to the guidelines for the care and
use of wild mammals in research published by the American
Society of Mammalogists (Sikes et al. 2016), care and use of
experimental animals published by the Canadian Council on
Animal Care, and were approved by the Animal Research
Ethics Board of McMaster University.

Wound measurements.—We photographed wounds twice per
week at alternating 3- and 4-day intervals. The R. aegyptiacus
photos were taken with a Canon Powershot SD780IS digital
camera (Canon, Inc., Melville, New York) attached to a retort
stand; the E. fuscus photos were collected with a DP25 CCD
camera (5 MPixel resolution; Olympus, Tokyo, Japan) mounted
to an Olympus SZx10 stereomicroscope (0.63x zoom magnifi-
cation). In both cases, the wing of the bat was extended to a
standard position, using landmarks on a custom restrainer as a
guide, so that the membrane laid flat and was directly under and
perpendicular to the camera lens. Experimenter judgment was
used to ensure that the wing was not over- or underextended.
A marker of known dimensions was included in all photos of
R. aegyptiacus for scaling in case of vertical camera movement
on the retort stand. Wound areas (mm?) were measured directly
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from photographs using Imagel software (National Institutes
of Health—Abramoff et al. 2004) and a calibrated scale (pix-
els/mm). Image contrast was enhanced prior to automated area
calculations to ensure the wound perimeter was visibly distinct
from the surrounding tissue.

Curve fitting.—Wound area was plotted as a function of days
post-biopsy (day 0 = biopsy day), and the data from each bat
was fit to a nonlinear least squares sigmoidal function

F(x)=(A4-D)/(1+((x/C)*))+D,

where x is the post-biopsy day number, A is the maximum
asymptote representing the initial wound area on day 0, B is the
healing rate constant representing the steepness of the sigmoid,
C is the inflection point representing the number of days for a
wound to reach 50% healed, and D is the minimum asymptote
of 0 representing the area of a fully healed wound. Fitted model
parameters were used to compare the healing rate constants (var-
iable B) and 50% healing times (variable C) between the chiropa-
tagium and plagiopatagium within and between R. aegyptiacus
and E. fuscus (Fig. 1). The inflection point of the modeled curve
represents the time required to reach 50% healed, whereas the
steepness of the sigmoid reflects the speed of wound closure.
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Statistical analyses.—Data are reported as the mean + stand-
ard deviation (x = SD). Data were first tested for normality
and homoscedasticity; non-normal or heteroscedastic data
were analyzed with an equivalent nonparametric test. Initial
wound areas, healing rate constants, and 50% healing times
were compared with independent samples or paired samples
statistics, depending if the comparison was between (Welch’s
t-test or Mann—Whitney U-test) or within subjects (paired 7-test
or Wilcoxon signed-rank test), respectively. Curve fitting and
statistical analyses were performed in Python (SciPy—Python
Software Foundation 2017) and R software (R Core Team
2016) using a familywise error rate of o = 0.05.

Previous observations suggested that the initial wound area
frequently increases between day 0 and the next imaging date,
typically 2-3 days later (e.g., Church and Warren 1968). We
evaluated wound areas of the chiropatagium and plagiopa-
tagium in both species to determine if wound enlargement
occurred between days 0-3. Between species, we compared the
number of bats with wound enlargement at each biopsy loca-
tion using a chi-squared test of independence. Within species,
the numbers of bats with wound enlargement at each biopsy
location were compared with a McNemar chi-squared test of
independence.

Bat ID: Yellow 63

14 - Species: E. fuscus
Location: Plagiopatagium
R=0.99

Bat ID: 204F

Species: R. aegyptiacus
Location: Plagiopatagium
R=0.99

o

0 5 10 15 20 25
Days Post Biopsy

Fig. 1.—Measuring wound healing. Each panel shows the fitted sigmoid function and wound area data from the (A) chiropatagium and (B) pla-
giopatagium of Eptesicus fuscus, and from the (C) chiropatagium and (D) plagiopatagium of Rousettus aegyptiacus. Two bats are shown for each
species. Black circles indicate measured wound areas, and black curves represent fitted 4-parameter sigmoid functions. Note that each function
was highly correlated with the raw data (R = 0.99, P << 0.001 for all curves shown; see equation in text). The estimated (computed) 50% healing
time (dotted lines) for each sigmoid is shown as a black star. Black arrows indicate the expected (theoretical) initial wound area (12.57 mm?) of a
4-mm diameter circular biopsy. Insets show bat ID#, species, biopsy location, and correlation of sigmoid model fit to raw data.
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Day 0
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Fig. 2.—Images of wing wound healing. Each row shows photographs of the same healing wound on post-biopsy days 0, 7, 14, and 21 in the (A)
chiropatagium and (B) plagiopatagium of Eptesicus fuscus, and in the (C) chiropatagium and (D) plagiopatagium of Rousettus aegyptiacus. Scale
bar = 4 mm applies to all panels. Thickening of the wound perimeter and striations caused by tissue contraction around the wound are visible by
day 7. Scar tissue undergoing re-pigmentation is evident in newly healed tissue.

RESuULTS

Study animals.—All animals maintained good health
throughout our experiment as noted by observations of mass,
hydration levels, normal behavior, and vocalizations. Bats
were weighed each imaging day and visual health checks were
completed daily by experimenters or veterinary technicians.
The initial masses (x + SD) of female and male R. aegyptiacus
were 124.7 = 15.7 g and 160.3 + 16.4 g, respectively. The ini-
tial masses of female and male E. fuscus were 26.5 + 4.8 g and
21.0 £ 2.4 g, respectively.

Between days 0-3, 1 male and 1 female R. aegyptiacus tore
their chiropatagium from the wound site to the wing margin.
Between days 7-10, an additional male R. aegyptiacus tore its
chiropatagium. It is unclear if these membrane tears occurred
during interactions with conspecifics, the captive environment, or
from natural movements (e.g., grooming). Upon discovery, the 3
R. aegyptiacus with tears were excluded from our study although
eventually all of their wings fully healed. We later discovered
that the excluded female was pregnant and her gestation occurred
without complication. No wing tears were observed in E. fuscus.

Wound-healing times and rate constants.—We documented
wound areas and healing times of 4-mm diameter tissue biop-
sies in the chiropatagium (Figs. 2A and 2C) and plagiopata-
gium (Figs. 2B and 2D) of E. fuscus (Figs. 2A and 2B) and
R. aegyptiacus (Figs. 2C and 2D). Once healing began, mor-
phological changes in the chiropatagium and plagiopatagium
were quite similar. Thickening of the tissue along the wound
perimeter was visible by day 3, with a prominent thickening
present by day 7 (Fig. 2). New blood vessel formation was
observed as early as day 3 (Fig. 3). Membrane re-pigmentation

Day 0 Day 3
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R. aegypticus
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Fig. 3.—Wound enlargement in the chiropatagium and plagiopatagium.
Rows show examples of wound enlargement (and the corresponding %
increase in wound area) between day 0 and post-biopsy day 3 in the
(A) chiropatagium (14% increase; Y69) and (B) plagiopatagium (18%
increase; Y58) of Eptesicus fuscus, and in the (C) chiropatagium (14%
increase; 17B2) and (D) plagiopatagium (37% increase; D6B0) of
Rousettus aegyptiacus. Scale bar = 4 mm applies to all panels.

began to occur by the time wounds were fully healed (Fig. 2,
day 14) and continued for months past the end of our experi-
ment (not shown).
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We fitted sigmoid functions to the wound area data of the
chiropatagium and plagiopatagium of individual E. fuscus and
R. aegyptiacus (Fig. 1). The minimum R-values for the modeled
curves of each species and biopsy condition were: E. fuscus chi-
ropatagium, R = 0.994; E. fuscus plagiopatagium, R = 0.988;
R. aegyptiacus chiropatagium, R = 0.995; and R. aegyptiacus
plagiopatagium, R = 0.984. Although most wounds followed a
similar trend, there was variation in the time and rate of wound
healing between individuals within each species and biopsy
location (Fig. 4).

Initial wound areas in both species and biopsy locations were
almost always larger than the expected (theoretical) area of a
4-mm diameter circle (12.57 mm?). Comparing within species,
the initial wound areas of the chiropatagium and plagiopata-
gium of E. fuscus were 13.1 £ 1.2 mm? and 14.4 = 1.7 mm?,
respectively. For R. aegyptiacus, the initial wound areas of
the chiropatagium and plagiopatagium were 14.3 + 1.2 mm?
and 14.8 + 1.3 mm?, respectively. Within E. fuscus, the ini-
tial wound area of the plagiopatagium was larger than that of
the chiropatagium (¢, = =3.47, P = 0.003); however, within
R. aegyptiacus there was no difference in the initial wound
areas of the chiropatagium and plagiopatagium (7,, = 1. 24,
P =0.23). Comparing between species, the initial wound area
of the chiropatagium in R. aegyptiacus was larger than in E. fus-
cus (Welch’s 1., = 3.23, P = 0.003); however, the initial wound
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area of the plagiopatagium did not differ between the species
(Welch’s £, = 0.09, P =0.38).

We used the regressed parameters obtained from the fit-
ted sigmoid functions of each individual to compare the time
(number of days for wounds to become 50% healed re: ini-
tial area) and rate (healing rate constant) of wound healing for
each species and biopsy location (Fig. 5). For E. fuscus, there
was no difference in the number of days for chiropatagium
(7.8 = 3.0 days) and plagiopatagium (7.5 + 2.5 days) wounds
to reach 50% healed (Wilcoxon signed-rank test; V = 102,
P =0.24). For R. aegyptiacus, the 50% healing time of the chi-
ropatagium (6.9 + 1.0 days) was shorter than that of the plagi-
opatagium (8.5 = 1.5 days; 7,, = =5.01, P = 6.69¢-05).

Between species, there was no difference in the 50% healing
time of the chiropatagium between E. fuscus (7.8 + 3.0 days)
and R. aegyptiacus (6.9 + 1.0 days; W = 217, P = 0.27),
whereas the 50% healing time of the plagiopatagium in E. fis-
cus (7.5 £ 2.5 days) was slightly shorter compared to that of
R. aegyptiacus (8.5 £ 1.5 days; W=96, P=0.01).

We also compared the healing rate constants (sigmoid func-
tion variable B) between species and biopsy locations. No dif-
ferences were observed for any of the healing rate constant
comparisons (see Table 1).

Wound enlargement.—Some wounds increased in size rela-
tive to the initial wound area on day 0 in the first 72 h following

B 1 E. fuscus

=== Chiropatagium
8 m— === Plagiopatagium

D ; Plagiopatagium

== R. aegyptiacus
8 = F. fuscus

0 5 10 15 20
Days Post Biopsy

T v 1 L m

0 5 10 15 20 25
Days Post Biopsy

Fig. 4.—Modeled wing wound healing. Fitted 4-parameter logistic (sigmoid) functions of wound healing in the chiropatagium and plagiopata-
gium of Rousettus aegyptiacus and Eptesicus fuscus. Curves were obtained using a nonlinear, least squares fit to the observed wound area data.
Thin lines represent the fitted models for individual bats; thick lines represent the fitted models to the combined data set split by (A and B) mem-

brane biopsy location or (C and D) species.
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Fig. 5.—Time course of wing wound healing. Box plot distribu-
tions of (A) 50% healing times and (B) healing rate constants of
the chiropatagium and plagiopatagium in Eptesicus fuscus and
Rousettus aegyptiacus. Data were obtained from the values of C
and B, respectively, of the fitted 4-parameter sigmoid functions for
each bat. Boxes extend from the 25th to 75th percentiles, and the
solid line within each box is the median value. Error bars above
and below the boxes illustrate the 10th and 90th percentiles, with
black circles representing individual outlier data points falling out-
side these values. Significant difference indicated with an asterisk:
*P <0.05, ***P <0.001.

membrane biopsy. Wound enlargements occurred in the chi-
ropatagium and plagiopatagium of both species, although they
were less frequent in E. fuscus compared to R. aegyptiacus
(Table 2). In E. fuscus, 1 chiropatagium (Fig. 3A, ID# Y69)
and 1 plagiopatagium (Fig. 3B, ID# Y58), biopsied in different
animals, showed wound enlargement of 14% and 18%, respec-
tively. In R. aegyptiacus, chiropatagium wound enlargements
were observed in 7 bats, plagiopatagium enlargements were
observed in 15 bats, and 6 of 7 bats with chiropatagium wound
enlargements also had plagiopatagium wound enlargements. In
R. aegyptiacus, the largest wound enlargements were 14% in
the chiropatagium (Fig. 3C, ID# 17B2) and 37% in the pla-
giopatagium (Fig. 3D, ID# D6B0). Wound enlargements were
also more likely in the plagiopatagium of R. aegyptiacus than in
the plagiopatagium of E. fuscus. Within R. aegyptiacus, plagi-
opatagium biopsies had a higher prevalence of wound enlarge-
ment than chiropatagium biopsies.

Summary.—In R. aegyptiacus, the chiropatagium healed
faster than the plagiopatagium. In E. fuscus, there was no dif-
ference in healing time between the chiropatagium and plagi-
opatagium. The plagiopatagium of R. aegyptiacus healed more
slowly than the plagiopatagium of E. fuscus. Wound enlarge-
ment in the 72 h immediately following biopsy occurred more
frequently in the plagiopatagium than in the chiropatagium,
particularly in R. aegyptiacus.

DiscussioN

This study compared wound healing in 2 morphologically dis-
tinct areas of the bat wing—the chiropatagium and plagiopata-
gium—in R. aegyptiacus and E. fuscus. Despite differences in
tissue composition between the chiropatagium and plagiopa-
tagium, evolutionary and natural history, animal housing, and
diet, wing wound healing in E. fuscus and R. aegyptiacus fol-
lowed similar trajectories.

The 50% healing times of the chiropatagium and plagiopata-
gium in E. fuscus did not differ (Fig. 5). This is despite the fact
that the initial (starting) wound areas of plagiopatagium biop-
sies were 9.9% larger than chiropatagium biopsies (Figs. 4A
and 4B). The difference in initial wound areas could have
resulted from differential wound contraction immediately fol-
lowing biopsy. Wound contraction occurs when elastin fibers in
the membrane contract following biopsy (Gosline et al. 2002).
A detailed analysis of tissue composition is needed to determine
if the composition of elastin fibers in the chiropatagium differs

Table 1.—Mean + SD healing rate constants derived from fitted modeled curves of wound-healing data in the chiropatagium and plagiopata-

gium of Eptesicus fuscus and Rousettus aegyptiacus.

Comparison/healing rate constant (+ SD) Source Statistical value P-value
Chiropatagium versus Plagiopatagium
6.5+2.1 7.1+£33 E. fuscus t,=-0.68 P=0.51
6.6 £2.5 56=x1.1 R. aegyptiacus 1,,=0.10 P=0092
E. fuscus versus R. aegyptiacus
6.5+2.1 6.6 2.5 Chiropatagium Welch’s ¢, = —0.20 P=0.84
7.1+3.3 56=x1.1 Plagiopatagium W=180 P=0.10
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Table 2.—Total number and relative frequency of wound enlargement in the chiropatagium and plagiopatagium of Eptesicus fuscus and

Rousettus aegyptiacus.

Comparison/frequency (1) Source Statistical value P-value
Chiropatagium versus Plagiopatagium
8 16 Species combined X? =298 P =0.084
/17 1/17 E. fuscus McNemar X? =0 P=1
7121 15/21 R. aegyptiacus McNemar X? =4.90 P =0.027
E. fuscus versus R. aegyptiacus
2 22 Locations combined X2 =16.71 P =4.35e-05
1/17 7121 Chiropatagium X2 =271 P =0.096
1/17 15/21 Plagiopatagium X? =13.98 P =1.85e-04

from that of the plagiopatagium. Despite the unintended differ-
ence in starting wound areas, the plagiopatagium of E. fuscus
managed to heal as quickly as the chiropatagium. This finding
also suggests that the plagiopatagium may actually heal faster
than the chiropatagium. Additional experiments are needed to
test this hypothesis.

Our data align with previous studies in bats reporting ini-
tial wound areas larger than expected (theoretical) wound areas
(Fig. 4; Davis and Doster 1972; Faure et al. 2009; Pollock et al.
2016), and an increase in wound size (i.e., wound enlargement)
in the days immediately following biopsy (Fig. 3; Church and
Warren 1968; Faure et al. 2009; Pollock et al. 2016). In this
study, we examined the frequency of wound enlargement on
post-biopsy day 3 and found that enlarged wounds were more
common in R. aegyptiacus than E. fuscus, and that wound
enlargement was more likely to occur in the plagiopatagium.

Slower healing times were observed for the plagiopata-
gium of R. aegyptiacus. These results may be species-specific
and influenced by a higher prevalence of collagen and elastin
within the plagiopatagium of R. aegyptiacus. Collagen and
elastin fibers become damaged during biopsy and, owing to
their tensile properties, this can result in wound enlargement
(Gosline et al. 2002). If true, then differences in the quantity
and distribution of collagen and elastin fibers in the chiropa-
tagium and plagiopatagium are expected to correlate with the
different frequencies of wound enlargement in E. fuscus and
R. aegyptiacus. Other non-mutually exclusive explanations for
wound enlargements include interactions with conspecifics or
the environment, and overextension of the wing by the experi-
menter during wound imaging, which also would cause colla-
gen and elastin fibers to become overstretched (Holbrook and
Odland 1978). A greater prevalence of wound enlargement in
R. aegyptiacus may account for the observed increase in 50%
healing time of the plagiopatagium compared to the chiropata-
gium (Figs. 2 and 5).

It remains difficult to make cross-study comparisons of
flight membrane healing times in bats owing to differences
in species, housing conditions, biopsy sizes, and biopsy loca-
tions. In captivity, wing membrane healing has been studied in
straw-colored fruit bats (Eidolon helvum—Church and Warren
1968), pallid bats (Antrozous pallidus—Davis and Doster
1972), and big brown bats (Faure et al. 2009; Ceballos-Vasquez
et al. 2015). In the field, healing has been documented for
Bechstein’s bats (Myotis bechsteinii—Kerth et al. 2002), little

brown bats (Myotis lucifigus—Weaver et al. 2009), big brown
bats (Pollock et al. 2016), and African vespertilionids (Hypsugo
anchietae, Neoromicia zuluensis, and Pipistrellus rusticus—
Pierce and Keith 2011). Fuller et al. (2011) documented healing
in the wings of M. lucifigus following lesion damage caused by
the psychrophilic fungus (Pseudogymnoascus destructans) that
is associated with white-nose syndrome in bats. Despite this
variation, together with our data these studies demonstrate the
remarkable capability of the bat wing to quickly and fully heal.

Researchers do not yet understand how wing damage
impedes locomotion and foraging in bats. We know bats can
sustain flight despite large holes in their flight membranes
(Davis 1968). Flight membrane damage is thought to nega-
tively impact wing physiology and foraging success (Reichard
and Kunz 2009). Consistent with this notion, bats with wing
defects perform fewer U-turns in mid-flight (Voigt 2013).
Moreover, negative effects of flight membrane damage may
be exacerbated in wild, free-ranging bats compared to bats in
captivity. Although environmental sources of membrane dam-
age are present in both situations, aerial foraging is greatly
reduced in captive bats. Pollock et al. (2016) observed longer
healing times in wild E. fuscus compared to healing of same-
sized wounds for E. fuscus in captivity (Faure et al. 2009). This
suggests that negative effects associated with flight membrane
damage, such as reduced foraging success, may be exacerbated
in wild animals and occur over an extended period.

Our study clearly demonstrates the power of mathemat-
ical models to generate fitted functions that can accurately
estimate critical parameters of wound healing (Cukjati et al.
2001). Models make it relatively easy to calculate and stand-
ardize arbitrary healing milestones (e.g., the time required to
reach 10%, 25%, 50%, 75%, or 90% wound closure). Because
most healing studies, including our own, image wounds at
predetermined sampling intervals, they risk missing important
milestones due to the temporal resolution of their imaging pro-
tocol. This risk can be mitigated by increasing the frequency
of wound imaging; however, this increases the frequency of
animal handling, which can exacerbate wounds and alter the
healing process. For example, mechanical deformation (i.e.,
overstretching) of tissues by experimenter handling has been
suggested to impede healing in some studies (Holbrook and
Odland 1978), yet others suggest that it can facilitate heal-
ing via myofibroblast formation (Squier 1981). Distress due
to handling and restraint could alter wound-healing times due
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Table 3.—Mean + SD number of post-biopsy days to reach 10%,
25%, 50%, 75%, and 90% wound closure in the chiropatagium or pla-
giopatagium of Eptesicus fuscus (n = 17) and Rousettus aegyptiacus
(n = 21). For comparison, also shown are sigmoid curve model esti-
mates for the fitted data from each individual.

Species Biopsy location % closure Measured Modeled
Mean SD Mean SD
E. fuscus Chiropatagium 10 55 3.0 55 24
25 82 29 6.6 2.7
50 94 28 78 3.0
75 1.1 35 9.3 34
90 124 4.1 1.2 39
Plagiopatagium 10 5.1 21 52 19
25 76 1.8 62 2.1
50 89 29 75 25
75 1.1 29 9.0 29
90 119 34 108 35
R. aegyptiacus ~ Chiropatagium 10 6.0 1.7 4.8 1.1
25 7.1 0.7 57 1.1
50 84 15 69 1.0
75 102 14 82 1.1
90 1.7 2.0 99 14
Plagiopatagium 10 75 20 6.1 1.3
25 87 15 72 14
50 105 22 85 15
75 123 20 100 1.7
90 137 1.8 119 18

to changes in hormone levels or immune function (Guo and
Dipietro 2010; Archie 2013). Our sigmoid models strongly fit
the observed experimental healing data (Figs. 1 and 4). This
means that researchers can use models to accurately estimate
specific sampling times to collect raw imaging data that cap-
ture histological changes of interest or critical milestones of
healing and reduce the frequency of experimenter handling of
animals (Table 3).

In addition to supporting the use of quantitative mod-
eling in wound healing research, we hope our study will
help inform investigators about the most suitable locations
for tissue biopsy in field studies with bats. For example, in
phylogenetic and molecular studies, researchers should col-
lect tissue biopsies from faster-healing membranes, whereas
in mark-and-recapture studies, researchers should biopsy
slower-healing membranes to facilitate the short-term iden-
tification of previously captured animals that were otherwise
unmarked.
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