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External Characteristics of Abandoned Mines as Predictors 
of Bat Activity during the Fall Swarm

Lucille M. Williams1 and Joseph S. Johnson2,*

Abstract - Abandoned coal mines are habitat for bats, but are often sealed for safety. We used 
acoustic detectors to evaluate bat activity outside 61 abandoned mines in Ohio during the fall swarm 
period. Only 10% of mines had activity rates comparable to a known hibernaculum and swarming 
site. Perimyotis subflavus (Tricolored Bat) and Myotis spp. activity peaked in late August and early 
September. Myotis spp. activity was positively affected by presence of bat gates, but decreased with 
the ratio of entrance height to width. Tricolored Bat activity increased with mine entrance size and 
decreased with the number of proximate swarming sites. Activity of Eptesicus fuscus (Big Brown 
Bat) declined as autumn progressed and was positively affected by the presence of bat gates. We 
demonstrate how external characteristics of mines can be used to identify swarming habitat for 
conservation and monitoring efforts. 

Introduction
	
	 Populations of many bat species are declining across North America because of fatali-
ties due to wind turbines (Frick et al. 2017), white-nose syndrome (WNS) (Cheng et al. 
2021), and habitat loss (Farrow and Broders 2011). Elucidating the factors influencing bat 
presence and activity can inform conservation efforts, such as enhancing habitat quality or 
mitigating potential threats (Frick et al. 2023, Good et al. 2022). Abandoned coal mines can 
be important habitat for bats. These underground workings offer potential refuge and roost-
ing sites for threatened species (Johnson et al. 2006, Lacki and Bookhout 1983, Williams 
2019), but are human safety hazards (USGAO 2020) and sources of pollution (Cherry et al. 
2001). Concerns over environmental health and safety have led to the closure of abandoned 
mines (USGAO 2020, Watkins 2002), possibly destroying suitable bat habitat. The ability 
to identify abandoned mines that are important to bats is critical for safeguarding important 
habitats during reclamation projects. 
	 Evaluating the use of underground habitats by bats is challenging because many under-
ground systems contain spaces large enough for bats, but too small for humans to access, 
(Lewis et al. 2022, Mammola et al. 2016), or are too dangerous for people to enter (USGAO 
2020). This is often true of coal mines in the Appalachian region of North America, where 
billions of tons of coal have been extracted since the 1700s (Dixon and Bilbrey 2015). As 
mines were abandoned, thousands of potential bat roosts were created. However, roof-
supporting structures deteriorate in abandoned mines, creating a risk of collapse, and con-
sequently, such failing mines are often backfilled to prevent human access (Watkins 2002). 
	 When mines cannot be entered and thoroughly evaluated, bat activity at mine openings 
can be studied by using ultrasonic bat detectors, positioning infrared cameras, or by captur-
ing bats as they emerge from or return to the roost (Thomas and Davison 2022). One period 
when bats are often studied outside mines is the fall swarm, during which activity increases 
around the entrance from late summer through autumn (Hall and Brenner 1968, Parsons et 
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al. 2003). Bats of many species copulate during this time, with individuals from different 
summer ranges converging on the same swarming sites (Dekeukeleire et al. 2016), and thus, 
these locations are important for gene flow (Rivers et al. 2005). Also, these sites are likely 
important winter habitats, because bats often hibernate where these animals swarm (Van 
Schaik et al. 2015). Seasonal use of swarming sites typically results in increased acoustic 
activity outside underground openings during late summer and early autumn, followed by a 
decline leading into winter (Bergmann et al. 2022, Muthersbaugh et al. 2019, Thomas and 
Davison 2022). Because acoustic detectors can be deployed for long periods at low cost, 
these tools can help biologists identify important swarming habitats and hibernacula in 
landscapes with many mines that cannot be surveyed internally. 
	 Despite the promise of acoustic detectors for identifying swarming sites, some land-
scapes have more abandoned mine openings than can be realistically surveyed. In these 
regions, external features of mines may indicate use by bats (Johnson et al. 2006, Moran 
et al. 2023). External characteristics may be important to swarming bats for a variety of 
reasons. For example, the size and number of entrances to mines and caves affects the flow 
of air through the habitat and can influence use by hibernating bats (Hayes et al. 2011, Perry 
2013, Raesly and Gates 1987). Furthermore, the shape of entrances and characteristics of 
the surrounding landscape can also influence the number of animals using a site (Johnson et 
al. 2006, Moran et al. 2023). By understanding the relationship between external variables 
and bat use, managers can make informed decisions about which management actions are 
warranted for abandoned mines when internal surveys are not possible. 
	 Our goal was to determine if external features of abandoned coal mines can be used to 
predict levels of bat activity during fall swarming. We sought to determine how character-
istics of mine entrances (e.g., size and shape) and the surrounding aboveground environ-
ment (e.g., forest cover and density of potential hibernacula) influenced acoustic activity. 
We used a model selection approach to determine which variables best predicted activity 
of Myotis species, Perimyotis subflavus (F. Cuvier) (Tricolored Bat), and Eptesicus fuscus 
(Palisot de Beauvois) (Big Brown Bat) at abandoned mines, and we compared those results 
to data obtained at a known hibernaculum.

Field-site Description
	 We collected data on the external features of entrances to abandoned coal mines and 
bat activity at these mines in eastern Ohio, USA (Fig. 1). Species known to hibernate 
and potentially swarm in Ohio include Myotis lucifugus (Le Conte) (Little Brown Myo-
tis), Myotis septentrionalis (Trouessart) (Northern Myotis), Myotis sodalis Miller and 
G.M. Allen (Indiana Myotis), Tricolored Bat, and Big Brown Bat (Johnson and Johnson 
2024, Johnson et al. 2024). There are >1800 known abandoned underground coal mines 
throughout eastern Ohio, and an unknown number of sealed or collapsed mines (Ohio De-
partment of Natural Resources 2023). Potential study locations were limited to coal mines 
on public lands, for which we could obtain necessary permits. We deployed acoustic 
detectors outside 61 randomly selected mines and also outside the second-largest known 
hibernaculum of Little Brown Myotis (120–130 bats) and Tricolored Bats (10–20 bats) in 
Ohio. Because there are no published accounts of seasonal trends in acoustic activity at 
Ohio swarming sites, we included the hibernaculum, an abandoned railroad tunnel in
Belmont County, to allow comparison of bat activity between a known overwintering site
and our randomly selected mines.
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Methods

Data Collection
	 We deployed acoustic detectors (AudioMoth v1.50, Open Acoustics, Southampton, 
United Kingdom) from late July to late October 2021. This period encompassed the 
swarming season in our study area (Muthersbaugh et al. 2019, Lewis et al. 2022). Indi-
vidual mine openings were surveyed on a rotating basis beginning in late July. Acoustic 
detectors were deployed at 10 sites and remained in the field for ~1 week. After this time, 
detectors were moved to different sites. Once all sites were surveyed, a second rotation 
of sampling began with the sampling order identical to the first. Detectors failed on 2 in-
stances, but were later redeployed. The average time between the end of the first sampling 
period and the start of the second was 31 (± 9 SD) days. Overall, each site was surveyed 

Figure 1. A map of Ohio, USA, showing the distribution of acoustic sampling effort during fall swarm-
ing, July–October 2021. Acoustic monitoring was conducted outside mines in counties shaded green. 
Areas shaded brown represent the extent of abandoned underground mines in the state. Inset shows 
location of Ohio (green) within USA. 
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for an average of 11.3 (± 2.7, range = 6–21) nights, for a total of 691 nights of sampling. 
This sampling protocol balanced the need to survey many sites with uncertainty regard-
ing when bat activity would be greatest. The reference hibernaculum was continuously 
monitored from 30 July through 30 October.
	 Recording commenced 30 min before sunset and continued until 30 min after sunrise. The 
sampling rate was set to 250 kHz, gain was set to medium, and the sleep and recording dura-
tions were set to 5 and 10 sec, respectively. We enabled the high filter on the AudioMoths to 
record frequencies >16 kHz and used an amplitude threshold of 512 to generate .wav files. 
Each Audiomoth was placed in a waterproof enclosure, with a waterproof membrane over the 
microphone opening, and positioned on a tree ~2 m above the ground (Fig. 2). To record bat 
activity immediately in front of and within the opening, we stationed Audiomoths <5 m from 
the entrance, with the microphone directed at the mine opening. The enclosure prevented the 
detection of sound from behind the detector, and hence, we assumed that bats recorded at the 
mine opening were visiting that location. 
	 We collected data on each mine opening to determine if external features influenced bat 
activity during the swarming period. Using information provided by the Ohio Department of 
Natural Resources (2023), we confirmed the type of entrance (hereafter, EntType) as either 
horizontal (adit), vertical (shaft), or sloped (incline). We used a measuring tape to determine 
the area of the entrance (EntArea, m2). This measure represents available space for passage of 
air or flight by a bat and can influence bat use of underground habitats (Johnson et al. 2006, 
Raesly and Gates 1987). We calculated the shape of the entrance (Shape) by dividing height 
by width (Johnson et al. 2006) and confirmed the presence or absence of bat gates (BatGate).
	 We used QGIS (QGIS Development Team 2023) to examine landscape features surround-
ing each entrance. Specifically, we quantified the amount of forest within a 1-km radius of 
each site (For1k, km2) based on the 2019 National Landcover Database (Dewitz 2019). We 
also determined the number of alternative swarming sites within a 1-km radius (Sites1k), by 
tallying the number of known mine entrances, caves, and abandoned railroad tunnels (John-
son and Johnson 2024, Ohio Department of Natural Resources 2023). Finally, we obtained 
average daily temperature (i.e., the average of the daily maximum and minimum temperature; 
AvgTemp, °C) for each sampling day at each sampling location (PRISM Climate Group 2023).

Data Analyses
	 We identified each echolocation call sequence (an individual file containing ≥1 bat 
sounds) to species using SonoBat 4.2.1 and the regional classifier for the northeastern Unit-
ed States (Szewczak 2017). We manually vetted all sequences from the 61 mines; however, 
at the reference hibernaculum, we only vetted calls identified as Myotis species, Big Brown 
Bat, and Tricolored Bat, because of a high volume of recorded files. Vetting consisted of 
visually examining sequences to confirm the identification provided by SonoBat, and we 
overturned SonoBat’s identification when a sequence contained features diagnostic of other 
species. We grouped species of Myotis due to uncertainty in identification of their calls to 
species level. Calls not identified to species or genus were classified as “high-frequency 
calls” if the lowest apparent frequency was ≥40 kHz, or “low-frequency calls”, if it was 
<40 kHz. In our area, high-frequency calls typically are from Myotis, Tricolored Bats, and 
Lasiurus borealis (Müller) (Eastern Red Bats), while low-frequency calls usually are from 
Big Brown Bats, Lasionycteris noctivagans (Le Conte) (Silver-haired Bats), and Lasiurus 
cinereus (Palisot de Beauvois) (Hoary Bats).
	 To determine mine characteristics associated with swarming activity, we constructed 
generalized linear mixed models (GLMMs) with negative binomial distributions in the R 
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Figure 2. Photograph of typical placement of bat detector, immediately outside a mine opening, in 
eastern Ohio, USA. Detectors with directional microphones were stationed <5 m from openings and 
pointed towards the entrance.
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package glmmTMB (Brooks et al. 2023). A unique set of models was constructed for Myotis, 
Tricolored Bats, and Big Brown Bats (Tables S1–S3; see Supplemental File 1, available 
online at https://eaglehill.us/nabronline/suppl-files/nabr-017-Johnson-s1.pdf). We used the 
zero-inflated formula for Myotis and Tricolored Bats, but not for Big Brown Bats, which 
were detected more regularly. We modeled bat activity, using the number of call sequences 
recorded per species or genus per night as the response variable, site as a random effect (to 
avoid pseudo-replication), and ≥1 environmental variables as fixed effects (Table 1). For 
Tricolored Bats and Myotis, preliminary analyses revealed a curvilinear relationship be-
tween the number of sequences recorded/detector/night and day of the year. We, therefore, 
used Julian day (Day) and the square of Julian day (Day2) to account for this curvilinear 
trend. However, for Big Brown Bats, preliminary analysis showed a linear trend, and con-
sequently, Day2 was not included in candidate models. Before analysis, we checked for 
correlation between variables, using Pearson’s correlation coefficient, and tested for multi-
collinearity among variables by calculating variance inflation factors (Sheather 2009). Day 
was correlated with AvgTemp (F1, 689 = 337.9, r2 = 0.33, P < 0.01), so both variables were 
never used in the same model.
	 We used Akaike’s Information Criterion for small samples (AICc) to determine which 
model best explained activity of each species, using the R package AICcmodavg (Mazerolle 
2017). Any models with ΔAICc <2 were considered possible top models. The amount of 
variation explained by top models was calculated as the conditional R2 in the R package pscl 
(Jackman et al. 2015). We also tested for temporal autocorrelation on simulated residuals 
of the top models, using the R package DHARMa (Hartig et al. 2017). Finally, we created 
generalized additive models (GAMs) of trends in activity of Myotis, Big Brown Bats, and 
Tricolored Bats at the reference hibernaculum, using the R package mgcv (Wood 2015). 
Each GAM used a smoothing function for Day and produced a plot of predicted activity 
over time based on the recorded data.

Table 1. Description of fixed-effect variables used in analyses of acoustic activity of Myotis, Tricol-
ored Bats, and Big Brown Bats, outside abandoned coal mines in eastern Ohio, USA, July–October 
2021.

Fixed Effect Definition Means ± SD (range)

Day Ordinal day: a numeric representation of the day 
of the year, with possible values ranging from 
1–366 (1 January–31 December)

242 ± 23 (203–288)

AvgTemp Average daily temperature outside each mine 21.2 ± 3.8 °C (11.8–27.9 °C)

BatGate Presence or absence of a bat gate at the entrance Absent (n = 51) or present (n = 10)

Sites1k Number of mines (possible hibernacula) within 
1-km radius 

63.0 ± 20.8 (6–122)

EntType Type of entrance Horizontal (n = 36), vertical (n = 4), 
or slope (n = 21)

EntArea Area of entrance (height * width) 4.74 ± 6.7 m2 (0.04–37.2 m2)

Shape Shape of entrance, a unitless ratio (height/width) 0.60 ± 0.91 (0.07–4.70)

Forest1k Amount of forest cover within 1-km radius 2.90 ± 0.16 km2 (2.1–3.1 km2)
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Results
	
	 We recorded 12,413 call sequences at the 61 mines and 33,038 sequences at the refer-
ence hibernaculum (Table 2). Of these, SonoBat identified 2362 (19%) sequences to spe-
cies. Big Brown Bats were the most frequently identified group outside mines, followed by 
Myotis, Eastern Red Bats, and Tricolored Bats. Although Eastern Red Bats were frequently 
identified, 63% (n = 242) of these sequences were recorded outside 3 mines (5% of sites). 
Silver-haired Bats and Hoary Bats each represented <0.1% (n = 52 and 28, respectively) 
of activity. High-frequency sequences made up 50% of all recordings outside mines (n = 
6195), and included unidentifiable sequences presumably produced by Myotis, Tricolored 
Bats, and Eastern Red Bats. Low-frequency sequences made up 31% of all recordings out-
side mines (n = 3864) and included unidentifiable sequences presumably produced by Big 
Brown Bats, Hoary Bats, and Silver-haired Bats.
	 Myotis were detected outside 56 (90%) mines on at least 1 night. However, Myotis 
were only detected on 30% of nights (n = 205), and this resulted in a low rate of activ-
ity (0.93 ± 0.96 sequences/night). Activity at the mines was only 3% of that recorded at 
the reference hibernaculum (29 ± 2.5 sequences/night), where zero data were obtained 

Table 2. Descriptive statistics of bat activity recorded outside abandoned mines during fall swarming, 
July–October 2021, in eastern Ohio, USA. See Methods for descriptions of “high-frequency” and 
“low-frequency” groups.

Species or Group Number of sites present 
(%)

Number of call sequences 
recorded

Rate (mean ± SD) of 
sequences/site/night 

Mines (n = 61)

Big Brown Bat 52 (84) 1,105 1.5 ± 2.0
Myotis species 56 (90) 667 0.93 ± 0.1.0
Tricolored Bat 31 (50) 123 0.18 ± 0.32
Eastern Red Bat 28 (45) 387 0.62 ± 1.6
Silver-haired Bat 15 (24) 52 0.07 ± 0.31
Hoary Bat 7 (11) 28 0.04 ± 0.14
High-frequency 57 (92) 6,195 9.1 ± 23
Low-frequency 57 (92) 3,864 6.2 ± 18

Reference hibernaculum
Big Brown Bat 598 6.7 ± 14.7
Myotis species 2,605 29.3 ± 23.5
Tricolored Bat 402 4.5 ± 7.9
Eastern Red Bat 130 1.5 ± 2.9
Hoary Bat 24 0.3 ± 0.8
High-frequency 28,021 314.8 ± 302.3
Low-frequency 1,258 14.1 ± 21.1
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on only 2% of nights (n = 2; Table 2). However, Myotis activity was comparable to 
that of the reference hibernaculum at 2 mines (3% of sites), with activity as high as 48 
sequences/night.
	 A model with Day, Day2, Shape, and BatGate best explained the variability in activ-
ity of Myotis at mine openings (Shape = -0.56 ± 0.18, P < 0.01; BatGate = 1.19 ± 0.37, 
P < 0.001 [reference condition was no gate present]; Day = 0.71 ± 0.12, P < 0.01; Day2 = 
-0.0015 ± 0.0002, P < 0.01; conditional model pseudo R2 = 0.50) (Fig. 3, Table S1). Spe-
cifically, Myotis activity increased until late August and early September, after which 
activity gradually declined. Activity was greatest at sites where a bat gate was present 
and at mines with entrances that were wider than their peak height. No other model had 
ΔAICc <2. The GAM for Myotis activity at the reference hibernaculum revealed that the 
smoothed term for Day was significant (P < 0.01; Fig. 4A). The deviance explained by 
the overall model was 58.2%. The trend in Myotis activity was similar to that modeled 
at mines. The entrance to the reference hibernaculum was 0.74-m tall by 2.2-m wide 
(Shape = 0.34). Confirmed sequences from Myotis were recorded throughout the study 
period at this tunnel. 
	 Tricolored Bats were detected at 31 (50%) mines on at least 1 night, but were only 
detected on 10% of nights (n = 68). This resulted in a low average rate of Tricolored 
Bat activity (0.2 ± 0.32 sequences/night), which was 4% of the nightly activity at the 
reference hibernaculum (4.5 ± 0.8 sequences/night) (Table 2), where zero data were 
obtained on 49% of nights (n = 44). Tricolored Bat activity was comparable to the refer-

Figure 3. Acoustic activity of Myotis outside coal mines in Ohio, USA. Lines represent predicted val-
ues derived from a generalized linear mixed model, surrounded by 95% confidence intervals. Numbers 
at the top of each graph represent the ratio of entrance height to width.
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Figure 4. Seasonal trend in acoustic activity of Myotis (A) and Tricolored Bats (B) at a known hiber-
naculum (a railroad tunnel) in Ohio, USA, during fall 2021. Data shown are predicted values, with a 
95% confidence interval, generated by a generalized linear mixed model. 
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ence hibernaculum at 6 mines (10% of sites), with activity as high as 6 sequences/night.
	 A model with Day, Day2, Sites1k, and EntArea best predicted Tricolored Bat activity 
(EntArea = 0.06 ± 0.03, P = 0.04; Sites1k = -0.02 ± 0.01, P = 0.04; Day = 1.14 ± 0.21, P 
< 0.01; Day2 = -0.0024 ± 0.0004, P < 0.01; conditional model pseudo R2 = 0.55) (Fig. 5, 
Table S2). As with Myotis, recordings of Tricolored Bats increased throughout early au-
tumn, peaked from late August through early September, and then declined. Tricolored Bat 
activity increased with entrance size and decreased with increasing number of potential 
swarming sites within 1 km. One other model had a ΔAICc value <2 (Table S2). This model 
was simpler than the top model in that it did not include EntArea (Sites1k = -0.03 ± 0.01, P 
= 0.03; Day = 1.14 ± 0.21, P < 0.01; Day2 = -0.0024 ± 0.0004, P < 0.01; conditional model 
pseudo R2 = 0.56). The GAM for Tricolored Bat activity at the reference hibernaculum 
revealed that the smoothed term for Day was significant (P < 0.01; Fig. 4B). The deviance 
explained by the overall model was 54.0%. The trend in activity was similar to that modeled 
at mines. The last confirmed call sequence of Tricolored Bats at the reference hibernaculum 
was recorded on 6 October.
	 Big Brown Bats were detected at 52 (84%) mines and the reference hibernaculum. 
Activity of Big Brown Bats at mines (1.5 ± 2.0 sequences/night) was 22% of that at the 
reference hibernaculum (6.7 ± 1.6 sequences/night) (Table 2). Activity comparable to the 
reference hibernaculum (>6 sequences/night) was recorded at 28 mines (46%).
	 A model with Day, Shape, and BatGate (Shape = -0.52 ± 0.25, P = 0.03; BatGate 

Figure 5. Acoustic activity of Tricolored Bats outside mines in Ohio, USA, during fall 2021. Lines 
represent predicted values, derived from a generalized linear mixed model, surrounded by 95% confi-
dence intervals. Numbers at the top of each graph represent the area of the mine entrance (m2).
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= 1.33 ± 0.56, P = 0.02; Day = -0.052 ± 0.006, P < 0.01; conditional model pseudo R2 
= 0.66) best predicted activity of Big Brown Bats. No other model had ΔAICc <2. Big 
Brown Bat activity decreased with Day, was greater at sites with bat gates, and decreased 
with Shape (Fig. 6A, Table S3). The GAM for Big Brown Bat activity at the reference 
hibernaculum revealed that the smoothed term for Day was significant (P < 0.01; Fig. 6B). 
The deviance explained by the model was 52.7%. Confirmed Big Brown Bat sequences 
were recorded through 28 October. The trend in Big Brown Bat activity at the reference 
hibernaculum was similar to activity at mines. 

Discussion

	 Abandoned coal mines are abundant across parts of North America, and while they pose 
hazards to humans and the environment, some are valuable bat habitat (Johnson et al. 2006, 
Moran et al. 2023). We found that most abandoned coal mines in this study were visited 
by Tricolored Bats and Myotis during the fall swarm (Table 2). Although overall activity 
rates were low, activity of both groups was significantly higher during peak swarming (mid-
August–early September; Figs. 3 and 5). Indeed, 10% of mines had Tricolored Bat activ-
ity comparable to the railroad tunnel hibernaculum, and 2% of mines had Myotis activity 
similar to the tunnel. Given the >1800 abandoned coal mines in Ohio (Ohio Department 
of Natural Resources 2023), our data suggest that important hibernacula for Myotis and 
Tricolored Bats are currently unrecognized, leading to missed opportunities for monitoring 
and management efforts. Furthermore, failure to recognize important mines may harm bat 
populations if suitable swarming, and potentially winter, habitats are sealed.
	 Myotis activity displayed a temporal trend expected of swarming, with the number of 
sequences increasing from August through September, then declining throughout October 
(Kurta et al. 1997, Muthersbaugh et al. 2019, Thomas and Davison 2022) (Fig. 3). At the 
reference hibernaculum, multiple peaks of activity occurred throughout the fall that were 
not seen at the mines (Fig. 4). Multiple peaks in swarming activity have been documented 
previously, but remain unexplained (Lewis et al. 2022, Whitaker and Rissler 1992), al-
though some authors believe that these peaks may represent activity of different sexes and 
potentially different phenomena (Ignaczak et al. 2019). 
	 Our models of activity suggest Myotis may select swarming sites based on the shape of 
a mine entrance. Myotis activity increased at mines as the ratio of entrance height to width 
decreased (Fig. 3). Our reference hibernaculum was a good example of such an entrance, 
with a height of 0.74 m, but width of 2.2 m (Shape = 0.34). These results contrast with 
findings from West Virginia, where the ratio of height to width was positively correlated 
with the number of Little Brown and Northern Myotis that were captured during swarming 
(Johnson et al. 2006). It is unclear why entrance shape was a significant predictor of activity 
in our study. Given that our top model of Myotis activity left a substantial amount of varia-
tion unexplained, other mine characteristics are needed to understand the role of entrance 
shape during swarming. 
	 Presence of bat gates had a positive effect on Myotis activity (Fig. 3). Although gates 
were associated with greater activity, it is unclear if gates impart an overall positive, neutral, 
or negative effect on the bats. For example, a gate may protect a winter colony from hu-
man disturbance, resulting in increased use by bats and, therefore, increased activity during 
the swarm (Tobin et al. 2018). Alternatively, increased acoustic activity could result from 
increased flight activity in front of the mine opening, as bats investigate or are unsure of 
the gate, and not from a positive conservation outcome (Spanjer and Fenton 2005, Tobin 
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Figure 6. Activity of Big Brown Bats outside mines in Ohio, USA, decreased from late July through 
late October 2021 (A). Lines represent predicted values derived from a generalized linear mixed 
model, surrounded by 95% confidence intervals. Numbers at the top of each graph represent the ratio 
of entrance height to width. Panel B shows activity of Big Brown Bats at a known hibernaculum (a 
railroad tunnel) during the same period. 
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and Chambers 2017). Unfortunately, few studies have quantified the effect of gating (Mei-
erhofer et al. 2023). Complicating our evaluation of the importance of bat gates is that the 
gated mines do not have access doors, preventing human entry and any attempt to correlate 
acoustic activity with winter use by bats. 
	 Acoustic activity of Tricolored Bats decreased with increasing availability of alternative 
swarming sites, similar to findings from West Virginia (Johnson et al. 2006) (Fig. 5). Isolated 
mines may receive more bat activity due to a lack of alternative swarming sites (Johnson et 
al. 2006), and, therefore, isolation may not represent an important habitat characteristic but, 
rather, a limiting resource on the landscape. Understanding that Tricolored Bats use isolated 
mines can help biologists identify the scarce resources this uncommon bat requires and guide 
monitoring programs and management efforts. Given the imperiled status of this species due 
to WNS (Cheng et al. 2021), such knowledge can help identify where and when to minimize 
disturbance, conduct studies of autumn foraging behavior, or prioritize other management 
programs. Although our reference hibernaculum had a small entrance (1.6 m2), it was more 
isolated than most mines, with only 6 potential swarming sites within 1 km, compared to the 
mean of 63 nearby alternatives (Table 1). Previous researchers have shown that swarming 
activity of Tricolored Bats increases with entrance area size (Johnson et al. 2006) and that the 
species uses hibernacula with entrance areas comparable to those in our study (Raesly and 
Gates 1987).
	 Big Brown Bat activity was not influenced by external features at coal mines. We found 
weak or little evidence that entrance shape and presence of gates influenced acoustic activity 
of Big Brown Bats during autumn. Unlike Myotis and Tricolored Bats, activity of Big Brown 
Bats declined consistently throughout autumn (Fig. 6). Although autumn is a period when bats 
engage in important activities associated with a transition from summer maternity colonies to 
winter hibernation (Fenton 1969, Fraser and McGuire 2023), the extent to which Big Brown 
Bats swarm is unclear. Acoustic activity of this species outside hibernacula is often recorded 
during autumn (Muthersbaugh et al. 2019). However, direct observation of swarming behav-
ior is not, and number of Big Brown Bats captured during this time is typically low (Hall and 
Brenner 1968, Johnson et al. 2006, Whitaker and Rissler 1992). Because this species usually 
hibernates outside caves and mines in Ohio (Johnson et al. 2024), the observed activity pat-
terns likely are not associated with swarming. We hypothesize that the decreasing Big Brown 
Bat activity at mines during autumn is associated with decreased foraging activity, resulting 
from declining temperatures and insect availability (Gorman et al. 2021).
	 In the United States, there are >140,000 open mines on government lands (USGAO 2020). 
Closure of mines is often necessary, because they can pose public health hazards and be sourc-
es of pollution. Such closures may actually benefit bats where subsidence or flooding may 
occur, but some closures inevitably result in loss of suitable and scarce roosting resources. 
Because the species relying on these underground sites are becoming increasingly imperiled 
(Cheng et al. 2021), it is imperative to base conservation efforts on evidence (Mammola et 
al. 2022). We show that, when visual surveys for hibernating bats are not possible, external 
characteristics of mines can predict acoustic activity of Myotis and Tricolored Bats, and this 
apparent swarming activity (Thomas and Davidson 2022) suggests winter use (Van Schaik et 
al. 2015). Systematically deploying passive acoustic detectors and evaluating the dimensions 
of mine openings can identify important roosts and help prioritize conservation, management, 
and research efforts, especially when the number of potential sites is large. Such efforts should 
help facilitate rigorous evaluation of mines as potential habitat for wildlife and aid resource 
managers in deciding whether these sites should be sealed to protect human and environmen-
tal safety.
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