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Abstract Given the likelihood of regional extirpation of

several once-common bat species in eastern North America

from white-nose syndrome, it is critical that the impacts of

forest management activities, such as prescribed fire, are

known in order to minimize potentially additive negative

effects on bat populations. Historic wildfires may offer a

suitable surrogate to assess long-term burn impacts on bats

for planning, implementing and assessing burn programs.

To examine the effects of historic fire on bats, we sampled

bat activities at 24 transect locations in burned and

unburned forest stands in the central Appalachian Moun-

tains of Shenandoah National Park (SNP), Virginia, USA.

There was limited evidence of positive fire effects over

time on hoary bats (Lasiurus cinereus Beauvois) and big

brown bats (Eptesicus fuscus Beauvois) occupancy.

Overall, there were few or mostly equivocal relationships

of bat occupancy relative to burn conditions or time since

fire in SNP across species using a false-positive occupancy

approach. Our results suggest that fire does not strongly

affect bat site occupancy short- or long-term in the central

Appalachians.

Keywords Appalachian mountains � Bats � False-positive

occupancy � Prescribed fire � Wildfire

Introduction

Fire suppression efforts in the early half of the 20th century

have resulted in profound shifts in forest composition in

eastern North America (Abrams 1992). In the absence of

fire, advance regeneration of oaks (Quercus spp.) have

been replaced by shade-tolerant species such as red maple

(Acer rubrum L.). In Appalachian Mountain forests, this

has resulted in dense, shade-tolerant understories and

midstories and the eventual failure of oaks to reach the

overstory either following harvesting or in gap-phase

dynamic processes (Abrams 1992; Signell et al. 2005;

Brose et al. 2011). As such, prescribed fire is increasingly

being used to maintain or restore fire-dependent commu-

nities, particularly to promote successful oak regeneration

(USDA Forest Service 2006; Hessl et al. 2011; Strahan

et al. 2015; Block et al. 2016; Hessburg et al. 2016; Iverson

et al. 2017). However, after years of fire suppression, it

generally is unknown how fire impacts wildlife in these

systems or how long these impacts, either positive or

negative, persist (Keyser and Ford 2006; Ford et al. 2010;

Perry 2012).
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In the central Appalachians, bats are of particular con-

servation concern (Ingersoll et al. 2013) due to extreme

population declines of many cave-dwelling species as a

result of white-nose syndrome (WNS; Frick et al. 2010;

Francl et al. 2012), and of migratory species as a result of

wind energy development (Arnett et al. 2008; Arnett and

Baerwald 2013; Erickson et al. 2016). Given the high

likelihood of regional extirpation or extinction of several

once-common bat species (Frick et al. 2010; Thogmartin

et al. 2013), it is critical that the impacts of forest man-

agement activities, such as prescribed fire on bats, are

known in order to minimize potentially additive negative

effects relative to the stressors of WNS or wind energy.

Regionally, prescribed fire is used as a stewardship tool to

accomplish an array of different forest management

objectives that benefit wildlife, (e.g., fuel reduction, oak

regeneration, savanna creation; Abrams 1992; Peterson and

Reich 2001; Nowacki and Abrams 2008; Harper et al.

2016). However, because three bat species in the central

Appalachians are protected under the United States

Endangered Species Act and two additional species are

under status review, fire use faces regulatory scutiny due to

the potential for direct or indirect harm to bats. The

threatened northern long-eared bat (Myotis septentrionalis

Trouessart) and the endangered Indiana bat (Myotis sodalis

Miller & Allen) are of particular conservation concern

because both species day-roost and forage in upland forests

during the non-hibernation, maternity season (Silvis et al.

2016b). Potential negative impacts of fire on bats include

direct mortality from smoke inhalation, flame immolation,

habitat and roost loss, or disruption of group dynamics

(Carter et al. 2000; Boyles and Aubrey 2006; Dickinson

et al. 2010; Perry and McDaniel 2015). Conversely, fire

may benefit bats through reduction or modification of

clutter from tree, branch and foliage density that facilitates

flight, increased foraging efficiency, snag/roost creation,

and increased insect prey abundance (Loeb and Waldrop

2008; Perry 2012; Ford et al. 2016; Silvis et al. 2016a).

Throughout eastern North America, including the cen-

tral Appalachians, pre-WNS research on bat communities

has found species-specific responses to prescribed fire, but

notably overall bat activity often is higher in burned than in

unburned areas (Ford et al. 2006; Loeb and Waldrop 2008;

Smith and Gehrt 2010; Armitage and Ober 2012; Cox et al.

2016; Silvis et al. 2016a). Bat species-specific habitat

selection is related in part to wing morphology and

echolocation characteristics that influence maneuverability

and foraging strategies (Aldridge and Rautenbach 1987;

Norberg and Rayner 1985). Considerable research has

documented differences in likelihood of species presence

relative to forest vegetation structure (Adams et al. 2009;

Plank et al. 2012; Müller et al. 2013), and that structural

clutter is more influential than prey abundance in

determining bat habitat use (Cox et al. 2016). It seems

likely, then, that prescribed fire benefits bat communities in

the short-term through reductions in structural clutter that

improve foraging efficiency (Grindal and Brigham 1998;

Titchenell et al. 2011; Müller et al. 2013), particularly for

larger-bodied, less maneuverable species such as the big

brown bat (Eptesicus fuscus) and the hoary bat (Lasiurus

cinereus) (Loeb and Waldrop 2008; Silvis et al. 2016a).

For some larger-bodied species, such as the eastern red bat

(Lasiurus borealis Müller) (Starbuck et al. 2015; Silvis

et al. 2016a), because it is a habitat generalist (Hutchinson

and Lacki 1999; Ford et al. 2005), the probability of

occurrence and/or activity levels has been found to be

similar between burned and unburned forests.

Foraging activity of northern long-eared and Indiana

bats, both smaller-bodied species adapted to cluttered

environments, has been found to differ immediately pre-

and post-fire in the central Appalachians (Dickinson et al.

2009; Lacki et al. 2009); however their foraging patterns

return to pre-burn patterns within weeks (Dickinson et al.

2009). Likewise, the Indiana bat home range size (Lacki

et al. 2009) and that of the northern long-eared bat

(Johnson et al. 2009), and the Indiana bat’s roost switching

frequency (Johnson et al. 2010b), have not been found to

change in response to prescribed burning, suggesting that

roost availability is likely comparable between burned and

unburned areas. In a direct assessment of long-term

potential roost availability following prescribed fire, Ford

et al. (2016) found that the availability of trees with

characteristics suitable for northern long-eared bat roost-

ing, (e.g., cavities and loose bark), increased post-fire,

although tree species composition of the available pool of

suitable roosts changed. Roost trees in burned areas may be

more suitable for bats than those in unburned areas due to

overall increased solar exposure resulting from canopy

dieback of neighboring trees, allowing for increased light

penetration that aids in thermoregulation and expedites

juvenile development (Zahn 1999; Boyles and Aubrey

2006; Johnson et al. 2009). Collectively, these studies

suggest that northern long-eared and Indiana bats may be

unaffected by or display a slight positive response to fire in

the Appalachians.

Nonetheless, little is currently known about the long-

term effects of fire on bats in the central Appalachians, or

the effects relative to WNS-impacted bat populations and

communities, as most previous research occurred pre-

WNS. These topics have important implications both for

long-term forest management and conservation of threat-

ened and endangered bats. Although there are increasing

numbers of prescribed burns in the central Appalachians

(Brose et al. 2011), it is a small percentage annually

(\ 5%) of public lands overall (USDA Forest Service

2014; Young et al. 2017), and the limited history of
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prescribed fire precludes assessment of the long-term

impacts of fire. Historic wildfires, although variable in

intensity and size than prescribed fires on nearby national

forest or state lands (Austin et al. 2018), offer a pragmatic

surrogate to assess long-term burn impacts on bats that can

be used to better incorporate both bat and fire ecology into

land management plans. Our objectives, therefore, were to

assess patterns of site occupancy by bat species among

variously aged burned stands and paired unburned stands in

the central Appalachians. We hypothesized that the prob-

ability of occurrence would differ between paired burned

and unburned stands by species, with higher occupancy in

burned stands than in unburned stands for larger-bodied

bats due to reduced clutter that facilitates flight, and per-

haps for all species due to increased insect abundance.

Additionally, we hypothesized that the probability of

occurrence for all bat species would decrease with

increasing burn age, as forest structural clutter increases,

particularly for the Mytois genus of bats.

Materials and methods

Study area

The study was conducted in Shenandoah National Park

(SNP) that encompasses 79,900 ha within the Blue Ridge

province of the central Appalachian Highlands and spans

eight Virginian counties: Warren, Page, Rockingham,

Augusta, Rappahannock, Madison, Greene, and Albemarle.

The elevation ranges from 171 to 1235 m. Previous

inventory and monitoring efforts by Young et al. (2009)

identified 35 unique vegetation communities that can, in

part, be attributed to SNP’s disturbance history of forest

harvesting, grazing, and burning prior to park acquisition in

the 1930s. Plant communities vary based on aspect and

elevation, with northwest facing slopes harboring more

chestnut oak (Quercus montana Willd.) and northern red

oak (Quercus rubra L.) with some montane basswood

(Tilia americana L.) and white ash (Fraxinus americana

L.) found in circumneutral to basic boulder fields. High

elevation ([ 900 m) ridge top forests are primarily com-

prised of stunted chestnut oak, yellow birch (Betula

alleghaniensis Britt.), and northern red oak, with shrub-

lands, consisting of mountain laurel (Kalmia latifolia L,

black huckleberry (Gaylussacia baccata Koch), and Vac-

cinium spp. dominating cliffs and emergent rock outcrops.

Low to mid-elevation (approximately 300–900 m) shel-

tered coves are typically dominated or co-dominated by

sugar maple (Acer saccharum Marshall), but can also

contain tulip poplar (Liriodendron tulipifera L.), white pine

(Pinus strobus L.), eastern hemlock (Tsuga canadensis

Carriére), and mixed hardwoods, depending on elevation

and site fertility. Southeast facing slopes are often more

varied, also consisting of cove and woodland species. Dry

to moderately mesic forests typically comprised of chestnut

oak, northern red oak, white oak (Quercus alba L.), pignut

hickory (Carya glabra Miller), and Vaccinium spp. domi-

nate northwest facing slopes; white pine is occasionally

found on valley bottoms. Pine-oak/heath woodlands, con-

sisting of table mountain pine (Pinus pungens Lamb.),

pitch pine (Pinus rigida Mill.), and chestnut oak, are

located on the most xeric and infertile soils of steep, highly

solar-exposed mid-slopes. Riparian areas dominated by

eastern hemlock and white pine with rosebay rhododendron

(Rhododendron maximum L.) understories are limited in

extent, making up less than 2% of the park.

Although SNP occasionally has used prescribed fire to

enhance public safety and to maintain overlooks and

meadows or for exotic plant control, there has been largely

no landscape-level application of prescribed fire in the park

(Young et al. 2017). This is in contrast to the past decade

on the adjacent George Washington National Forest where

fire use has greatly expanded in scale as a land manage-

ment tool (USDA Forest Service 2014). The majority of

historic fires in SNP were accidental wildfires ignited by

lightning strikes, park guests, or arsonists. Wildfire size

ranged from approximately two to 7000 ha, with fires

greater[ 40 ha occurring nearly every 5 years since 1933

and in four of the five past years. Approximately 24,010 ha

have burned between 1933 and 2014 (* 30% of total SNP

area; M. Forder, SNP Fire Ecologist, pers. comm.). The

time since wildfire at SNP ranged from 3 to 85 years and

burn size ranged from 20 to 9322 hectares (Fig. 1).

Data collection

We collected acoustic data from 11 June to 15 August 2015

using Songmeter ZC frequency-division bat detectors

(Wildlife Acoustics, Maynard, Massachusetts, USA).

Sampling during this period enabled us to investigate

maternity season habitat associations in relation to fire, and

when bats are most abundant on the SNP landscape and

distributed throughout the park (Whitaker and Rissler

1992; Caceres and Barclay 2000; Ford et al. 2011). We

programmed acoustic detectors to record data from 2000 to

0700 h and collected data for 11 days at each site. Bat

activity was passively sampled at 11 transect locations that

had paired burned and unburned stands, and an additional

nine transects that only contained burned stands, and four

transects that only contained unburned stands. Logistically

practicable and accessible areas in SNP were identified and

we distributed transects in these areas using generalized

random tessellation stratified sampling which allowed for

monitoring in areas of interest (i.e., burn habitat), while

maintaining an approximate spatial-balance (Philippi 2013;
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Fig. 1). Generally, transects contained three acoustic

detectors at 160-meter intervals, with one deployed at the

burned/unburned boundary, and one each in the burned and

unburned habitats. Due to black bear (Urus americanus

Pallas) interference with equipment within the region,

detectors were secured directly to trees to minimize visi-

bility. Areas that had a burned and unburned interface were

prioritized to minimize landscape effects and enable us to

attribute bat occupancy differences to habitat and burn

variables of interest.

Following the protocol of Ford et al. (2005), call data,

geo-referenced site location, canopy closure (spherical

densitometer), and distance to nearest tree were collected

in each cardinal direction at each survey site. The point-

centered quarter method was used to calculate tree density

from distance to nearest tree, ultimately providing infor-

mation on stand structure (Mitchell 2010). Elevation (m),

aspect, and slope (degrees) were derived using digital

elevation models available online through the U.S. Geo-

logical Survey (http://data.geocomm.com/dem/), and burn

history from SNP management records (Table 1). We sine-

transformed aspect following the protocol of Garst (2007).

Data for weather covariates that could impact detectability

of bats (i.e., temperature, wind speed, humidity, and

Fig. 1 Bat detector and burn

plot locations in Shenandoah

National Park, Virginia, USA

from 11 June to 15 August of

2015
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precipitation), were obtained from the Meteorological

Terminal Aviation Routine records at the airport nearest

each detector site (\ 21 km).

Data analyses

Bat call identification

Calls were identified using both Kaleidoscope version 4.1.0,

classifier version 3.1.0 at the sensitive setting (Wildlife

Acoustics, Maynard, Massachusetts, USA), and Echoclass

version 3.1 using species set 2 (U.S. Army Engineer

Research and Development Center, Vicksburg, Mississippi,

USA) matched for this portion of Virginia (Francl et al.

2011). Both programs are U.S. Fish and Wildlife Service-

approved software versions (https://www.fws.gov/midwest/

endangered/mammals/inba/surveys/inbaAcousticSoftware.

html). Calls from 16 of 24 randomly selected transects

([ 50% of calls) were identified to species in AnalookW v.

3.9f (Titley Electronics, Ballina, NWS, Australia) to con-

firm that there were no major classification errors (i.e.,

classification of noise and insect calls as bats).

Fire history effects

Because bat calls are not perfectly identifiable by software

(Russo and Voigt 2016), or visually (Jennings et al. 2008),

acoustic data are highly likely to include false- positive

determinations of a species presence in addition to false

negatives. Although standard occupancy models are

designed to deal with false negatives, they do not permit

false positive detections of presence (Royle and Link 2006;

Miller et al. 2011; Clement et al. 2014). To account for

uncertainty in bat species detections, we modeled occu-

pancy in relation to site characteristics and burn history

using false-positive occupancy models in program R ver-

sion 3.2.3 using package Unmarked (Fiske and Chandler

2011).

False-positive detection histories for bat species were

created by comparing site-night presence determinations

from Echoclass and Kaleidoscope (Table 1). Bats were

considered to be present under each identification software

if the maximum likelihood value for presence was B 0.05.

Because we did not have a ‘‘certain’’ method to determine

true presence, we considered agreement in site-night

presence between the programs to represent ‘‘true’’ detec-

tion/non-detections, and disagreement to represent

‘‘uncertain’’ detections. False-positive output from our

models therefore represent the likelihood of disagreement

between software, rather than a true estimate of false-

positive detection.

Because we were interested in assessing effects of burn

age and condition, while also accounting for other habitat

condition effects that could influence bat presence, a series

of a priori models were compared representing hypotheses

about bat foraging habitat selection based on previous

Table 1 Covariates of interest for occupancy, detection, and false-positive detection for bat species in Shenandoah National Park, Virginia, USA

Variable Description Units/categories

Burn condition Whether the site was burned, unburned, or edge

habitat

Categorical: burned, unburned, edge

Burn size Number of hectares burned in each individual

fire

Hectares

Burn age Number of years since last burn Number

Edge distance Meters between the acoustic site and fire

boundary

Meters

Elevation Meters above sea level Meters

Slope Rate of change in elevation measured in degrees Degrees

Aspect Direction of the maximum rate of change in

slope; Sin- transformed

Sine transformed so that 0 is north, 0.49 is east and

west, and 1 is south

Canopy cover % of sky covered by overstory vegetation Percent

Stem density Average number of trees per hectare Trees per hectare

Little brown bat (Myotis lucifugus)

presence

Whether or not little brown bats are detected at

the site

Categorical: present or absent

Northern long-eared bat (Myotis

septentrionalis) presence

Whether or not northern long-eared bats are

detected at a site

Categorical: present or absent

Hoary bat (Lasiurus cinereus) presence Whether or not hoary bats are detected at a site Categorical: present or absent

Eastern red bat (Lasiurus borealis)

presence

Whether or not eastern red bats are detected at a

site

Categorical: present or absent
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research (Ford et al. 2005; Kaiser and O’Keefe 2015). For

each species, hypotheses were compared using a two-step

modeling approach, wherein candidate detection and false-

positive models were ranked using Akaike’s Information

Criterion corrected for small sample size (AICc), with

occupancy set to 1 and the best supported (DAICc\ 2)

model averaged combination was then used to model actual

occupancy. Occupancy models representing our hypotheses

were compared using AICc (Burnham and Anderson 2002).

Due to a limited sample size, models were restricted to no

more than five covariates. All covariates were centered and

scaled before analyses. To account for uncertainty in the

model selection process, a confidence set of models within

DAICc\ 2 was identified as competing models, then used

model averaged estimates, unconditional standard errors,

and 95% confidence intervals to assess individual variable

effects on probability of occurrence for each bat species of

interest (Grueber et al. 2011; Symonds and Moussalli

2011).

For each species/group, a list of six detection models,

seven false-positive models, and 11 state models were

assessed. State models contained combinations of the fol-

lowing covariates: aspect, slope, elevation, canopy cover,

tree density, burn year, and burn condition. Detectionmodels

included factors that may have influenced microphone per-

formance (i.e., wind speed and precipitation), and factors

that could obstruct a call from being recorded (i.e., canopy

cover and tree density). False-positive models contained

variables that may influence call quality (Broders et al. 2004;

Clement et al. 2014), as well as nightly presence of species

with similar call structures (Britzke et al. 2011; Russo and

Voigt 2016). Specieswith similar call structure (for example,

the Indiana bat versus the little brown bat), can be difficult to

distinguish and thus likely have a higher probability of

misidentification and false-positive detection rate.

Results

Across the 24 transects, a total of 71 individual detector

sites (34 burned; 16 edge; 21 unburned) were surveyed for

up to 11 nights each in 2015. Uneven sampling periods

among sites were due to periodic detector failures caused

by black bear damage or battery failure. Kaleidoscope

identified 53,880 call files and detected nine unique spe-

cies. Echoclass identified 22,799 call files and also detected

nine unique species. Calls identified by both programs as

silver-haired bats (Lasionycteris noctivagans Le Conte)

were excluded from analyses due to high misclassification

of big brown bat as this species. When visually examining

calls, a systemic error was found whereby large quantities

of insect noise were consistently being classified as hoary

bat calls. To account for this issue, we visually examined

all calls identified as hoary bats by Kaleidoscope using

AnalookW v. 3.9f (Titley Electronics, Ballina, NWS,

Australia), and removed all erroneously identified insect

noise for that one software application. After removing the

noise, calls were reanalyzed in Kaleidoscope to obtain

corrected maximum likelihood estimates. Detection histo-

ries for false-positive covariates, (such as little brown bat

presence), were generated such that, if either program

identified the little brown bat as present, then it was

assumed present.

False-positive occupancy models

Big brown bat

Kaleidoscope and Echoclass results agreed that big brown

bats were detected at 17 of 71 sites, providing a ‘‘certain’’

naı̈ve occupancy of 0.24. Either program, (but not both),

designated big brown bats at an additional 36 sites, giving a

possible naı̈ve occupancy of 0.51 (Table 2). Two models

were competing and contained combinations of burn con-

dition, years since burn, tree density, and the presence of

hoary bats, that had empirical support to describe occu-

pancy, detection, and false-positive detection (Table 3).

Burn condition and the interaction between burn condition

and years since burn were the competing covariates for

occupancy. The competing covariates for explaining

detection and false-positive detection were tree density and

presence of hoary bats, respectively. Confidence intervals

for burn condition and the interaction between burn con-

dition and years since burn overlapped zero and coeffi-

cients were small (Table 4). Tree density had a positive

effect on detection (Fig. 2) and the presence of hoary bats

had a positive effect on false-positive detection of big

brown bats.

Eastern red bat

Kaleidoscope and Echoclass results agreed that eastern red

bats were detected at 20 of 71 sites, providing a ‘‘certain’’

naı̈ve occupancy of 0.28 (Table 2). Either program, (but

not both), designated eastern red bats at an additional 49

sites, giving a possible naı̈ve occupancy of 0.69. Two

models were competing, one of which was the null. The

other best-supported model contained slope, wind speed,

and presence of little brown bats describing occupancy,

detection, and false-positive detection, respectively

(Table 3). Confidence intervals for slope overlapped zero

and estimates were small (Table 4). Wind speed had a
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negative effect on detection (Fig. 3). The estimate and

unconditional standard errors for the presence of little

brown bats were large, but had a positive effect on false-

positive detection of eastern red bats.

Hoary bat

Kaleidoscope detected hoary bats at 40 of 71 sites, providing a

naı̈ve occupancy of 0.56 (Table 2). There were four com-

peting models containing combinations of an interaction

between burn condition and elevation, tree density, wind

speed, temperature, and canopy cover that had empirical

support to describe occupancy and detection (Table 3). The

interaction between burn condition, elevation, and tree den-

sity were the most important covariates predicting occupancy

(Table 4). Wind speed, temperature, and canopy cover were

the most important covariates for explaining detection.

Confidence intervals for all state and detection variables

overlapped zero and coefficients were small.

Eastern small-footed bat

Kaleidoscope and Echoclass were in agreement that eastern

small-footed bats (Myotis leibii Audobon) were detected at

1 of 71 sites, providing a ‘‘certain’’ naı̈ve occupancy of

0.01 (Table 2). Either program, (but not both), designated

eastern small-footed bats at an additional 28 sites, giving a

possible naı̈ve occupancy of 0.39. There was one com-

peting model which consisted of slope, mean temperature,

and little brown bat presence that had empirical support to

described occupancy, detection, and false-positive detec-

tion, respectively (Table 3). Slope had a negative rela-

tionship with occupancy (Fig. 4a). Temperature had a

positive relationship with detection (Fig. 4b) and the

presence of little brown bats had a positive relationship

with false-positive detection of eastern small-footed bats

(Table 5).

Little brown bat

Kaleidoscope and Echoclass were in agreement that little

brown bats (Myotis lucifugus LeConte) were detected at 1

of 71 sites, providing a ‘‘certain’’ naı̈ve occupancy of 0.01

(Table 2). Either program (but not both) designated little

brown bats at an additional 36 sites, giving a possible naı̈ve

occupancy of 0.51. There was one competing model which

consisted of an interaction between slope and burn condi-

tion, tree density, and northern long-eared bat presence that

had empirical support to described occupancy, detection,

and false-positive detection, respectively (Table 3). Con-

fidence intervals for all state estimates overlapped zero

(Table 5). Tree density had a positive relationship with

detection (Fig. 5) and the presence of northern long-eared

bats had a positive relationship with false-positive detec-

tion of little brown bats.

Northern long-eared bat

Kaleidoscope and Echoclass were in agreement that

northern long-eared bats were detected at 15 of 71 sites,

providing a ‘‘certain’’ naı̈ve occupancy of 0.21 (Table 2).

Either program, (but not both), designated northern long-

eared bats at an additional 37 sites, giving a possible naı̈ve

occupancy of 0.52. There were three competing models

containing combinations of slope, tree density, precipita-

tion, and presence of little brown bats that had empirical

support to describe occupancy, detection, and false positive

detection (Table 3). Slope was the only competing

covariate for occupancy. Tree density and binary precipi-

tation were the competing covariates for detection. The

presence of little brown bats was the competing covariate

for false positive detection. Slope had a negative relation-

ship with occupancy (Fig. 6). Confidence intervals for tree

density and binary precipitation overlapped zero and

coefficients were small (Table 4). With other covariates set

Table 2 Summary of site-level/

night-level agreement (out of 71

total sites/639 total nights) in

species presence between

Kaleidoscope and Echoclass for

bat species, (except for hoary

bat results which come from

Kaleidoscope only), in

Shenandoah National Park,

Virginia, USA, 11 June to 2

August 2015

Present Absent Disagree

Big brown bat (Eptesicus fuscus) 17/94 18/370 36/175

Hoary bat (Lasiurus cinereus) 40/109 31/530 –

Eastern red bat (Lasiurus borealis) 20/32 2/255 49/352

Eastern small-footed bat (Myotis leibii)) 1/1 42/530 28/108

Little brown bat (Myotis lucifugus) 1/3 34/470 36/166

Northern long-eared bat (Myotis septentrionalis)) 15/34 19/429 37/176

Indiana bat (Myotis sodalis) 7/21 33/491 31/127

Tricolored bat (Perimyotis subflavus) 4/9 38/494 29/136

Present, specifies the number of sites/nights that both Kaleidoscope and Echoclass agreed that each species

was present; Absent, specifies the number of sites that both Kaleidoscope and Echoclass agreed that a

species was absent; Disagree, indicates the number of sites that either Echoclass or Kaleidoscope said that a

particular species was present but the other program did not
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at mean value, the presence of little brown bats had a

strong, positive relationship with the probability of false-

positive detections of northern long-eared bats.

Indiana bat

Kaleidoscope and Echoclass were in agreement that Indi-

ana bats were detected at 7 of 71 sites, providing a ‘‘cer-

tain’’ naı̈ve occupancy of 0.10 (Table 2). Either program,

(but not both), designated Indiana bats at an additional 31

sites, giving a possible naı̈ve occupancy of 0.44. There

were six competing models, one of which was a null,

containing combinations of slope, aspect, elevation, burn

condition, canopy cover and presence of little brown bats

that had empirical support to describe occupancy, detec-

tion, and false positive detection (Table 3). Slope, aspect,

elevation, burn condition, and an interaction between burn

condition and aspect were the competing covariates for

estimating occupancy. Confidence intervals for all state

covariates overlapped zero and coefficients were small

Table 3 Competing (DAICc\ 2) models and null model (state = 1) describing bat occupancy by species in Shenandoah National Park,

Virginia, USA, 11 June to 2 August 2015

Species Detection FP State k AICc DAICc Weight LogLik

Big brown bat (Eptesicus fuscus) Tree density LACI Burn condition

?burned*YSB

9 780.17 0.00 0.38 - 379.61

Tree density LACI Burn condition 8 780.86 0.69 0.27 - 381.27

Tree density LACI 1 6 782.76 2.59 0.10 - 384.72

Eastern red bat (Lasiurus borealis) Wind speed MYLU 1 6 890.09 0.00 0.39 - 438.39

Wind speed MYLU Slope 7 891.74 1.65 0.17 - 437 .98

Wind speed – Burn condition*elevation 8 543.97 0.00 0.18 - 262.82

Temperature – burn condition*elevation 8 544.79 0.82 0.12 - 263.24

Wind speed – Tree density 4 545.33 1.36 0.09 - 268.36

Canopy

cover

– Burn condition*elevation 8 545.91 1.94 0.07 - 263.79

Eastern small-footed bat (Myotis leibii) Temperature MYLU Slope 7 179.70 0.00 0.63 - 81.96

Temperature MYLU 1 6 183.17 3.47 0.11 - 84.93

Little brown bat (Myotis lucifugus) Tree density MYSE Burn condition*slope 11 441.30 0.00 0.89 - 207.42

Tree density MYSE 1 6 451.17 9.87 0.01 - 218.90

Northern long-eared bat (Myotis

septentrionalis)

Tree density MYLU Slope 7 623.37 0.00 0.37 - 303.80

Precipitation MYLU Slope 7 624.44 1.07 0.22 - 304.33

1 MYLU Slope 6 625.22 1.85 0.15 - 305.96

Tree density MYLU 1 6 628.69 5.32 0.03 - 307.69

Indiana bat (Myotis sodalis) Canopy

cover

MYLU 1 6 434.73 0.00 0.20 - 210.71

Canopy

cover

MYLU Elevation 7 434.83 0.09 0.19 - 209.52

Canopy

cover

MYLU Burn condition*aspect 11 435.41 0.67 0.14 - 204.47

Canopy

cover

MYLU Aspect 7 435.64 0.90 0.13 - 209.93

Canopy

cover

MYLU Burn condition 8 435.92 1.18 0.11 - 208.80

Canopy

cover

MYLU Slope 7 436.00 1.27 0.11 - 210.11

Tricolored bat (Perimyotis subflavus) Tree density MYLU Slope 7 351.86 0.00 0.56 - 168.04

Tree density MYLU 1 6 354.76 2.89 0.13 - 170.72

Occupancy was modeled with false-positive models except for the hoary bat which was modeled with single-season occupancy models with

detection = 1 if maximum likelihood estimator from identification software was\ 0.05

We present k the number of parameters, AICc Akaike’s Information Criteria for small sample size, DAICc delta AICc, weight AICc weight,

logLik log likelihood

1262 L. V. Austin et al.

123



(Table 4). The competing covariates for explaining detec-

tion and false-positive detection were canopy cover and

presence of little brown bats, respectively; both had a

positive relationship with the presence of Indiana bats

(Fig. 7).

Tricolored bat F

Kaleidoscope and Echoclass were in agreement that tri-

colored bats (Perimyotis subflavus Culvier) were detected

at 4 of 71 sites, providing a ‘‘certain’’ naı̈ve occupancy of

0.06 (Table 2). Either program, (but not both), designated

tricolored bats at an additional 29 sites, giving a possible

naı̈ve occupancy of 0.41. There was one competing model

which consisted of slope, tree density, and little brown bat

presence that had empirical support to describe occupancy,

detection, and false-positive detection, respectively

(Table 3). The confidence interval for slope overlapped

zero and the estimate was small (Table 5). Tree density had

a positive relationship with detection (Fig. 8), and the

presence of little brown bats had a positive relationship

with false-positive detection of tricolored bats.

Discussion

There were mostly equivocal relationships of bat occu-

pancy across species relative to burn condition or time

since fire at SNP. Our results, therefore, provide additional

evidence that fire probably does not have a significant,

Table 4 Model-averaged coefficients, unconditional standard errors

(SE), parameter type for occupancy (W), detection (p), and false-

positive detection (fp), and 95% upper and lower confidence intervals

for competing bat occupancy models (DAICc\ 2) by species in

Shenandoah National Park, Virginia, USA, 11 June to 2 August 2015

Species Covariates Parameter Coefficient SE Lower CI Upper CI

Big brown bat (Eptesicus fuscus) Burn condition: edge W 1.66 1.01 - 0.33 3.64

Burn condition: burn W 0.11 0.9 - 1.65 1.88

Burn condition: burn*YSB W - 0.78 1.18 - 3.09 1.53

Tree density p 0.74 0.35 0.05 1.42

Hoary bat fp 3.59 0.31 2.98 4.19

Hoary bat (Lasiurus cinereus) Burn condition edge*elevation W - 1.56 1.53 - 4.56 1.44

Burn condition Burn*elevation W 1.15 1.22 - 1.24 3.54

Tree density W 0.13 0.32 - 0.49 0.75

Wind speed p - 0.19 0.18 - 0.53 0.16

Temperature p - 0.09 0.17 - 0.41 0.23

Canopy cover p - 0.05 0.12 - 0.28 0.18

Eastern red bat (Lasiurus borealis) Slope W - 0.09 0.24 - 0.55 0.37

Wind speed p - 0.28 0.12 - 0.51 - 0.05

Little brown bat fp 13.3 48.8 - 82.34 108.95

Northern Long-eared Bat (Myotis septentrionalis) Slope W - 1.10 0.49 - 2.06 - 0.14

Tree density p 0.15 0.18 - 0.21 0.51

Precipitation p 0.17 0.32 - 0.45 0.79

Little brown bat fp 6.05 0.57 4.93 7.17

Indiana bat Myotis sodalis) Elevation W 0.17 0.4 - 0.6 0.95

Burn condition: edge*aspect W 0.70 1.82 - 2.88 4.27

Burn condition: Burn*aspect W 0.39 1.14 - 1.84 2.63

Aspect W - 0.20 0.94 - 2.03 1.64

Burn condition: edge W 0.49 1.18 - 1.83 2.81

Burn condition: burn W 0.20 0.92 - 1.61 2.00

Slope W - 0.06 0.25 - 0.55 0.42

Canopy cover p 0.63 0.25 0.14 1.12

Little brown bat fp 5.19 0.53 4.14 6.23

We present the parameter type, coefficient, SE standard error, and CI upper and lower confidence intervals

Estimates for covariates with confidence intervals that do not overlap zero are highlighted in bold
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long-term ecological effect on bats in this portion of the

central Appalachians. However, there was limited evidence

of negative effects from time since fire for hoary bats and

big brown bats. Big brown bat and hoary bat wing mor-

phologies and lower overall echolocation frequencies are

adaptations for flight and foraging in relatively uncluttered

habitats (Barclay 1985; Norberg and Rayner 1985; Menzel

et al. 2002), as would occur in more post-fire SNP forests

than in unburned stands. Big brown bat occupancy in

burned areas was related negatively to years since burn,

attributable to the highest amount of fire-reduced clutter

immediately post-burn, thereby facilitating flight and ease

of foraging. Although big brown bats are considered

habitat generalists (Owen et al. 2004), they readily utilize

more open habitat, including that resulting from prescribed

fire and forest thinning in both the central and southern

Appalachians (Loeb and Waldrop 2008; Silvis et al.

2016a).

In absolute terms, big brown bat and Indiana bat occu-

pancies were lowest in unburned habitat, intermediate in

burned habitat, and highest in edge habitat. Edge sites were

nearly always low-traffic, gravel roads which serve as

Fig. 2 Partial effects plot of the relationship between probability of

detection of big brown bats (Eptesicus fuscus; with 95% confidence

intervals) and tree density (trees/ha) at Shenandoah National Park,

Virginia, USA, 11 June to 15 August 2015], as identified in the

averaged model

Fig. 3 Partial effects plot of the relationship between probability of

detection of eastern red bats (Lasiurus borealis; with 95% confidence

intervals) and mean wind speed (MPH) at Shenandoah National Park,

Virginia, USA, 11 June to 15 August 2015, as identified in the

averaged model

Fig. 4 a Partial effects plot of the relationship between probability of

occurrence of eastern small-footed bats (Myotis leibii; with 95%

confidence intervals) and slope (degrees) at Shenandoah National

Park, Virginia, USA, 11 June to 15 August 2015, as identified in the

averaged model. b Partial effects plot of the relationship between

probability of detection of eastern small-footed bats (Myotis leibii;

with 95% confidence intervals) and temperature (F) at Shenandoah

National Park, Virginia, USA, 11 June to 15 August 2015, as

identified in the averaged model
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firebreaks in SNP, but also provide linear corridor habitats

for bats with some overstory and completely open mid-and

understories. Previous studies, (Estrada 2001; Ford et al.

2006; Hein et al. 2009), have found that bat activity is high

in corridors such as these that serve as efficient travel

pathways for bats; it seems likely that this is also the case

in SNP. Roads also provide uncluttered, wind-sheltered

foraging space with vertical ‘‘sides’’ that provide additional

surface area from which bats can glean or hawk insects

(Faure et al. 1993; Ratcliffe and Dawson 2003).

Hoary bat and little brown bat occupancy in each burn

condition was dependent on elevation and slope, respec-

tively. However, the relationship was weak and why this

trend occurred is unclear. Little brown bat occupancy in all

burn conditions had a negative relationship with slope. In

edge and burned habitats, occupancy decreased steadily

Table 5 Estimates for occupancy (W), detection (p), and false-

positive detection (fp), standard errors (SE), parameter type, and 95%

upper and lower confidence intervals for the best supported

occupancy model by species in Shenandoah National Park, Virginia,

USA, 11 June to 2 August 2015

Species Covariate Parameter Estimate SE Lower CI Upper CI

Eastern small-footed bat (Myotis leibii) Slope W - 0.99 0.50 - 1.96 - 0.02

Temperature P 1.32 0.59 0.17 2.47

Little brown bat Fp 8.85 1.17 6.55 11.14

Little brown bat (Myotis lucifugus) Burn condition edge W 19.10 30.80 - 41.32 79.57

Burn condition burn W 19.20 30.80 - 41.19 79.68

Slope W - 37.00 56.70 - 148.1 74.13

Burn condition edge*slope W 36.70 56.70 - 74.38 147.81

Burn condition burn*slope W 36.30 56.70 - 74.75 147.44

Tree density P 0.91 0.18 0.55 1.27

Northern long-eared bat Fp 5.94 0.58 4.80 7.08

Tricolored bat (Perimyotis subflavus) Slope W - 0.83 0.47 - 1.75 0.09

Tree density P 0.93 0.19 0.56 1.31

Little brown bat fp 8.89 1.18 6.58 11.20

The parameter type, coefficient, SE standard error, and CI upper and lower confidence intervals are shown

Estimates for covariates with confidence intervals that do not overlap zero are highlighted in bold

Fig. 5 Partial effects plot of the relationship between probability of

detection of little brown bats (Myotis lucifugus; with 95% confidence

intervals) and tree density (trees/ha) at Shenandoah National Park,

Virginia, USA, 11 June to 15 August 2015, as identified in the

averaged model

Fig. 6 Partial effects plot of the relationship between probability of

occurrence of northern long-eared bats (Myotis septentrionalis; with

95% confidence intervals) and slope (degrees) at Shenandoah

National Park, Virginia, USA, 11 June to 15 August 2015, as

identified in the averaged model
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with increasing slope but quickly dropped to zero in

unburned habitat where slope exceeded 10�. Previous

research indicates little brown bats in the central

Appalachians are strongly associated with second order

streams (Ford et al. 2005; Schirmacher et al. 2007; Johnson

et al. 2010a). Jachowski et al. (2014) found variable effects

of slope among bat species in northwestern New York,

however, most trends were not statistically significant.

Although slope had a small effect on little brown bat

occupancy, it nonetheless was included in our confidence

set of models, and had a marginally negative to negative

relationship with occupancy of all Myotis species, tricol-

ored bats, and eastern red bats. Collectively, this suggests

that bats are less likely to occupy micro-habitats on steeper

slopes at SNP. Our results could be a function of prey

locality. In the evenings, cold-air drainage (Whiteman

2000) potentially forces prey sources uphill, suggesting

that bats would forage in cove areas in the early evening,

then move up the mountain as temperatures continue to

fall, paradoxically, in low elevations. Conversely, bats may

also avoid steep terrain due to the increased energy

demands required to achieve lift (MacAyeal et al. 2011;

Adams et al. 2012).

Our data suggest that single-event fires on the landscape

have little to no impact on bat occupancy across species

through time. Moreover, the time since fire on some of our

acoustic locations invariably was so long that, to bats, these

forest stands were no longer structurally or biologically

different from unburned forests. Furthermore, because

most of our sites at SNP were not routinely managed with

fire, historically burned sites with multiple fires were not

represented in our sample. Therefore, our results provide

only limited information on potential temporal effects of

fire. Repeated prescribed fire, such as used to restore oak-

dominated stands elsewhere in the central Appalachians

that occur on national forest ownership, may have different

effects on site occupancy by bats. Additional research on

temporal effects of repeated fire is needed, as management

plans incorporating prescribed fire often recommend mul-

tiple burns. For example, Hutchinson et al. (2005) found

that it required multiple fires over the course of 8 years to

achieve prolonged reductions in midstory tree basal area

and basal sprouting.

Relative bat activity levels of WNS-affected species,

while not a focal point of this study, have been documented

as currently very low in the central Appalachians (Austin

et al. 2018) and other WNS-affected areas (Brooks 2011;

Dzal et al. 2011; Ford et al. 2011; Jachowski et al. 2014).

Population declines are known to have occurred because of

WNS (Reynolds et al. 2016). Although the link between

abundance and occupancy is unclear, low occupancy rates

in our study area likely also reflect WNS declines in bats

that have occurred regionally.

Maximizing detection rates is essential in the face of

WNS-related bat declines and the increasing level of effort

required to detect a present species (Coleman et al. 2014).

For example, we found that detection probability decreased

with increasing wind speed for the eastern red bat, which is

likely a function of microphone interference. Eastern

small-footed bat detection probability increased with tem-

perature, likely because of increased insect prey activity

(Lemoine et al. 2014). We found detection of big brown

bats, northern long-eared bats, little brown bats, and tri-

colored bats to be related positively to tree density. In

contrast, O’Keefe et al. (2014) found an inverse relation-

ship between detection and basal area in the southern

Appalachians. It is unclear why our results differ from

O’Keefe et al. (2014), but it may be because our statistical

Fig. 7 Partial effects plot of the relationship between probability of

detection of Indiana bats (Myotis sodalis; with 95% confidence

intervals) and percent canopy cover at Shenandoah National Park,

Virginia, USA, 11 June to 15 August 2015, as identified in the

averaged model

Fig. 8 Partial effects plot of the relationship between probability of

detection of tricolored bats (Perimyotis subflavus; with 95% confi-

dence intervals) and tree density (trees/ha) at Shenandoah National

Park, Virginia, USA, 11 June to 15 August 2015, as identified in the

averaged model
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approach directly accounted for detection and false-posi-

tive detection. The detection of Indiana bats also increased

with increasing canopy cover, which may be a function of

the high canopy, characteristic of older-aged forests found

in our study area, pushing bats towards detectors into the

more open midstory and subsequent foraging space below.

Ford et al. (2005) and Kaiser and O’Keefe (2015) found a

similar relationship between Indiana bat occupancy and

canopy cover in similar forest conditions.

Our application of the false-positive occupancy model

provided insight into strengths and weaknesses of available

automatic identification software, information critical to

making appropriate decisions for study design, program

selection, and interpretation of results in other settings.

Given that no acoustic classifier is completely accurate,

outcomes from all programs may be regarded as biased.

Likewise, because classifier algorithms vary among pro-

grams, we assume that each exhibits a different bias. Use of

multiple identification algorithms therefore helped us

identify and protect against bias and possible limitations of

individual identification packages. Our study highlights the

need for continued refinement in the use of automated

software identification programs relative to the effect of

false-positive and false-negative determinations for sam-

pled species. Although both programs we used have

moderate to high classification accuracy rates for bat

communities in the region (Ford 2014), our finding of a

high likelihood of false- positive identification of Indiana

bats when little brown bats were present suggests that

software uses should be particularly cautious when inter-

preting survey results. Due to sample size limitations, not

all of the false-positive covariates of interest could be

considered, such as total bat community activity and total

myotine activity (Broders et al. 2004; Clement et al. 2014).

Further work with false-positive detections is needed both

for analysis and interpretation.

Much of our current understanding of the impacts of fire

in the central Appalachians and elsewhere in the East has

focused on the impacts to day-roosting habitat (Boyles and

Aubrey 2006; Ford et al. 2016; Johnson et al.

2009, 2010b, 2012; Silvis et al. 2016a). The response of

bats to fire in terms of roost use and roost creation is well-

known and largely neutral to positive depending on the

species (Ford et al. 2006, 2016; Harper et al. 2016; Johnson

et al. 2009, 2010b). Our research helps clarify the impacts

of fire on bat foraging habitat over long time scales. No

evidence was found of fire impacts, long- or short- term, on

the foraging activities of northern long-eared, tricolored,

eastern small-footed, and eastern red bats, and evidence of

very limited effects of fire on hoary, Indiana, big brown,

and little brown bat activities, nevertheless, owing to the

diversity of bat fauna and complexities of the landscape

response to either wildfire or prescribed fire, as well as

local complexities of forest dynamics, i.e., gap-phase pro-

cesses, insect disturbance and weather (Ford et al. 2005;

Patriquin et al. 2016), additional research examining fire on

bat foraging and roosting habitat is warranted.
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