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ABSTRACT
White-nose syndrome is a cutaneous fungal disease that has been detrimental to North American
bats for over 10 years, but few investigators have examined the natural microbiota living on
these mammals. I explored the influence of season, geographic site, host species, and body
region on the external microbiome of four cave-hibernating and two migratory species.
Automated ribosomal intergenic spacer analysis was used to profile bacterial communities from
three cutaneous regions of 222 bats across winter and summer sites in Michigan, Illinois, and
Kentucky. Season, site, host species, and body region all influenced the composition of external
bacterial communities, but geographic site explained more than twice the variability of the other
factors overall. The extent that communities were affected by these factors varied with the body
region sampled. This study should help guide future work with the external microbiome of bats
and its relation to a host’s health or natural history.
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INTRODUCTION
White-nose syndrome is a fungal disease that has become the predominant threat to bats
in North America (Blehert et al., 2009). The causative agent, Pseudogymnoascus destructans,
quickly spread from its point of introduction in New York (Lorch et al., 2013; Minnis and
Linder, 2013; USFWS, 2012) and has been detected in five Canadian provinces and 33 states,
including Texas and Washington, as of September 2017 (Lorch et al., 2016;
whitenosesyndrome.org, 2017). This psychrophilic fungus grows on the skin of hibernating bats,
causing electrolytic imbalances, dehydration, and increased arousals (Cryan et al., 2010; Reeder
et al., 2012). These increased arousals are energetically expensive and often cause death due to
starvation or exposure, as these insectivorous bats futilely search for food that is not available
during winter (Reeder et al., 2012). Millions of cave-hibernating bats have died since the
emergence of the disease in New York in 2006 (USFWS, 2012).
Microorganisms have long been vilified for the relatively few disease-causing pathogens
like P. destructans, but mutualistic microbes are likely more abundant and important to host
survival (Dethlefsen et al., 2007). Animals rely on microbes for production of vitamins and
extraction of nutrients from food, olfactory communication via scent production, and
maintenance of host health through competitive exclusion of pathogenic microbes and training of
the host’s immune system (Archie and Theis, 2011; Macpherson and Harris, 2004). For example,
microbial communities in the gut of herbivores break down the polysaccharides of plant cell
walls that are otherwise indigestible (Hooper et al., 2002); odor-producing bacteria within the
marking secretions of spotted hyenas allow for recognition of social groups (Theis et al., 2012);
and laboratory studies with adult, germ-free mice (i.e., mice that have never been introduced to
naturally occurring microbes) show that mucosal immune systems remain undeveloped until
communities of “commensal” bacteria are introduced (Macpherson and Harris, 2004).

Understanding the factors that influence the structure of microbial communities would not only
help to understand the interaction between a host’s natural history and its microbiome but also
the role that microbes play in maintaining host health or how the microbiome might be
manipulated to benefit the host during disease.
How host habitat and season influences the microbiome.—Studies on microbial
biogeography have demonstrated that microbial taxa present in the environment are influenced
by abiotic factors, such as soil pH or texture (Lauber et al., 2008). Because the primary function
of the integument on an animal is to provide a protective and regulatory barrier between the
organism’s internal and external environment, it is reasonable to hypothesize that a host’s habitat
could influence its external microbiome. Corby-Harris et al. (2007) found that bacterial
communities isolated from fruit flies (Drosophila melanogaster) were significantly different in
species richness and structure among geographically separated host populations. For bats,
Vanderwolf et al. (2013) examined fungal taxa present on the fur or skin of hibernating species
and reported that fungal communities on these bats were indicative of the specific cave
environment in which they overwintered. Especially due to the diverse habitats that a single bat
may encounter on a daily, monthly, or seasonal basis, a host’s habitat is likely a contributing
factor to the microbiome, but further research is warranted.
How host species influences the microbiome.—The phylogeny of microbes often mirrors
that of their associated host organism. Oh et al. (2009) found evidence for coevolution between
strains of a gut symbiont and its vertebrate hosts (i.e., human, mouse, rat, pig, chicken, and
turkey). On a smaller evolutionary time scale, phylogenies for two clades of stinkbugs closely
matched those of the γ-proteobacteria found in their gut (Hosokawa et al., 2006; Kikuchi et al.,
2009). Currie et al. (2003) discovered that the co-diversification of attine ants and their
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mutualistic fungi paralleled the speciation of the parasitic fungi associated with each ant’s fungal
garden, and similar evolutionary patterns have been observed in other insects (King et al., 2014),
protists (Noda et al., 2009), and vertebrates (Ley et al., 2008b; Phillips et al., 2012).
Physiological factors of the host may contribute to the external microbiome; for example, the
makeup of the sebum—a glandular exudate composed of fats, oils, waxes, cholesterol, and other
chemicals—and ultimately its antimicrobial ability are species-specific (Nicolaides et al., 1968),
even in bats (Frank et al., 2016; Pannkuk et al., 2012, 2013). Nevertheless, similarities in the
natural history of two unrelated host species, such as with prey choice or roosting habits, might
also allow for convergence in their microbiomes that cannot be explained by phylogeny.
How body region influences the microbiome.—The external environment with which an
organism comes into contact can have an uneven distribution across the surface of the skin. For
example, the ventral surface of a bat can rest on the wall of a cave or mine during winter
hibernation, whereas the dorsal surface of the animal is relatively unexposed to the
environmental substrate; similarly, the forearms of clustering species that are in contact with
other individuals may be more protected from abiotic factors than regions of the back.
Furthermore, physiological and morphological differences across the integument, such as
presence of hair and glands, can cause variations in temperature, pH, moisture, and the
composition of antimicrobial peptides and lipids, which effectively result in microhabitats across
the surface of the skin (Grice et al., 2008; Kearney et al., 1984; Schommer and Gallo, 2013).
Bats, like most mammals, are mostly covered in hair, which varies in texture and density across
the body (Ackert, 1914); the back of bats is usually covered in thick pelage, the forearm is
almost naked, and the muzzle is scarcely covered but does contain a few vibrissae (Ackert,
1914). Sebum has long been studied for its antimicrobial effects (Desbois and Smith, 2010;
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Frank et al., 2016), and epidermal glands that produce these compounds are distributed unevenly
over a bat’s body (Ackert, 1914). The combination of structural and physiological variation
across the skin and uneven interactions with the external environment could contribute to unique
microbial ecosystems at different body regions of a bat, as it does in humans (Fierer et al., 2008;
Gao et al., 2007; Grice et al., 2008, 2009).
Previous studies on the microbiome of bats.—Even though bats represent ca. 25% of all
mammalian species (Kurta, 2017) and white-nose syndrome has been a serious threat for over 10
years, few investigators have examined the external microbiome of these flying mammals. Most
microbial studies have focused on the microbiome of the gut and how it relates to phylogeny and
feeding strategy (e.g., Banskar et al., 2016; Carrillo-Araujo et al., 2015; Chaverri, 2006; Daniel
et al., 2013; Klite, 1965; Phillips et al., 2012;), although a few have explored microbial
involvement in odor-producing structures of the skin (e.g., Studier and Lavoie, 1984; Voigt et al.,
2005). Only recently have biologists started to look at which variables might affect the external
microbiome of bats (Avena et al., 2016; Kooser et al., 2015; Lemieux-Labonté et al., 2016).
Nevertheless, only one of these reports (Avena et al., 2016) involved species of bats that are
affected by white-nose syndrome, and all combined microbial samples taken from multiple body
regions. Only Zanowiak et al. (1993) examined differences in microbial communities across the
cutaneous surface of bats; however, these authors relied on culture-dependent techniques, even
though 99% of bacteria cannot grow on culture media (Hugenholtz et al., 1998; Kisand and
Wikner, 2003; Ward et al., 1990).
Purpose of this study.—The purpose of the present study is to explore the influence of
season, geographic site, host species, and body region on the external microbiome of bats. I used
a DNA fingerprinting technique to profile bacterial communities collected from cave-hibernating
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species affected by white-nose syndrome: big brown (Eptesicus fuscus), little brown (Myotis
lucifugus), northern long-eared (Myotis septentrionalis), and tricolored bats (Perimyotis
subflavus) as well as two migratory species on which P. destructans has been detected but
without the associated disease: eastern red (Lasiurus borealis) and silver-haired bats
(Lasionycteris noctivagans). By using a culture-independent molecular method, I intend to
conduct a more thorough examination of microbial communities than traditional, culturedependent methods, with the aim of providing insight for conducting future, more-targeted
studies of the external microbiome and its role in white-nose syndrome.
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METHODS
Sampling sites.—In February 2015, bats were obtained from four hibernacula in
Michigan and one site in Kentucky (Fig. 1). Tippy Dam is located in the northwestern Lower
Peninsula, near Wellston, Michigan, where bats hibernate in the hollow spillway of the dam
(Kurta et al., 1997). In the Upper Peninsula, the Delaware Mine (Keweenaw County) is an old
copper mine that is a popular tourist attraction during summer, whereas the Jones Adit and Keel
Ridge Adit (Dickinson County) are abandoned iron mines (Kurta and Smith, 2015b). Wind Cave
in Wayne County, Kentucky, is a limestone cave (Kentucky Speleological Survey, 2017).
Bats also were captured by mist-netting in three distinct geographic regions during the
active season in spring and summer (henceforth, summer) 2014 or 2015 (Fig. 1). In Michigan,
bats were captured between 1 June and 12 August 2014 in the Manistee National Forest and
between 28 May and 15 August 2015 in Sleeping Bear Dunes National Lakeshore (henceforth,
Sleeping Bear Dunes). In western Illinois, bats were captured in July 2015 in Siloam Springs
State Park (henceforth, Siloam Springs).
The Manistee National Forest is located in western Lower Michigan, and bats were
sampled from a 16-km2 region, near Cadillac, Michigan. Sleeping Bear Dunes covers greater
than 104 km of shoreline along Lake Michigan, in northwestern Lower Michigan, and bats were
obtained from a diverse set of sites along much of the park’s length. Siloam Springs is located
near Mt. Sterling, in Adams and Brown counties, Illinois, and consists of 13.5 km2 of land. All
winter and summer sites were chosen because bats could be sampled in conjunction with existing
studies (J. Bailey, in litt.; George and Kurta, 2014, 2015; B. Hines, in litt; Kurta and Smith,
2015a).
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Field techniques.—Bacteria were collected from the interscapular region (henceforth,
back), one forearm, and the muzzle of each bat by using three, sterile, water-soaked swabs
(PurWraps®, Puritan Medical Products, Guilford, Maine), i.e., a different swab was applied to
each of the three body regions. Swabs were gently passed over the appropriate area 20 times
(back/forth = two passes), before the tip of each swab was detached and stored in a dry, sterile
microcentrifuge tube (Fierer et al., 2008, 2010). Swabs were frozen within 12 h of collection at
-20°C until molecular analysis.
In winter, samples were obtained from little brown, northern long-eared, and tricolored
bats from each hibernaculum in Michigan, and additional little brown bats were sampled from
Kentucky during routine winter surveys. Although big brown bats also occasionally hibernate
underground (e.g., Kurta and Smith, 2014), few individuals occurred at our sites, so this species
could not be included in the winter analysis. Bats were removed from the wall of each
hibernaculum, using a gloved (vinyl or latex) hand; gloves were changed between individuals or
after encountering environmental substrate. After swabbing, bats were placed back on the wall.
In summer, big brown, eastern red, and little brown bats were sampled from both the
Manistee National Forest and Sleeping Bear Dunes. Silver-haired bats, however, were caught
only in Sleeping Bear Dunes, whereas northern long-eared bats were obtained only from the
Manistee National Forest and Siloam Springs. Bats were captured in mist-nets (Kunz and
Parsons, 2009), and each animal, regardless of species, received a band with a unique
identification number. Because recapture rates for bats, in general, are extremely low (Ellison,
2008) and because no summer-banded bats from this study were found at the hibernacula that I
visited, it is highly unlikely that any individuals were sampled more than once.
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Molecular analysis.—Automated ribosomal intergenic spacer analysis (ARISA) was used
to create community profiles of bacterial taxa based on the length of the internal transcribed
spacer (ITS) region, between small (16S) and large (23S) subunit ribosomal RNA genes (Fisher
and Triplett, 1999). An electropherogram was produced for each sample in which each peak
represented a different fragment length, and the relative height and area of each peak represented
the relative proportion of the fragments in the total product. Fragment lengths are theoretically
equivalent to operational taxonomic units (OTUs) and were used as a proxy for classical
taxonomic groups of bacteria. This DNA fingerprinting technique has been highly effective in
describing differences in complex microbial communities (Cardinale et al., 2004; Gillevet et al.,
2009; Okubo and Sugiyama, 2009; Ranjard et al., 2001).
From each swab sample, DNA was extracted using a PowerSoil® DNA isolation kit
(MOBIO, Carlsbad, California), with a modified protocol that allowed for bead-beating of
cotton-tipped swabs rather than soil; tubes were incubated at 65°C for 10 min prior to bead
beating (Fierer et al., 2008, 2010). Primers ITSF (5’-GTCGTAACAAGGTAGCCGTA-3’) and
ITSReub (5’-GCCAAGGCATCCACC-3’) were used for amplification of bacterial DNA
(Cardinale et al., 2004, Koopman et al., 2010), and the 5’ end of primer ITSF was tagged with
phosphoramidite dye HEX (Cardinale et al., 2004; Koopman et al., 2010). Polymerase chain
reaction (PCR) mixtures included 1X GoTaq Colorless Master Mix (Promega, Madison,
Wisconsin), 0.25 µM of each primer, 4–40 ng of DNA template, and nuclease-free water, for a
final volume of 25 µl. Thermal conditions were set to 94°C for 3 min, followed by 30 cycles of
94°C for 45 sec, 55°C for 1 min, and 72°C for 2 min, with a final extension at 72°C for 7 min
(Cardinale et al., 2004; Koopman et al., 2010). PCR product was stored at -20°C before shipment
for fragment analysis. PCR products (1.5–2 µl each) were shipped to the Georgia Genomics
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Facility (University of Georgia), where they were mixed with 1.0 μl of ROX1000 size standard
(Georgia Genomics Facility, Athens, Georgia) and 9.0 μl Hi-Di formamide (Applied Biosystems,
Foster City, California), before denaturing at 95°C for 5 min and cooling on ice for 2 min.
Samples were run on a Fragment Analyzer Automated CE System (Advanced Analytical,
Ankeny, Iowa), and electropherogram outputs were manipulated in Peak Scanner Software 2
(Applied Biosystems, Foster City, California).
Fragment analysis.— An interactive binner program (Ramette, 2009) was used in R
(Version 3.2.2, R Core Team, 2015) to identify OTUs from size tables generated from the
electropherograms. The minimum relative fluorescence intensity (RFI) cutoff was set to 0.09
(Jami et al., 2014); window size, to 1; and shift size, to 1 (Ranjard et al., 2001). Because the
ITSF/ITSReub primer set amplifies a total of 122 nucleotides on either side of the targeted
spacer (i.e., ITS) region, peaks representing fewer than 200 bp were excluded from analysis
(Cardinale et al., 2004), resulting in a minimum ITS length of 78 nucleotides.
Statistical analysis.—Microbial communities were grouped based on body region,
species, geographic site, and sampling season to make comparisons of alpha and beta diversity.
All statistical analyses and plots were created using R (Version 3.2.2, R Core Team, 2015). Beta
diversity was measured via a Bray-Curtis dissimilarity matrix, as calculated from the bcdist
function within the ecodist package (Goslee, 2007):
∑

where

|

is the relative abundance of each OTU and

|

(2)

is the sum of all abundances within each

sample. This measure of dissimilarity provides a value between 0 and 1 for each pairwise
comparison of communities, with 0 indicating identical communities. The Bray-Curtis
dissimilarity matrix was used for subsequent statistical tests comparing community composition
9

among and between groups, through permutational multivariate analysis of variance
(PERMANOVA) and permutational multivariate dispersion (PERMDISP). Pairwise analyses
were conducted using the same tests following a significant result.
The location-based test (PERMANOVA) produces an R2 value indicating the percent of
variation that is explained by the factor being tested and a P value indicating the level of
significance. This test is a non-parametric multivariate method analogous to multivariate analysis
of variance (MANOVA), yet PERMANOVA does not assume normality and is used when there
are more variables (e.g., OTUs) than there are samples (Anderson, 2001), as is often the case
when examining microbial diversity. Unlike analysis of similarities (ANOSIM) or the Mantel
Test, which confound effects of location and dispersion, PERMANOVA specifically tests for
differences in the centroids (location) of groups within the space generated from Bray-Curtis
dissimilarities and is more powerful than ANOSIM or the Mantel Test (Anderson and Walsh,
2013). Even though PERMANOVA is robust to heterogeneity for balanced designs, PERMDISP
was calculated to identify differences in multivariate dispersions (Anderson and Walsh, 2013);
this test is a multivariate equivalent to Levene’s test for homogeneity of the variances. Within the
vegan package of R, PERMANOVA was calculated via the adonis function, and PERMDISP
was calculated from the betadisper and permutest functions (Oksanen et al., 2015). Each test was
calculated for 999 permutations, the default value for the program.
To measure alpha diversity, Simpson’s index (henceforth, diversity) was calculated:
∑
where

(1)

represents the relative abundance of each OTU within the sample. Simpson’s index was

used to quantify diversity because it is influenced more by evenness than richness, unlike
Shannon’s diversity (DeJong, 1975). Both richness and diversity were calculated using the
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diversity function within the vegan package (Oksanen et al., 2015), and comparisons among
groups were made using the Kruskal-Wallis test (kruskal.test function within the stats package—
R Core Team, 2015), or between pairs, using the Mann-Whitney U test (wilcox.test function
within the stats package—R Core Team, 2015).
An alpha of 0.05 was used for all initial tests, and P values corrected for the false
discovery rate (FDR—Waite and Campbell, 2006) were applied to post-hoc pairwise
comparisons through the p.adjust function within the stats package (R Core Team, 2015). To
visualize differences in community composition, Kruskal’s non-metric multidimensional scaling
(NMDS) plots were created, using the isoMDS function within the MASS package (Venables,
2002). An ellipse encompassing one standard deviation surrounding each group’s centroid was
drawn using the ordihull function of the vegan package (Oksanen et al., 2015). In addition, box
plots were created to compare graphically the diversity and richness of bacterial OTUs of
different factors; in these plots, the whiskers represented the most extreme data point within
150% of the interquartile range (boxplot function within the graphics package—R Core Team,
2015).
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RESULTS
Bacteria were sampled from 222 bats, representing six species, from five winter and three
summer sites. More northern long-eared bats (n = 36) were sampled during winter than either
little brown (n = 35) or tricolored (n = 14) bats. Samples from big brown bats (n = 51) made up a
majority of summer samples compared with little brown (n = 34), eastern red (n = 32), silverhaired (n = 11), and northern long-eared (n = 9) bats. Molecular analysis provided 636 viable
samples (i.e., successful PCR and fragment analysis—Table 1) from the back (n = 215), forearm
(n = 208), and/or muzzle (n = 213) of these bats. ARISA identified 791 unique fragments
(OTUs) ranging from 202 to 1,434 nucleotides in length. Only one OTU (296 bp) was found in
all bacterial communities profiled from winter samples, with the remaining OTUs discovered in
fewer than 73% of these samples. For summer, the most frequently identified OTU was detected
in 58% of bacterial communities, but no single OTU was detected in all summer samples. About
37% of the 636 samples (i.e., collected in winter and summer from all body regions and species)
contained OTUs of the same fragment length.
Permutational multivariate analysis of variance performed on all samples showed that
geographic site explained 19% of the variation in bacterial communities, compared to 4.7–8.7%
for body region, host species, or season (Table 2). Dispersions (PERMDISP) were significantly
different (P = 0.001) for each factor as well (Table 2), but distinctions were still reflected in the
NMDS plots (Fig. 2). Winter samples analyzed alone showed a similar pattern to the global
comparison, with site explaining 18.6% compared to 9.6% and 7.7% for species and body
region, respectively (Table 3). For summer samples alone, however, body region explained
more variability (7.3%) than either species (4.4%) or site (3.8%) for location-based analyses
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(PERMANOVA—Table 3). Both winter and summer samples differed (P = 0.001) in dispersion
(PERMDISP) among sites, species, and body regions (Table 3).
Patterns in beta diversity by season for little brown bats.—In this exploratory analysis,
more little brown bats (n = 69) were swabbed than any other species (Table 1), and a comparable
number were sampled during both winter and summer. Consequently, I made a separate analysis
of seasonal differences in bacterial communities for these bats to eliminate potential confounding
effects based on species. Both location and dispersion-based analyses indicated significant
differences (PERMANOVA: P = 0.001 and PERMDISP: P

0.005, respectively) between

seasons for each body region (Table 4), and NMDS plots clearly showed distinction between
winter and summer sites (Fig. 3). Additionally, pairwise analyses between each winter site and
each summer site revealed significant differences for almost all comparisons of back (P
0.005), forearm (P

0.002), and muzzle samples (P

0.016), based on location

(PERMANOVA) but not dispersion (PERMDISP); muzzle samples from the Manistee National
Forest during the active season were not significantly different in either location or dispersion
from those in Tippy Dam during hibernation (R2 = 0.07, P = 0.068).
Patterns in beta diversity by site.—Comparisons among sites were made for each body
region, and host species used in such analyses were necessarily limited to the types of bats that
were present at each site. Samples from little brown, northern long-eared, and tricolored bats
were used to compare all winter sites, barring Wind Cave, where only little brown bats were
sampled. Location-based analyses showed significant differences (PERMANOVA: P

0.041)

among these winter sites for each body region, except when muzzle samples from the Jones Adit
were compared to those from the Keel Ridge Adit (P = 0.311—Table 5). PERMANOVA
indicated that the Delaware Mine was the most distinct site for each body region (R2 = 0.19–
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0.27), and NMDS plots reflect this separation (Fig. 4). Differences in dispersion (PERMDISP)
were observed only between Tippy Dam and either the Delaware Mine (F = 13.80, P = 0.006) or
Jones Adit (F = 9.61, P = 0.009) for back samples, but distinctions between these sites were still
evident in the NMDS plots (Fig. 4). Samples from Wind Cave were compared to the other winter
sites based on samples from little brown bats only (Table 5). The microbial communities on little
brown bats from Wind Cave were distinct (P

0.047) from all other sites for each body region,

and differences in dispersions were only observed between muzzle samples from the Jones Adit
and Wind Cave (PERMDISP: F = 17.02, P < 0.02).
Summer samples from big brown, eastern red, and little brown bats were used to compare
the Manistee National Forest to Sleeping Bear Dunes, and samples from northern long-eared bats
were used to compare the Manistee National Forest to Siloam Springs. Communities from each
body region were significantly different (P = 0.001) between the Manistee National Forest and
Sleeping Bear Dunes, as indicated by PERMANOVA tests (Table 5). However, forearm samples
offered the clearest distinction between the two sites (R2 = 0.15), compared to back (R2 = 0.03)
and muzzle samples (R2 = 0.04), which was also reflected by clearer separation in the NMDS
plots (Fig. 5). Significant differences in dispersion (PERMDISP) between the two sites were
only observed for back and muzzle samples (Table 3). For northern long-eared bats, only back
samples could distinguish between the Manistee National Forest and Siloam Springs
(PERMANOVA: R2 = 0.18, P = 0.036), and there were no differences in dispersion for any body
region (Table 5).
Patterns in beta diversity by species.—Host species comparisons for each body region
were made by pooling all sites within each season. Winter-sampled species were distinct from
each other (P

0.039), based on PERMANOVA tests (Table 6), with 11–19% of variation
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explained by host species, depending on body region. Bacterial communities from little brown
and tricolored bats were the most distinct, regardless of which area of skin was sampled (Fig. 6).
Dispersion did not differ among winter-sampled species for forearm samples but did when
tricolored bats were compared to either little brown or northern long-eared bats, based on back
and muzzle samples.
For summer-sampled bats, PERMANOVA performed on forearm samples distinguished
among all pairs of species (R2 = 0.03–0.16, P

0.013), except between eastern red and silver-

haired bats (P = 0.273—Table 4). Additionally, species explained 16% of total variation for
forearm samples but only 5% for either back or muzzle samples, and the NMDS plots also
indicated greater separation by forearm than the other cutaneous surfaces (Fig. 7). Back samples
were significantly different only between eastern red bats and most other species—big brown (R2
= 0.043, P = 0.03), little brown (R2 = 0.043, P = 0.03), and northern long-eared bats (R2 = 0.010,
P = 0.08). Muzzle samples differed only between big brown and red bats (R2 = 0.03, P = 0.02)
and between silver-haired and little brown bats (R2 = 0.09, P = 0.045). Differences in dispersion
(PERMDISP) were observed rarely among summer-sampled species (Table 6).
Patterns in beta diversity by body region.—Body region explained 10–18% of the
variation in bacterial communities on winter-sampled bats and 6–15% on summer-sampled bats
(Table 7). Both location (PERMANOVA) and dispersion-based (PERMDISP) analyses showed
significant differences (P < 0.03) across the surface of the skin for northern long-eared and
tricolored bats in winter (Table 7). For winter-sampled little brown bats, however, dispersions
were the same among the three body regions. Muzzle samples were the most distinct (R2 = 0.07–
0.21) from the other two regions for each species, with R2 values only ranging from 0.05–0.08
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when comparing back to forearm samples (Table 7). The NMDS plots showed a similar pattern
(Fig. 8).
Big brown, eastern red, silver-haired, and little brown bats from summer also showed
distinction (PERMANOVA—P

0.026) in bacterial communities among body regions (Table

7). Dispersion differences were only observed for big brown bats when forearm samples were
compared to either the muzzle or back. Forearm samples were most distinct for big brown and
little brown bats, but the back was most distinct for eastern red and silver-haired bats (Table 7,
Fig. 9). Summer-sampled northern long-eared bats did not differ in bacterial communities across
the surface of the skin based on either PERMANOVA or PERMDISP tests.
Patterns in alpha diversity.—Little brown bats were the only species sampled in
comparable numbers for both seasons (Table 1). Therefore, seasonal comparisons were limited to
only this species. Bacterial communities on little brown bats during winter were significantly
greater (P < 0.001) in both richness (Kruskal-Wallis X2 = 62.23, d.f. = 1) and diversity (KruskalWallis X2 = 52.81, d.f. = 1) than during summer (Table 8, Fig. 10).
All host species and sites within each season were used in the following comparisons of
alpha diversity. Winter sites differed in both diversity (Kruskal-Wallis X2 = 16.53, d.f. = 3, P =
0.001) and richness (Kruskal-Wallis X2 =10.19, d.f. = 3, P = 0.017) for forearm samples, but not
for communities examined from the back or muzzle (P

0.098). Summer sites differed in

diversity (P < 0.001) for forearm and muzzle samples, but richness differed (P

0.017) for

communities from the back and muzzle. Comparisons among winter-sampled species showed
significant differences in both diversity and richness (P

0.009) for each body region, whereas

summer-sampled species differed for forearm (P < 0.001) and muzzle (P
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0.045) only.

Significant differences occurred among body regions (Table 9) for both winter(diversity: Kruskal-Wallis X2 = 40.77, d.f. = 2, P < 0.001; richness: Kruskal-Wallis X2 =85.87,
d.f. =2, P < 0.001) and summer-sampled bats (diversity: Kruskal-Wallis X2 = 41.14, d.f. = 2, P <
0.001; richness: Kruskal-Wallis X2 = 96.70, d.f. =2, P < 0.001). During winter, muzzle samples
had significantly lower diversity (P < 0.001) and richness (P < 0.001) than the other two regions
(Table 9, Fig. 11), and back samples had significantly higher richness (P

0.021); diversity was

not significantly different between back and forearm samples (U = 2,559, P = 0.053). For
summer samples, the forearm had significantly higher diversity (P < 0.001) than the other two
regions, which showed no significant difference (U = 10,232, P = 0.063). Richness was lowest
(P < 0.001) for muzzle samples during this season as well, and back and forearm samples were
not significantly different (U = 8,766.5, P = 0.985).
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DISCUSSION
Interest concerning host-microbe interactions has increased in recent years, as the
influence of mutualistic microbial communities on host health and behavior has become more
apparent. With the advent of white-nose syndrome, a fungal disease that is the predominant
threat to bats in North America, the external microbiome of bats is of particular interest. The
objective of this study was to examine the influence of season, geographic site, host species, and
body region on the external microbiome of bats. Knowing the extent to which these factors
influence the external microbiome could help elucidate the connections between bacterial
communities and a host’s natural history. Additionally, it might lead to a better understanding of
the role the microbiome plays in maintaining host health during disease events, such as with
white-nose syndrome, or how the microbiome might be artificially manipulated to benefit the
host. Examining these differences also could help guide future work with the external
microbiome of bats and suggest appropriate methodologies for sampling the cutaneous surface.
From these results, geographic site apparently imparted the greatest influence on the
external microbiome of bats overall (19%), explaining more than twice the variability in
composition of bacterial communities than either season (8.7%), host species (7.5%), or body
region (4.7%—Table 2). Within winter samples, a similar pattern was observed, but summer
samples indicated comparable influences of body region, species, or site (3.8–7.3%—Table 3).
This study was one of few to examine the external microbiome of bats, let alone species that
were affected by white-nose syndrome (Avena et al., 2016; Kooser et al., 2015; LemieuxLabonté et al., 2016; Zanowiak et al., 1993). It was also the first to examine body regions
separately.
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Patterns by season in little brown bats.—Season explained 13–30% of the variation of
bacterial communities living on little brown bats, depending on body region (Table 4).
Additionally, winter-sampled bats overall exhibited greater diversity and richness than summersampled bats (Fig. 10). The bats sampled during winter in this study spent the season
hibernating, and because the immune system of mammals is arrested greatly during torpor
(Bouma et al., 2010) and grooming only occurs during periods of arousal, this may allow for the
proliferation of microbial communities that are not able to persist at other times of the year (Luis
and Hudson, 2006). Additionally, the cool temperatures of hibernacula (5.7

3.0°C in occupied

mines of the Upper Peninsula of Michigan—Kurta and Smith, 2014) may inhibit the
antimicrobial ability of certain bacteria, as seen in laboratory studies (Daskin et al., 2014). This
might allow for less-restricted growth of certain bacterial taxa during winter compared to
summer.
Bacterial communities from the muzzles of little brown bats at Tippy Dam were not
significantly different than those from the Manistee National Forest and grouped more closely
with those from Sleeping Bear Dunes (R2 = 0.09) than other winter-summer site comparisons (R2
= 0.14–0.35—Table 4). This might suggest carryover of bacterial communities across seasons.
These sites are all located in the western Lower Peninsula of Michigan, where Tippy Dam is the
only known major hibernaculum (Kurta et al., 1997). Nevertheless, back and forearm samples
did not show the same pattern (R2 = 0.20–0.50—Table 4) as did the muzzle.
Patterns by site.—Geographic site was the strongest predictor of bacterial communities
living on the skin of bats during hibernation, explaining 23–28% of the variation (Table 5),
depending on body region. Studies by Avena et al. (2016) and Lemieux-Labonté et al. (2016)
found similar results, with site explaining about twice the variation (27–32%) in bacterial
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composition compared to host species (12–15%). Kooser et al. (2015) also reported that site
significantly explained the variation in bacterial communities, but the statistical analyses used in
their study do not allow for direct comparisons of results. However, all of these investigators
obtained their samples from bats during the active season (summer–fall). In contrast, my results
indicated that the bacterial communities on summer-sampled bats were dictated comparably by
either site (3–15%) or species (4–16%), depending on the body region (Tables 5 and 6). During
summer, bats were exposed to multiple environments—drinking from streams or ponds, foraging
over fields and forests, switching day roosts, and using various night roosts (Kunz and Fenton,
2003)—but during winter, they likely remained within one place (a cave or cave-like structure)
for most or all of hibernation. This fidelity to a single localized hibernaculum, along with its
stable internal environment, may be reasons that site explained more variability during winter
than it did during summer in my study (Table 3).
Differences in sampling methodology and analysis could explain the discrepancy in
results between summer-sampled bats in my study to bats sampled during the active season in
other studies. Avena et al. (2016) collected samples from bats in New York (n = 35), Virginia (n
= 10), and Colorado (n = 119), with representation from 12 species, including little brown (n =
70), northern long-eared (n = 2), tricolored (n = 5), and big brown (n = 19) bats. Because these
investigators sampled host species much more unevenly across geographic locations and their
sites were separated by much greater distances than in my study, there could be confounding
effects of either geographic site or species in their final analysis. Although Lemieux-Labonté et
al. (2016) also reported a large difference between sites, they examined communities on two
species of neotropical bats living in zoos, and it is unknown whether similar differences exist in
the wild. Additionally, both Avena et al. (2016) and Lemieux-Labonté et al. (2016) used
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bacterial samples that were representative of multiple body regions, compared to the separate
body regions used in my study.
During winter, the bacterial communities from bats in the Jones Adit and Keel Ridge
Adit were the most similar of any pair of winter sites for each body region (Table 5). These were
the only two sites not to differ significantly for muzzle samples, and only 6% and 7% of the
variation was explained by the difference in site for forearm and back samples, respectively.
Other studies indicated that the environment in which bats roost influenced their microbiome
(e.g., Avena et al., 2015; Vanderwolf et al., 2013). Because these hibernacula were both
abandoned iron mines, the characteristics of that environment might support similar bacterial
taxa, as seen in soil microbial studies (e.g., Lauber et al., 2008). Additionally, the similarity in
bacterial communities on the bats might indicate movement of individuals between sites as a part
of fall swarming and mating; bats often visit multiple hibernacula prior to hibernation (Fenton,
1969), and the Jones and Keel Ridge adits were only 12.2 km apart, the closest of any two
overwintering sites in my study. An analogous situation occurred in spotted hyenas, in which
odor-producing bacteria associated with the carnivore’s scent glands were more similar among
individuals of the same social group than among hyenas that rarely interact (Theis et al., 2012),
suggesting that proximity of individuals allowed for the creation of signature microbial
communities within these social groups. As a result, I would predict that the similarity of
bacterial communities on bats was negatively correlated with distance between hibernacula. Such
an analysis was not conducted in my study, though, due to notable environmental variation that
existed among most winter sites (i.e., copper mines, iron mines, limestone cave, concrete dam),
which likely would confound any effect based solely on geographic distance.
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Patterns by host species.—Species explained 11–19% of the variability in bacterial
community composition in winter and 4–16% during summer (Table 6), depending on body
region. Similar studies found comparable results (12–15%—Avena et al., 2016; LemieuxLabonté et al., 2016). However, Kooser et al. (2015) reported that host species was not a
significant predictor of bacterial composition on summer-sampled bats in the western United
States; their study, though, focused on only furred parts of the body, which might have limited
their ability to detect differences in the microbiome among species. In my study, bacterial
communities from the back were significantly different, based on site and species for summersampled bats, but the effect was quite low, with only 3–5% of the variability explained by these
factors; in contrast, 15–16% of the variation in communities living on the naked forearm was
explained by species. Differences in the external microbiome based on host species were
observed for other taxa (e.g. McKenzie et al., 2012), as well as for the internal microbiome, with
links to phylogeny (Phillips et al., 2012).
Phillips et al. (2012) documented the coevolution of gut microbes with seven families of
bats in Guatemala, and the same phenomenon was observed for other host taxa (e.g., King et al.,
2014; Ley et al., 2008b; Noda et al., 2009). However, knowledge of the relationship between
host phylogeny and the external microbiome in bats is lacking. Phylogenetic relationships among
hosts did not appear related to the composition of the external microbiome of bats in my study.
For example, winter-sampled little brown, northern long-eared, and tricolored bats were
significantly different from each other for each body region, but even though northern long-eared
and little brown bats are in the same genus (Myotis), back samples collected from northern longeared bats grouped more closely to tricolored bats (Perimyotis subflavus) than to little brown bats
(Table 6, Fig. 6). During summer sampling, the bacterial communities on big brown (Eptesicus
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fuscus) and little brown bats (Myotis lucifugus) grouped separately from those of eastern red
(Lasiurus borealis) and silver-haired bats (Lasionycteris noctivagans—Fig. 7), even though
mitochondrial and nuclear DNA suggested that the genus Eptesicus was more closely related to
Lasionycteris and Lasiurus than to Myotis (Roehrs et al. 2010).
The winter and summer roosting behavior of these species may offer a better explanation
for composition of external bacterial communities than phylogenetic relationships of the hosts.
During winter, hibernating little brown bats cluster with multiple conspecifics, whereas northern
long-eared and tricolored bats most often roost alone (Kurta and Smith, 2014). During summer,
big brown and little brown bats often spend the day in the cavities of trees or within man-made
structures, whereas eastern red bats hang on branches among the leaves (Kurta, 2008). The
differences in bacterial communities found in these roosting sites or the microhabitats created
due to a species’ preference for huddling (such as increased temperatures for clustered groups—
Willis and Brigham, 2007), may account for similarity in composition of bacterial communities
among certain species that is not explained by phylogeny. Additionally, these differences in
roosting behavior might work in conjunction with physiological differences among species to
affect the microbiome. Frank et al. (2016) discovered that certain fatty acid profiles of the
chiropteran epidermis have antimicrobial properties and that the antimicrobial abilities were
affected by temperature. Other studies reported species-specific differences among bats in their
cutaneous lipids, including free fatty acids, cholesterols, and triacylglycerols (Frank et al., 2016;
Pannkuk et al., 2012, 2013). The combination of species-specific compounds on the bat
integument and differences in roosting patterns could contribute to species-level influences on
the external microbiome.
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All silver-haired bats (n = 11) captured during my study, except one, were caught on the
same day (28 May 2015), and this group of bats was likely part of a migratory wave, heading
north to their summer areas. Silver-haired bats use cavities or crevices of trees as roosts during
summer (e.g., Betts, 1998; Mattson et al., 1996). During migration, the roosting behavior of this
species may differ from their behavior during the rest of the summer, as has been observed for a
few studies (Brack and Carter, 1985; McGuire et al., 2012; J. White, in press), because they have
to search for new roosts every night in unfamiliar areas. This might explain the similarity of
bacterial communities with eastern red bats (Table 6), if silver-haired bats rely on more exposed
sites during migration than the rest of the summer.
Patterns by body region.—Samples from the back, forearm, and muzzle for both
summer-sampled and hibernating bats showed significant differences in the composition of their
communities (Table 7), with the exception of summer-sampled northern long-eared bats, for
which only nine bats were sampled from two sites. Differences in bacterial communities among
body regions have been documented for taxa other than bats, including birds (Bisson et al., 2007;
Burtt and Ichida, 1999) and humans (Costello et al., 2009; Grice et al., 2009; Leyden et al.,
1981). The physiological and morphological differences across the integument, such as presence
of hair and glands, can cause variations in temperature, pH, moisture, and the composition of
anti-microbial peptides and lipids that effectively result in microhabitats across the cutaneous
surface (Desbois and Smith, 2010; Grice et al., 2008; Kearney et al., 1984; Schommer and Gallo,
2013). For example, the profile of lipid classes, such as free fatty acids or triacylglycerols,
differed for hair and wing tissue of bats (Pannkuk et al., 2012, 2013), and as indicated before,
certain fatty acids have demonstrated antimicrobial properties (Frank et al., 2016). These
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microhabitats likely influenced the bacterial communities across body regions in the bats
sampled here.
As previously mentioned, only one other study has examined bacterial communities
from different body regions of bats. Zanowiak et al. (1993) used culture-dependent methods to
identify taxa from six cutaneous regions of the cave myotis (Myotis velifer) in Oklahoma during
hibernation. Of the 19 bacterial taxa identified in their study, only one (Serratia liquefaciens)
showed a statistically significant difference in the number of isolates per body region. However,
few microbial taxa that are actually present can grow on culture media (Grice et al., 2008; Staley
and Konopka, 1985), which likely explained some of the inability of Zanowiak et al. (1993) to
observe more differences across the surface of the skin. In comparison, the culture-independent
techniques used in my study identified 791 unique operational taxonomic units (OTUs).
Notes on sampling methodology.—Studies that have examined differences in microbial
communities traditionally used swab samples that were passed over multiple body regions of the
bats. My results indicated that the ability to distinguish among bacterial communities collected
from different sites or species differed based on the body region sampled, particularly for
summer-sampled bats. Winter samples differed among sites and species for each body region
(Tables 5 and 6), but back samples were more distinct among sites (R2 = 0.28) and species (R2 =
0.19) than samples from the forearm or muzzle (site: R2 = 0.23, species: R2 = 0.11). For summersampled bats, however, the influence of site and species on bacterial composition was the
strongest for forearm samples (R2 = 0.15 and 0.16, respectively) compared to back or muzzles
samples (site: R2 = 0.03–0.04, species: R2 = 0.05). Additionally, forearm samples often were the
only ones in which differences were found between summer-sampled species in pairwise
analyses (Table 3). Future studies should consider analyzing body regions separately in order not

25

to miss patterns. For example, because back samples offered little distinction among species
during summer, analyzing a combined sample from the back and forearm could mask the true
effects of host species on the microbiome.
Closing remarks.—My study provided evidence that the variables of season, geographic
site, host species, and body region influenced the external microbiome of bats. Evidence
suggested that site, or more accurately host habitat, imparted the greatest influence of the factors
examined in this study, for both the active season and during hibernation. It also appeared that
external bacterial communities varied across the surface of the skin, with evidence of bodyregion-specific bacterial community profiles. However, these factors did not explain all variation
in the bacterial communities, because microhabitat characteristics across the surface of the bat or
within a bat’s roost also likely contributed. A look at finer-scale classifications of habitat could
provide further insight into the nuances affecting the external microbiome and how it relates to a
host’s natural history.
This study is only a first step towards characterizing the microbiome of bats, particularly
for species susceptible to white-nose syndrome, but it provides some insight for future research
related to fighting the disease. White-nose syndrome is caused by the growth of a fungus,
Pseudogymnoascus destructans, on the naked surface of bats, such as the muzzle and forearm,
during hibernation (Blehert et al., 2009). Chemical and biological treatments have been proposed
as potential counter-agents to the disease, and bacteria found on bats have been shown to inhibit
growth of the causative fungus in the laboratory (Hoyt et al., 2015). However, our understanding
of how to implement a biocontrol agent for these animals is lacking, particularly because
capturing every one of these small (<20 g) mammals is not feasible. Since the host’s habitat
significantly contributes to its external microbiome, as indicated in my study, treating the
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environment that a bat encounters, especially the day roost and/or the hibernaculum, may be
more effective for promoting a microbe that inhibits P. destructans than treating individual bats.
My study also highlights potential complexities in developing potential treatments. The
natural variability in bacterial composition that exists among geographic sites, species, and body
regions could complicate manipulation of a bat’s microbiome. It might be important to
understand first the biological relevance of this variation. For example, rather than attempting to
increase the abundance of a naturally occurring bacteria by means of probiotics (Cheng et al.,
2017; Hoyt et al., 2015), manipulating a specific microbial taxon’s nutrients (e.g., lipids
produced from the skin) may be more successful (e.g., Napolitano and Juárez, 1997). Examining
the ecological role of microbial taxa within their communities would be a necessary next step in
answering this question.
A DNA fingerprinting technique such as ARISA is an inexpensive and effective way to
describe complex bacterial communities, recognize variables that influence those communities,
and identify targets for more specific molecular analysis. It does not, however, allow for
taxonomic identification of microbes. Sequencing of microbial DNA or RNA, though more
costly than ARISA, could provide necessary information about the bacterial taxa present. Further
study to identify the specific taxa present on these animals and to understand the ecosystem
functions of these microbes within their microscopic environments is warranted and would
enhance our understanding of host-microbiome interactions in bats, particularly in relation to
host health and natural history.
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TABLE 1.—Total number of samples analyzed from the back, forearm, and muzzle of bats. Values are separated by body region, and
sites are separated by winter and summer season.

32
66

9
43

14

59

16

5

4

16

24

11

68

18

50
50

31
31

11
11

133
215

34
69

9
36

4

14

36

Eastern red bat

13

0

0

34

7

Total

17

29

Total muzzle

4

5

3
2
2
6

Silver-haired bat

4

33

6
7
3
9
10
35

9
8
9
3

0

19
16
14
17
10
76

Big brown bat

5

Tricolored bat

16

0

Northern long-eared bat

61

0

Little brown bat

14

Eastern red bat

27

Big brown bat

3
2
3
6

Total forearm

7

6
7
3
9
10
35

10
7
8
2

0

19
17
15
21
10
82

Muzzle

Silver-haired bat

34

Tricolored bat

5

0

Northern long-eared bat

15

0

Little brown bat

14

Total back

34

Silver-haired bat

3
2
3
6

Forearm

Eastern red bat

10
9
9
6

Big brown bat

Tricolored bat

6
6
3
9
10
34

Little brown bat

Site
Delaware Mine
Jones Adit
Keel Ridge
Tippy Dam
Wind Cave
Total winter
Manistee
National Forest
Siloam Springs
Sleeping
Bear Dunes
Total summer
Grand total

Northern long-eared bat

Back

0

18
17
14
18
10
77

56
50
43
56
30
235

62

182

4

12
207

4

16

24

11

69

18

49
49

29
29

11
11

132
208

34
69

9
38

13

17

24

11

70

51
51

31
31

11
11

136 401
213 636

TABLE 2.—Results from PERMANOVA and PERMDISP tests for all samples. Independent variables are ranked by their importance
according to location-based analyses (PERMANOVA).

Comparison
Sites
Seasons
Species
Body regions

PERMANOVA
R2
P
0.19
0.001
0.087
0.001
0.075
0.001
0.047
0.001
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PERMDISP
F
P
22.16
0.001
169.15
0.001
43.91
0.001
43.81
0.001

TABLE 3.—Results from PERMANOVA and PERMDISP tests for samples within each season. Independent variables are ranked by
their importance according to location-based analyses (PERMANOVA).

Season

Comparison
Sites
Winter
Species
Body regions
Body regions
Summer Species
Sites

PERMANOVA
R2
P
0.186 0.001
0.096 0.001
0.077 0.001
0.073 0.001
0.044 0.001
0.038 0.001
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PERMDISP
F
P
6.22 0.001
21.04 0.001
31.63 0.001
26.85 0.001
13.88 0.001
26.97 0.001

TABLE 4.—Results from PERMANOVA and PERMDISP tests for winter-summer site comparisons. Tests were separated for back,
forearm, and muzzle samples, and only samples collected from little brown bats were included in analyses. Pairwise analyses were
conducted following a significant result for global comparisons only.
Back
PERMANOVA

Comparison
Summer, winter
Global sites
Manistee National Forest, Delaware Mine
Manistee National Forest, Jones Adit
Manistee National Forest, Keel Ridge Adit
Manistee National Forest, Tippy Dam
Manistee National Forest, Wind Cave
Sleeping Bear Dunes, Delaware Mine
Sleeping Bear Dunes, Jones Adit
Sleeping Bear Dunes, Keel Ridge Adit
Sleeping Bear Dunes, Tippy Dam
Sleeping Bear Dunes, Wind Cave

2

Forearm
PERMDISP

PERMANOVA
2

Muzzle

PERMDISP

PERMANOVA
2

PERMDISP

R

P

F

P

R

P

F

P

R

P

F

P

0.30
0.53
0.39
0.47
0.31
0.42
0.43
0.41
0.50
0.34
0.45
0.46

0.001
0.001
0.001
0.001
0.005
0.001
0.001
0.001
0.001
0.002
0.001
0.001

32.06
1.20

0.001
0.33

0.24
0.48
0.35
0.38
0.25
0.46
0.40
0.36
0.33
0.20
0.41
0.37

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.001

10.28
0.45

0.005
0.852

0.13
0.30
0.24
0.14
0.28
0.07
0.18
0.31
0.20
0.35
0.09
0.24

0.001
0.001
0.002
0.002
0.003
0.068
0.002
0.002
0.002
0.004
0.016
0.002

10.28
1.79

0.004
0.115

39

TABLE 5.—Results from PERMANOVA and PERMDISP tests for site comparisons. Tests were separated by season and by back,
forearm, and muzzle samples. Host species used in analyses were necessarily limited to those that were present at each site. Pairwise
analyses were conducted following a significant result for global comparisons only, and P values for these comparisons were
corrected for the false discovery rate.
Back

Winter

PERMANOVA
Species

Comparison

Little brown,
Northern
long-eared,
Tricolored bats

Global sites
Delaware Mine, Jones Adit
Delaware Mine, Keel Ridge Adit
Delaware Mine, Tippy Dam
Jones Adit, Keel Ridge Adit
Jones Adit, Tippy Dam
Keel Ridge Adit, Tippy Dam

Summer

Little brown bat

Big brown,
Eastern red,
Little brown bats
Northern
long-eared bat

R

2

Forearm
PERMDISP

PERMANOVA

P

F

P

R

0.28

0.001

4.94

0.001

0.24

0.001

3.20

0.20

0.001

0.21

2

Muzzle

PERMDISP

PERMANOVA

P

F

P

R

0.23

0.001

3.09

0.022

0.125

0.18

0.002

1.60

4.79

0.096

0.16

0.002

0.001

13.80

0.006

0.19

0.07

0.029

1.09

0.290

0.16

0.001

9.61

0.009

0.10

0.001

1.68

Wind Cave, Delaware Mine

0.24

0.003

Wind Cave, Jones Adit

0.22

Wind Cave, Keel Ridge Adit

2

PERMDISP

P

F

P

0.23

0.001

2.03

0.097

0.341

0.27

0.002

5.31

0.111

0.19

0.002

0.002

4.27

0.111

0.24

0.002

0.06

0.041

1.49

0.341

0.04

0.311

0.14

0.002

0.59

0.489

0.08

0.018

0.274

0.09

0.005

0.49

0.489

0.07

0.035

0.01

0.925

0.24

0.002

0.17

0.008

0.003

4.21

0.197

0.17

0.002

0.10

0.047

0.21

0.003

0.28

0.673

0.21

0.006

0.15

0.047

Wind Cave, Tippy Dam

0.38

0.003

0.49

0.673

0.35

0.002

0.15

0.005

Manistee National Forest,
Sleeping Bear Dunes

0.03

0.001

4.79

0.027

0.15

0.001

0.29

0.585

0.04

0.001

17.26

0.001

Manistee National Forest,
Siloam Springs

0.18

0.036

3.79

0.074

0.11

0.627

0.17

0.707

0.14

0.241

2.22

0.173

40

TABLE 6.—Results from PERMANOVA and PERMDISP tests for species comparisons. Tests were separated by season and by back,
forearm, and muzzle samples. Pairwise analyses were conducted following a significant result for global comparisons only, and P
values for these comparisons were corrected for the false discovery rate.
Back
PERMANOVA

Summer

Winter

Comparison

Global species
Little brown, northern long-eared bats
Little brown, tricolored bats
Northern long-eared, tricolored bats
Global species
Big brown, eastern red bats
Big brown, silver-haired bats
Big brown, little brown bats
Big brown, northern long-eared bats
Eastern red, silver-haired bats
Eastern red, little brown bats
Eastern red, northern long-eared bats
Silver-haired, little brown bats
Silver-haired, northern long-eared bats
Little brown, northern long-eared bats

R

2

0.19
0.14
0.21
0.07
0.05
0.03
0.02
0.02
0.03
0.04
0.03
0.08
0.03
0.08
0.04

Forearm
PERMDISP

PERMANOVA
2

P

F

P

R

0.001
0.002
0.002
0.004
0.003
0.043
0.454
0.181
0.058
0.116
0.043
0.010
0.341
0.075
0.075

10.74
3.46
18.70
11.41
2.88
7.18
1.21
0.00
1.75
0.28
4.82
9.15
0.80
3.66
1.34

0.001
0.061
0.003
0.003
0.025
0.065
0.399
0.945
0.399
0.688
0.120
0.065
0.470
0.193
0.399

0.11
0.09
0.11
0.05
0.16
0.16
0.12
0.03
0.06
0.03
0.13
0.05
0.12
0.11
0.06

41

Muzzle

PERMDISP

PERMANOVA
2

P

F

P

R

0.001
0.002
0.002
0.039
0.001
0.003
0.003
0.013
0.004
0.273
0.003
0.019
0.003
0.009
0.009

2.49

0.101

5.65
11.94
13.45
1.59
0.12
1.62
5.41
3.02
9.63
5.00
0.16

0.002
0.010
0.010
0.273
0.712
0.273
0.068
0.165
0.017
0.084
0.712

0.11
0.06
0.12
0.07
0.05
0.03
0.03
0.02
0.02
0.03
0.01
0.06
0.03
0.09
0.03

PERMDISP

P

F

P

0.001
0.003
0.003
0.016
0.012
0.020
0.148
0.220
0.200
0.220
0.509
0.063
0.302
0.045
0.231

14.21
2.11
13.89
15.14
2.40
6.67
4.02
0.34
0.07
0.12
2.86
4.58
1.95
5.76
0.32

0.001
0.148
0.002
0.002
0.049
0.085
0.100
0.721
0.806
0.791
0.178
0.100
0.302
0.085
0.721

TABLE 7.—Results from PERMANOVA and PERMDISP tests for body region comparisons. Tests were separated for each season and
species. Pairwise analyses were conducted following a significant result for global comparisons only, and P values for these
comparisons were corrected for the false discovery rate.
Global body regions
PERMANOVA

Summer

Winter

R

Little brown bats
Northern
long-eared bats
Tricolored bats
Big brown bats
Eastern red bats
Silver-haired bats
Little brown bats
Northern
long-eared bats

2

Back, forearm

PERMDISP

PERMANOVA
2

Back, muzzle

PERMDISP

PERMANOVA
2

Forearm, muzzle

PERMDISP

PERMANOVA
2

PERMDISP

P

F

P

R

P

F

P

R

P

F

P

R

P

F

P

0.13

0.001

3.62

0.023

0.05

0.001

0.22

0.613

0.15

0.001

5.26

0.063

0.11

0.001

4.13

0.072

0.10

0.001

11.20

0.001

0.06

0.001

9.81

0.003

0.07

0.001

5.59

0.021

0.11

0.001

17.45

0.003

0.18
0.15
0.06
0.13
0.12

0.001
0.001
0.001
0.001
0.001

36.32
7.20
2.35
0.76
2.44

0.001
0.001
0.117
0.464
0.092

0.08
0.15
0.05
0.09
0.10

0.012
0.002
0.002
0.026
0.002

12.72
12.25

0.004
0.005

0.12
0.02
0.06
0.13
0.03

0.003
0.015
0.002
0.003
0.024

19.85
0.00

0.002
0.972

0.21
0.17
0.04
0.08
0.14

0.003
0.002
0.007
0.026
0.002

98.28
9.50

0.002
0.005

0.07

0.765

0.39

0.661

42

TABLE 8.—Results of Kruskal-Wallis tests of significance for alpha diversity among sites and species. Comparisons of Simpson’s
diversity and richness were separated by body region and season.

Comparison

Site

Species

Season

Body region
Back
Winter Forearm
Muzzle
Back
Summer Forearm
Muzzle
Back
Winter Forearm
Muzzle
Back
Summer Forearm
Muzzle

Simpson’s diversity
X2
d.f.
P
6.08
4
0.193
18.78 4
0.001
18.72 4
0.001
3.22
2
0.200
20.80 2
0.000
15.50 2
0.000
9.51
2
0.009
25.79 2
0.000
26.65 2
0.000
8.95
4
0.062
44.25 4
0.000
9.73
4
0.045

43

Richness
X
d.f.
P
8.93
4 0.063
10.92 4 0.027
7.50
4 0.112
35.81 2 0.000
3.50
2 0.174
10.65 2 0.005
21.27 2 0.000
24.98 2 0.000
14.85 2 0.001
3.71
4 0.446
30.39 4 0.000
10.63 4 0.031
2

TABLE 9.—Results of Mann-Whitney U tests of significance for alpha diversity between body regions. Comparisons of Simpson’s
diversity and richness were separated by season. P values for these comparisons were corrected for the false discovery rate.

Season
Winter

Summer

Comparison
Back, forearm
Back, muzzle
Forearm, muzzle
Back, forearm
Back, muzzle
Forearm, muzzle

Simpson’s diversity
U
P
0.053
2559
0.000
4622
0.000
4490
0.000
5974
0.063
10232
0.000
12888

44

Richness
U
3780
5883
4540.5
8766.5
13972
14834

P
0.021
0.000
0.000
0.985
0.000
0.000

Delaware Mine
Jones Adit
Keel Ridge Adit
Tippy Dam

Sleeping Bear Dunes
Manistee National Forest

Siloam Springs

Wind Cave

FIGURE 1.—Map of sampling sites. Winter hibernacula are indicated by blue flags with a star,
and summer sites are indicated by yellow flags with a circle. Due to proximity of sites, Jones
Adit and Keel Ridge Adit are included under the same flag.

45

a.

b.

c.

d.

FIGURE 2.—Differences in community composition of all samples. Nonmetric multidimensional
scaling (NMDS) ordination is based on a Bray-Curtis dissimilarity matrix. Each point represents
the bacterial community from an individual swab sample. Points are colored based on (a) season,
(b) site, (c) species, and (d) body region with ellipses encompassing one standard deviation from
each group’s respective centroid. Sites include Delaware Mine (DM), Siloam Springs (IL), Jones
Adit (JA), Keel Ridge Adit (KR), Manistee National Forest (MNF), Sleeping Bear Dunes (SB),
Tippy Dam (TD), and Wind Cave (WC). Species include big brown (EFPU), eastern red
(LABO), silver-haired (LANO), little brown (MYLU), northern long-eared (MYSE), and
tricolored (PESU) bat.
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FIGURE 3.—Differences in community composition between seasons for little brown bats. NMDS ordination is based on a Bray-Curtis
dissimilarity matrix. Each point represents the bacterial community from an individual swab sample. Points are colored based on site
for (a) back, (b) forearm, and (c) muzzle samples with ellipses encompassing one standard deviation from each group’s respective
centroid. Sites include Delaware Mine (DM), Jones Adit (JA), Keel Ridge Adit (KR), Manistee National Forest (MNF), Sleeping Bear
Dunes (SB), Tippy Dam (TD), and Wind Cave (WC). No little brown bats were sampled from Siloam Springs.
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FIGURE 4.—Differences in community composition among sites for winter-sampled bats. NMDS ordination is based on a Bray-Curtis
dissimilarity matrix. Each point represents the bacterial community from either the (a) back, (b) forearm, or (c) muzzle of a little
brown, northern long-eared, or tricolored bat. Ellipses encompass one standard deviation from each group’s respective centroid. Sites
include Delaware Mine (DM), Jones Adit (JA), Keel Ridge Adit (KR), Tippy Dam (TD), and Wind Cave (WC).
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FIGURE 5.—Differences in community composition among sites for summer-sampled bats. NMDS ordination is based on a BrayCurtis dissimilarity matrix. Each point represents the bacterial community from either the (a) back, (b) forearm, or (c) muzzle of a big
brown, eastern red, silver-haired, little brown, or northern long-eared bat. Ellipses encompass one standard deviation from each
group’s respective centroid. Sites include Siloam Springs (IL), Manistee National Forest (MNF), and Sleeping Bear Dunes (SB).
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FIGURE 6.—Differences in community composition of winter-sampled species. NMDS ordination is based on a Bray-Curtis
dissimilarity matrix. Each point represents the bacterial community from either the (a) back, (b) forearm, or (c) muzzle of a bat from
any winter site. Ellipses encompass one standard deviation from each group’s respective centroid. Species include little brown
(MYLU), northern long-eared (MYSE), and tricolored bat (PESU).
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FIGURE 7.—Differences in community composition of summer-sampled species. NMDS ordination is based on a Bray-Curtis
dissimilarity matrix. Each point represents the bacterial community from either the (a) back, (b) forearm, or (c) muzzle of a bat from
any summer site. Ellipses encompass one standard deviation from each group’s respective centroid. Species include big brown
(EPFU), eastern red (LABO), silver-haired (LANO), little brown (MYLU), and northern long-eared bat (MYSE).
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FIGURE 8.—Differences in community composition of body regions from winter-sampled species. NMDS ordination is based on a
Bray-Curtis dissimilarity matrix. Each point represents the bacterial community from either (a) little brown, (b) northern long-eared,
or (c) tricolored bat. Each point represents the bacterial community from an individual sample. Points are colored based on body
region with ellipses encompassing one standard deviation from each group’s respective centroid.
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FIGURE 9.—Differences in community composition of body regions from summer-sampled species. NMDS ordination is based on a
Bray-Curtis dissimilarity matrix. Each point represents the bacterial community from either (a) big brown, (b) eastern red, (c) silverhaired, (d) little brown, or (e) northern long-eared bats. Each point represents the bacterial community from an individual sample.
Points are colored based on body region with ellipses encompassing one standard deviation from each group’s respective centroid.
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FIGURE 10.—Comparisons of diversity and richness between seasons for little brown bats. Box
plots present (a) Simpson’s diversity and (b) the total number of OTUs (i.e., richness)
represented from back, forearm, or muzzle samples with whiskers that represent the most
extreme data point within 150% of the interquartile range.
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FIGURE 11.—Comparisons of diversity and richness among body regions. Box plots present (a)
Simpson’s diversity and (b) the total number of OTUs (i.e., richness) from all winter-sampled
bats and (c) Simpson’s diversity and (d) richness of all summer-sampled bats. Whiskers
represent the most extreme data point within 150% of the interquartile range.

55

