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ABSTRACT 

 

White-nose syndrome (WNS) has reduced the abundance of many bat species 

within the United Statesô mid-Atlantic region, including the endangered Indiana (Myotis 

sodalis), threatened Myotis septentrionalis (northern long-eared bat) and other bats of 

conservation concern, such as Perimyotis subflavus (tri-colored bat), Myotis leibii 

(eastern small-footed bat) and Myotis lucifugus (little brown bat). Impacts to Eptesicus 

fuscus (big brown bat) populations have been negative, positive or neutral. Migratory bat 

species such as Lasiurus borealis (eastern red bat) are not impacted by WNS. To 

determine changes within the National Park Service National Capital Region bat 

communities, I surveyed the area with mist netting and active acoustic sampling (2016ï

2018) and compared findings to pre-WNS (2003ï2004) data. I documented a significant 

reduction in the numbers and distributions of M. lucifugus and P. subflavus, a decrease in 

the distribution of M. septentrionalis, and an increase in Eptesicus fuscus. Documented 

M. septentrionalis reproduction suggests that portions of the National Capital Region 

may be important bat conservation areas. 

To explore the relationship between bat life history and passive acoustic sampling 

echolocation call data, as well as to review the sampling effort required to detect the 

presence of extant species, I used mist-netting captures and acoustic call data collected 

2015 ï 2018 within the District of Columbia, Maryland, Pennsylvania, Virginia, and 

West Virginia. Based on locally estimated scatterplot smoothing line calculations, I 



 

 

determined that the highest levels of maternity season acoustic activity for Eptesicus 

fuscus and Lasiurus borealis corresponded primarily to lactation periods. To determine 

sampling effort, I developed simulations based on species accumulation curves for 

individual species within different physiographic regions and land-cover types. I 

determined that the smallest sampling efforts typically corresponded to sampling 

additional sites versus sampling the same sites with more nights. Detection effort varied 

greatly by species, physiographic region and land-cover type.  

Eptesicus fuscus diet has been well-studied throughout North America with visual 

identification methods from fecal and stomach content samples. Next-generation 

sequencing provides large genetic data sets analyses in a cost-effective manner and has 

been used to identify bat prey items. I collected Eptesicus fuscus fecal samples from mid-

Atlantic regions and used next-generation sequencing to identify their prey. I documented 

high variation between survey areas, but did not note a clear pattern of urbanization or 

fragmentation impacts upon Insecta diversity. All order-level taxa that I documented had 

been previously documented in morphological studies; however, I did document new 

families, genera and species. However, I would suggest caution in using next-generation 

sequencing technologies as authoritative sources for documenting new diet taxa, as I 

noted frequent occurrences of confounding environmental DNA within the samples.  
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GENERAL AUDIENCE ABSTRACT 

 

White-nose syndrome (WNS) has reduced the abundance of many bat species 

within the United Statesô mid-Atlantic region, including the endangered Indiana (Myotis 

sodalis), threatened Myotis septentrionalis (northern long-eared bat) and other bats of 

conservation concern, such as the Perimyotis subflavus (tri-colored bat), Myotis leibii 

(eastern small-footed bat) and Myotis lucifugus (little brown bat). WNS-impacts to 

Eptesicus fuscus (big brown bat) populations have been negative, positive or neutral. 

Migratory bat species such as Lasiurus borealis (eastern red bat) are not impacted by 

WNS. To determine changes within the National Park Service National Capital Region 

bat communities, I captured bats with mist-netting techniques and recorded bat 

echolocation calls with active acoustics (20-minute periods; 2016ï2018) and compared 

findings to pre-WNS (2003ï2004) data. I documented a significant reduction in the 

numbers and distributions of M. lucifugus and P. subflavus, a decrease in the distribution 

of M. septentrionalis, and an increase in Eptesicus fuscus. Documented M. 

septentrionalis reproduction suggests that portions of the National Capital Region may be 

important bat conservation areas. 

To explore the relationship between bat echolocation calls recorded with passive 

(over-night) acoustic data and bat reproduction trends, as well as the amount of effort 

required to document bat species, I sampled 849 sites with passive acoustics and 482 sites 

with mist-netting during 2016 ï 2018 within the District of Columbia, Maryland, 



 

 

Pennsylvania, Virginia, and West Virginia. I determined that the highest levels of 

acoustic activity for Eptesicus fuscus and Lasiurus borealis (eastern red bat) within the 

maternity season are associated with the period of highest levels of lactation. To 

determine sampling effort, I used simulations to detect species in different landscape 

conditions. I determined that sampling additional sites requires less sampling effort than 

sampling more nights. The amount of effort required to detect each bat species varied, as 

did the impact of different landscape conditions.  

Eptesicus fuscus diet has been well-studied throughout North America by 

identifying insect parts in feces and stomach contents. Next-generation sequencing is a 

process which produced large amounts of genetic data sets in a cost-effective manner, 

and it can be used to identify prey within bat feces. I collected Eptesicus fuscus fecal 

samples from mid-Atlantic regions and used next-generation sequencing to identify 

potential prey. I determined that bat diet varied greatly based on survey area and number 

of feces analyzed. At the order-level, I did not document new taxa: however, I did 

document new families, genera and species. However, I would suggest caution in using 

next-generation sequencing technologies as authoritative sources for documenting new 

diet taxa, as many taxa apparent within my samples were subsequently excluded, as the 

bats may have been incidentally ingested them. 
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Chapter 1: White-nose syndrome-related changes to mid-Atlantic bat communities across 

an urban-to-rural gradient  

 

Abstract 

White-nose syndrome (WNS) has reduced the abundance of many bat species within the United 

Statesô mid-Atlantic region. To determine changes within the National Park Service National 

Capital Region (NCR) bat communities, I surveyed the area with mist netting and active 

acoustics (2016ï2018) and compared findings to pre-WNS (2003 ï 2004) data. The results 

indicated the continued presence of the threatened Myotis septentrionalis (Northern Long-eared 

bat) and other bats of conservation concern, such as Perimyotis subflavus (Tri-colored bat), 

Myotis leibii (Eastern Small-footed bat) and Myotis lucifugus (Little Brown bat). However, I 

documented a significant reduction in the numbers and distributions of M. lucifugus and P. 

subflavus, a decrease in the distribution of M. septentrionalis, and an increase in Eptesicus fuscus 

(Big Brown bat). Documented M. septentrionalis reproduction suggests that portions of the NCR 

may be important bat conservation areas. These post-WNS populations might be linked to high-

quality summer maternity habitat or to overwintering patterns that differ regionally relative to 

that in much of the speciesô distribution. Non-metric multi-dimensional scaling indicated that the 

amount of development surrounding sampling sites impacted species distributions. However, 

habitat modeling indicated no changes to associations for E. fuscus and Lasiurus borealis 

(Eastern Red bat) between pre- and post-WNS periods, suggesting no or equivocal niche 

relaxation for species unaffected by WNS as observed elsewhere in North America. 

Introduction  

The psychrophilic fungus Pseudogymnoascus destructans, the causative agent of White-

nose Syndrome (WNS), has caused widespread mortality of cave-hibernating bats. For 
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hibernating bats, fungal invasion of epithelial tissue causes increased overwinter arousal and/or 

dehydration, leading to a depletion of fat reserves followed by mortality from starvation or, for 

overwinter survivors, decreased post-hibernating condition, decreased fitness, shifts in 

reproductive timing, and changes in summer day-roost use (Francl et al. 2012; Reeder et al. 

2012; Reynolds et al. 2016; Muthersbaugh 2018; Nocera 2018). Since WNS was first observed 

in New York in 2006, the causative agent has spread to 33 states in the United States (US) and 7 

provinces in Canada, including hibernacula presumably used by bats summering within the 

National Park Service National Capital Region (NCR; United States Fish and Wildlife Service 

2018a). Several hibernating species, i.e., Myotis leibii (Eastern Small-Footed bat), Myotis 

lucifugus (Little Brown bat) Myotis septentrionalis (Northern Long-Eared bat), Myotis sodalis 

(Indiana bat) and Perimyotis subflavus (Tri-colored bat), have undergone large population 

decreases (Alves et al. 2014). Within five years of WNS detection, Virginia hibernacula near the 

NCR showed declines of M. lucifugus (99.0%), M. sodalis (33.5%), and P. subflavus (89.5%; 

Powers et al. 2015). Similarly, declines in summer activity levels of M. lucifugus, M. 

septentrionalis, and M. sodalis associated with the onset of WNS have been documented north of 

the NCR, in Massachusetts, New Hampshire, and New York , and West Virginia to the 

immediate west (Brooks 2011; Dzal et al. 2011; 2011; Johnson et al. 2013; Moosman et al. 2013; 

Nocera et al. 2019).  

However, WNS does not impact all bat species equally: roosting behaviors, body sizes, 

hibernacula colony sizes, environmental conditions of particular hibernacula, and dose and 

subsequent disease virulence can positively or negatively affect survival rates following 

exposure to WNS (Langwig et al. 2012, 2016). Despite high mortality rates, remnant populations 

of M. lucifugus, M. septentrionalis, M. sodalis, and P. subflavus can persist in WNS-affected 
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areas (Dobony et al. 2011; Pettit and OôKeefe 2017; De La Cruz et al. 2018). Although WNS can 

negatively impact E. fuscus (Brooks 2011), many individuals appear to be unaffected or are able 

to survive at higher rates, perhaps because their larger body size allows a greater fat reserve than 

for smaller bat species (Frank et al. 2014). 

When populations experience declines or extirpation, competitive release may result in 

other species changing their habitat use, increasing their range, or increasing their population; 

some relaxation in niche partitioning already has been observed for bats in WNS-impacted 

landscapes (Jachowski et al. 2014). Non-hibernating bats that avoid WNS impacts may expand 

into these guild gaps. Moreover, climate change is believed to be facilitating an ongoing northern 

expansion of Lasiurus seminolus (Seminole bat) and Tadarida brasiliensis (Brazilian Free-tailed 

bat; McCracken et al. 2018; Perry 2019). Along the East coast, increases in E. fuscus, Lasiurus 

borealis (Eastern red bat), and Lasiurus cinereus (Hoary bat) corresponded with decreases in M. 

lucifugus, M. septentrionalis, M. sodalis, and P. subflavus (Brooks 2011; Francl et al. 2012; 

Jachowski et al. 2014). However, total intra-night activity indicated that post-WNS, bat species 

were not expanding into empty temporal niches formerly dominated by M. lucifugus (Jachowski 

et al. 2014; Nocera 2018). Population increases and habitat-use expansion may be tempered in 

some areas due to wind-turbine induced mortality, particularly for Lasiurus borealis, Lasiurus 

cinereus, and Lasionycteris noctivagans (Silver-haired bat; Cryan and Barclay 2009). 

Possibly compounding WNS effects across much of eastern North America, highly-

urbanized areas have lower bat diversity and activity levels than less-developed, rural, semi-

natural or natural areas (Kurta and Teramino 1992; Gaisler et al. 1998; Avila-Flores and Fenton 

2005; Hourigan et al. 2010; Jung and Kalko 2011). Urbanized areas also are often dominated by 

one or a few bat species that have wide foraging and day-roosting tolerances (Geggie and Fenton 
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1985; Gaisler et al. 1998; Jung and Kalko 2011). Still, even for species capable of inhabiting 

urban spaces, there are tolerance thresholds whereby urbanization can impact activity patterns 

and foraging ecology (Schimpp 2017) and decrease reproductive success (Kurta and Teramino 

1992).  

In 2003 ï 2004, Johnson et al. (2008) surveyed bat communities within 11 NCR National 

Park Service units located in the Mid-Atlantic region of the US to assess temperate bat 

community patterns along an urban-to-rural gradient. This study used a combined active acoustic 

and mist-netting approach to determine that species richness was highest in rural, less-

fragmented NPS units. The exception to this observation was Rock Creek Park (ROCR), which 

had species richness similar to rural units despite being situated within the most developed 

portion of the NCR. Although proximity to the study areaôs urban center (District of Columbia 

[D.C.]) appeared to have minimal effects on bat activity levels, forest fragmentation within units 

contributed to lower recorded activity levels of Eptesicus fuscus (Big Brown bat), Lasiurus 

borealis, M. lucifugus, and M. septentrionalis, but increased activity levels of Lasionycteris 

noctivagans (Johnson et al. 2008).  

Accordingly, I sought to document how NCR bat communities and habitat associations 

have changed since WNS onset. The large scale and urban-to-rural gradient of the Johnson et al. 

(2008) study offers a unique opportunity to determine whether urbanization is compounding or 

confounding survival of WNS-impacted bats, as to date most WNS-impact research has been 

conducted in rural environments. Urban environments can increase contact between infected 

species because of highly-concentrated resources, such as foraging patches and limited day-roost 

availability, or impact individualsô physical condition through greater food resources, increased 

competition, and pollution (Bradley and Altizer 2007). I predicted shifts in NCR community 
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structure relative to the pre-WNS findings of Johnson et al. (2008). These shifts could include 

possible including population decreases, population extirpations, and reduced distribution of 

species highly impacted by WNS (M. lucifugus, M. septentrionalis, M. sodalis, and P. subflavus) 

and increased abundance or changes to habitat associations due to competitive release in larger-

bodied, less-affected species such as E. fuscus or non-hibernating migratory species such as 

Lasiurus borealis. Additionally, I predicted that E. fuscus juvenile volancy could occur sooner 

due to WNS-instigated earlier final arousal and emergence from hibernation. Similar to Johnson 

et al. (2008), I predicted that the highest species diversity would be found in less-fragmented, 

rural habitats with more forest cover, as higher urbanization levels would exacerbate declines 

due to an interaction with habitat fragmentation. Finally, I expected that the post-WNS level of 

effort required to document the same pre-WNS species would exceed the efforts made pre-WNS 

though primarily for WNS-affected species (Coleman et al. 2014). 

Methods  

Study area 

The study area consisted of the 11 NPS units that Johnson et al. (2008) surveyed in 2003 

ï 2004: Antietam National Battlefield (ANTI), Catoctin Mountain Park (CATO), Chesapeake 

and Ohio Canal National Historical Park (CHOH), George Washington Memorial Parkway 

(GWMP), Harpers Ferry National Historical Park (HAFE), Manassas National Battlefield Park 

(MANA), Monocacy National Battlefield (MONO), National Capital Parks-Central (now 

National Mall and Memorial Parks [NAMA]), National Capital Parks-East (NACE), Rock Creek 

Park (ROCR), and Wolf Trap National Park for the Performing Arts (WOTR; Figure 1.1). The 

area covers portions of the Coastal Plain (CHOH, GWMP, NACE, NAMA), Piedmont (CHOH, 

GWMP, MANA, MONO, ROCR, WOTR), Blue Ridge Mountains (CATO, CHOH, HAFE), and 

Ridge and Valley (ANTI, CHOH, HAFE) physiographic regions in D.C., Maryland, Virginia, 
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and West Virginia. Elevation in the sampled areas ranged from sea level to 730 m, with higher 

elevations and more complex topography in the western Blue Ridge and Ridge and Valley 

regions. May to August temperatures during sampling ranged from minima of 2.1 ï 25.4 ºC and 

maxima of 14.6 ï 35.6 ºC. Precipitation within the region ranged from 290 ï 1157 mm per May 

ï August season, but was highly variable among years, with 2018 accumulating far more 

precipitation than other years.  

The region includes forests, pasture areas, suburban development, and high-density urban 

development. Because much of the regionôs history of land use has consisted of clearing primary 

forests, conversion to agriculture or infrastructure, and altered/disrupted natural disturbance 

regimes, and so many regional forest patches do not approximate regional stand composition or 

structure. Currently, the region is largely dominated by a mix of oak-hickory and mesophytic 

forest types, i.e., Quercus spp. (oak species), Acer spp. (maple species), Liriodendron tulipifera 

(Yellow poplar), and to a lesser extent Pinus spp. (pine species; Dyer 2006). Within the NCR 

units, forest stands primarily consisted of mature and late successional forests, more so than on 

the surrounding landscape (Miller et al. 2016). Deciduous tree species that dominate the upland 

areas on NCR units include Acer rubrum (Red Maple), Fagus grandifolia (American Beech), L. 

tulipifera, and Quercus spp. Riparian forests along larger watercourses contain Platanus 

occidentalis (Sycamore), Acer negundo (Boxelder), and Liquidambar styraciflua (Sweetgum). 

The study area largely has an east-west (and, to a lesser extent, south-north) urban-to-

rural gradient along the Potomac River corridor. The most rural portions of the study area 

include CATO (a contiguous forest unit surrounded by both private and public forestland) and 

northwestern portions of CHOH in central and western Maryland. As the longest unit with the 

most habitat variation, CHOH follows the D.C. and Maryland border with Virginia and West 



 
 

7 

 

Virginia from downtown D.C., through suburban development, agricultural fields, and private 

and state forest to Cumberland, Maryland. CHOH runs through HAFE (a mix of rural 

mountainous forest and open battlefields), near ANTI and MONO, and adjacent to small portions 

of GWMP. The battlefield units (ANTI, MANA, and MONO) consist mainly of agricultural 

fields and small forest woodlots. As a performing arts center, WOTR is a combination of 

developed land and forest fragments wholly surrounded by a highly developed urban/suburban 

landscape. Near D.C., GWMP primarily follows the Virginia border and Potomac River. It 

contains both larger contiguous forest stands (e.g., Great Falls Park, approximately 13 km north 

of D.C.) and linear forest strips along motorways. Units partially or entirely within D.C. (ROCR, 

CHOH, NAMA, and NACE) are highly fragmented, with the exception of ROCR. This unit 

primarily consists of two large contiguous forested patches which follow two water courses to 

the Potomac River: Rock Creek and Foundry Branch (Miller et al. 2016). Dominated by open 

areas and National Mall monuments, NAMA contains minimal forest cover. The parks of NACE 

include units on the southeastern bank of the Anacostia River, as well as a thin linear forest strip 

running along the Baltimore-Washington Parkway up to Greenbelt Park, a small contiguous 

forest stand northeast of the city. 

Acoustic and mist-netting surveys 

I replicated the active acoustic methods used by Johnson et al. (2008) to allow a direct 

comparison of echolocation call data. Active survey sites were in forested, wetland, and open 

habitats with a mean distance between survey locations of 886 m ± 982 m (Johnson et al. 2008). 

Following Johnson et al. (2008), I used Anabat II (Titley Electronics, Ballina, Australia) zero-

crossing, frequency-division equipment to actively survey sites at each unit for one 20-minute 

period between sunset and 0200. In 2017, I revisited 147 (40.6%) of the 362 sites surveyed by 

Johnson et al. (2008) in 2003 ï 2004 (Figure 1.2). If a bat was ñobserved,ò as evidenced by 
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audible echolocation sound from the detector or by sight, I attempted to follow its direction with 

the detector microphone for a few seconds to record a complete, high-quality call sequence (Ford 

et al. 2005). All 2003 ï 2017 echolocation calls were identified to species using the 

Kaleidoscope 4.5.0 Bats of North America 4.2.0 classifier (Wildlife Acoustics, Inc., Concord, 

MA, USA) with the following species considered as known or possibly extant in the NCR: E. 

fuscus, Lasiurus borealis, Lasiurus cinereus, Lasionycteris noctivagans, M. leibii, M. lucifugus, 

M. septentrionalis, M. sodalis, Nycticeius humeralis (Evening bat), and P. subflavus. I used the 

number of echolocation calls identified to species for analyses. 

In addition to acoustics, Johnson et al. (2008) mist-netted from 28 May ï 29 August in 

2003 and 2004. I conducted mist-netting in these same areas between 20 April and 10 August in 

2016 ï 2018, with most sampling effort occurring from 15 May ï 15 August, per the Indiana bat 

Survey Guidance protocol (United States Fish and Wildlife Service 2018b). I placed nets along 

possible flight corridors, i.e., trails, roads with forest canopy cover, and/or along or near water at 

or near sites surveyed previously pre-WNS. I avoided netting during heavy precipitation or low 

temperatures, as these can reduce bat activity (Loeb et al. 2015). Netting locations were selected 

to provide a general survey of the region and based on previous detections of M. lucifugus, M. 

septentrionalis, M. sodalis, and P. subflavus (Gates and Johnson 2005, Deeley et al. in review). 

Because of post-WNS presence of M. septentrionalis at ROCR (Deeley et al. in review), I 

allocated additional effort there. Bat capture and handling procedures were approved under 

Virginia Tech Institutional Animal Care and Use protocol 16-049 and allowed under USFWS 

#TE34778A-2, Maryland Department of Natural Resources #56152, Virginia Department of 

Game and Inland Fisheries #061519, and West Virginia Division of Natural Resources 

#2018.180 scientific collecting permits. I identified bats to species using a dichotomous key to 
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the bats of this region (Menzel et al. 2002), and recorded sex, age (adult or juvenile), weight, 

forearm length, and reproductive condition (Francl et al. 2012).  

Habitat and weather associations 

To examine whether post-WNS bat communities and speciesô habitat associations have 

changed from those reported by Johnson et al. (2008), I used ESRI ArcMap 10.5 (ESRI Inc., 

Redlands, CA) to develop covariates based on National Land Cover Dataset (NLCD) land-cover 

data from 2001 (for 2003 ï 2004 samples) and 2011 (for 2016 ï 2018 samples; Homer et al. 

2004, 2015). I reclassified the NLCD land-cover types into development, forest and other 

undeveloped lands (e.g., shrub lands, agricultural fields, water). As bats may select their summer 

habitat on multiple scales, I developed buffers at the fine (100 m, 500 m) and broad (10 km, 20 

km) scales around each sample site. Within these buffers, I measured the amount of developed 

land and calculated the fractal dimension index (a measure of the complexity of forest stand 

shape) and the forest core area index (comparing the total forest area to edge) around each 

sample site with the R package SDMTools (VanDerWal et al. 2014). Based on correlations 

between measures and some buffer sizes, I excluded measures of the amount of developed land 

and forest core area indices at the same large scale (10 km, 20 km) and fractal dimension index 

and forest core area index at scales above 100 m (VanDerWal et al. 2014). Also, I used a 

categorical covariate of whether the acoustic site was in forested habitat or not. 

Because physical habitat and landscape features can influence bat activity (Ford et al. 

2005), I used ESRI ArcMap 10.5 to calculate elevation, slope, and a topographic exposure index 

(TEI) that assessed a siteôs position in the landscape by measuring the degree of exposure i.e., 

whether a sampling location was located on a ridge, slope, or in a sheltered landform such as a 

creek drainage. Modifying the methods of Evans et al. (2014) for the NCR landscape, I 

calculated TEI for each 10-m raster cell by subtracting the mean elevation within a 500-m buffer 
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around each raster cell from the elevation at the cell where the survey occurred. I used the 

standard deviation of TEI values within that interval around each site to capture variation of the 

terrain in the area surrounding the sample sites. I also determined the easting and northing of the 

sites (based on Universal Transverse Mercator 18 North), although due to autocorrelation 

stemming from the spatial arrangement of units within the NCR, I did not include models with 

both coordinate values or easting with large-scale (>10 km) landscape and land-cover covariates.  

To account for annual and daily variations unrelated to habitat or WNS, I associated each 

acoustic and netting site with weather conditions including a binary variable of whether or not 

there was a precipitation or fog event during a survey night and measures of minimum 

temperature and amount of precipitation from that sample night, the previous night, and two 

nights before sampling (PRISM Climate Group 2019). I also associated each sample with the 

time of sample relative to civil sunset: acoustic sites with the hour after civil sunset and netting 

nights with the number of minutes after civil sunset that sampling began, as bat activity varies 

throughout a night (Kunz and Brock 1975; Johnson et al. 2013). I associated each netting sample 

with the length of the sample and the number of nets used.  

Data analysis 

To compare the number of pre- and post-WNS echolocation calls and number of bat 

captures for each bat species (using mean nightly captures per net), I performed paired and 

unpaired t-tests in program R (Student 1908; Zimmerman 1997; R Core Team 2019). I used 

paired t-tests for all acoustic sites that were sampled both pre- and post-WNS and, since I did not 

resample the exact same locations pre- and post-WNS, unpaired t-tests for all netting samples. 

Because I was interested in understanding bat community habitat associations, I used the non-

metric multi-dimensional scaling (NMDS) ordination technique for both acoustic and netting 

results (Cox and Ferry 1993). Ordination represents relationships between samples and the 
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numbers of species at each site in multiple dimensions based on the ranked order of 

dissimilarities for sites based on the species therein (Kruskal 1964; Cox and Ferry 1993). I used 

echolocation call identifications from the automated software for the acoustic NMDS and the 

standardized number of captured bats for each species (mean captures per net) for the mist-net 

NMDS. I developed the acoustic covariate set which included: hour after civil sunset, Julian day 

(the day of the year), year, forest fractal dimension index (within 100-m buffer), developed area 

(within 100-m buffer), slope (percent rise), elevation, standard deviation of TEI (within 500-m 

buffer), a binary value of whether the site was forested or not, amount of precipitation that night, 

amount of precipitation the previous night, and forest core area index (within 500-m and 20 -km 

buffers). The mist-netting NMDS covariate set included: precipitation or fog (binary) during the 

netting event, amount of precipitation that night, precipitation amount the previous night, length 

of netting event, minutes after civil sunset sampling began, forest core area index (within 500-m 

and 20-km buffers), standard deviation of TEI (within 500-m buffer), Julian day, and year. I 

conducted both NMDS analyses with 3 dimensions with 500 iterations to reach convergence.  

I expected E. fuscus and Lasiurus borealis to be present throughout the NCR both pre- 

and post-WNS; therefore, to determine how habitat associations for bats still occurring in 

substantial numbers may have changed since the onset of WNS, I used the R package mgcv to 

develop and run generalized additive models (GAMs) on the number of each species captured 

per net and proportion of juvenile to total E. fuscus captured each night (Wood 2006, 2019). I did 

not have enough pre- and post-WNS capture nights for juvenile Lasiurus borealis to run a 

similar analysis. In addition to the netting covariates listed above, I also included amount of 

developed area (within 500-m and 10-km buffers), minimum temperature on the netting night, 

amount of precipitation on the netting night, amount of precipitation the previous night, 
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coordinates, and GAM-smoothed values for: Julian day, easting, northing, northing and 

developed area (within 500-m buffer), year and developed area (within 500-m buffer), year and 

forest core area index (within 500-m buffer), year and Julian day.  

Lastly, I developed species accumulation curves to determine the level of effort required 

to document a new species pre-WNS and post-WNS (Colwell and Coddington 1994) using the R 

package vegan with randomly selected samples for both acoustic and netting datasets (Oksanen 

et al. 2015). I developed pre- and post-WNS species accumulation curves for all 10 acoustically-

detected species using all samples. For the species accumulation curves based on netting, I 

selected the nights with at least 4 hours of netting and no precipitation within the netting event. I 

created two curves for the netting data: one with the 6 species that were found both pre- and 

post-WNS and one for all 9 species captured post-WNS.  

Results 

Between 2003 and 2017, I recorded 4,967 echolocation calls (2003 ï 2004 = 3,637; 2017 

= 1,330), which the software identified to 10 species: E. fuscus (n = 1,568), Lasiurus borealis (n 

=  255), Lasiurus cinereus (n = 581), Lasionycteris noctivagans (n = 1,129), M. leibii (n = 24), 

M. lucifugus (n = 639), M. septentrionalis (n = 61), M. sodalis (n = 86), N. humeralis (n = 202), 

and P. subflavus (n = 422; Table 1.1). Pre-WNS survey years had higher proportions of samples 

with identified bat echolocation calls (2003 = 80.0%, 2004 = 82.9%) than the post-WNS sample 

year (2017 = 69.4%). I recorded bat echolocation calls at 397 site-nights (2003 ï 2004 = 295, 

2017 = 102): E. fuscus (2003 ï 2004 = 139, 2017 = 60), Lasiurus borealis (2003 ï 2004 = 77, 

2017 = 39), Lasiurus cinereus (2003 ï 2004 = 125 , 2017 = 35), Lasionycteris noctivagans (2003 

ï 2004 = 150, 2017 = 55), M. leibii (2003 ï 2004 = 17, 2017 = 1), M. lucifugus (2003 ï 2004 = 

106, 2017 =29), M. septentrionalis (2003 ï 2004 = 28, 2017 = 1), M. sodalis (2003 ï 2004 = 28, 
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2017 = 8), N. humeralis (2003 ï 2004 = 54, 2017 = 34), and P. subflavus (2003 ï 2004 = 81, 

2017 = 14). 

I captured bats on 195 of 235 netting samples (2003 = 21/34; 2004 = 35/40; 2016 = 

10/13; 2017 = 43/50; 2018 = 86/98). Six species were captured both pre- and post-WNS: E. 

fuscus (n = 958), Lasiurus borealis (n = 181), Lasiurus cinereus (n = 4), M. lucifugus (n = 108), 

M. septentrionalis (n = 51), and P. subflavus (n = 34). I captured 3 species post-WNS that were 

not captured during pre-WNS sampling: Lasionycteris noctivagans (n = 13), M. leibii (n = 1), 

and N. humeralis (n = 4). I retained post-WNS netting nights with precipitation events (n = 33) 

in the dataset for the NMDS and GAM analyses. 

From 165 netting samples with E. fuscus captures (2003 = 17, 2004 = 20, 2016 = 10, 

2017 = 38, 2018 = 80), I documented E. fuscus juveniles on 41 nights (2003 ï 2004 = 8, 5.4%; 

2016 ï 2018 = 33, 4.1%). I captured pregnant E. fuscus and Lasiurus borealis until Julian day 

219 and 218, respectively, and juvenile E. fuscus and Lasiurus borealis starting Julian day 190. 

Higher proportions of juveniles occurring after Julian day 194 appeared to correspond to lower 

overall E. fuscus and Lasiurus borealis captures. 

Both acoustic and netting data indicated significant post-WNS increases in E. fuscus and 

significant distribution decreases for M. lucifugus and P. subflavus (P < 0.05; Tables 1.1, 1.2). I 

recorded a few E. fuscus juveniles earlier post-WNS than pre-WNS (Figure 1.3). I also observed 

significant post-WNS increases in the mean number of captures of Lasionycteris noctivagans and 

decreases in the recorded acoustic calls for M. leibii and M. sodalis. Despite these site-level 

changes, the acoustic NMDS (stress = 0.114) indicated that sample year (r2 = 0.031) had little 

impact on the bat communities recorded; measures of development, forest fragmentation, and 

terrain influenced bat communities both pre-and post-WNS (Table 1.3). However, sample year 
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had significant influence on the netting NMDS model (stress = 0.063; r2 = 0.263), followed by 

the forest core area index (for 20-km buffer) surrounding the sample site (r2 = 0.065; Table 1.3, 

Figure 1.4).  

Both pre- and post-WNS netting results indicated that species richness was highest in 

western portions of CHOH, where the NCR is the least urbanized and contains the highest 

proportions of rural and forested landscapes. Post-WNS I captured M. lucifugus and P. subflavus 

only in northwestern Maryland (CHOH), and their absences from all other units were the 

primary drivers to post-WNS decreases in unit-level species richness for both netting and 

acoustics data (Table 1.4). However, I did not determine a negative trend with regard to 

urbanization, as I also recorded high species diversity in highly urban units. I captured all M. 

septentrionalis in ROCR, except for a single male in CATO; 76.9% of Lasionycteris noctivagans 

in ROCR (n = 10); and all but 1 N. humeralis in GWMP (Great Falls Park). Overall, captures of 

Lasiurus cinereus were rare, with captures in ROCR (pre-WNS = 1), CHOH (pre-WNS = 2), and 

in HAFE (post-WNS =1).  

The top GAM models (æAIC < 2) predicting the mean E. fuscus captured per net all 

contained the smoothed interaction between year and developed area (500 m), smoothed Julian 

day, smoothed easting, and minimum temperature (Tables 5, 6). The most parsimonious model 

contained just these covariates, all of which were significant (P < 0.05), although like all top 

models, it had a poor fit (r2 = 0.15). Greater E. fuscus activity was associated with lower 

minimum temperatures, regardless of Julian day. Eptesicus fuscus were active throughout the 

NCR, with the least activity coinciding with open, agricultural, or suburban portions of CHOH, 

MONO, and MANA. Most activity was in the D.C. area within the larger contiguous forested 

areas of ROCR and NACE. All top E. fuscus juvenile models (æAIC < 2) included smoothed 
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Julian day, netting length, smoothed northing, precipitation the previous night, and the smoothed 

interaction between year and forest core area index (within 500-m buffer; Table 1.7). The most 

parsimonious model contained these covariates, all of which were significant (r2 = .37; Table 

1.6) 

I captured more Lasiurus borealis west of Great Falls Park (along the geological fall line 

between the Piedmont and Coastal Plain); however, distribution varied greatly across the 

landscape (Figure 1.5). Almost all top GAM models (æAIC < 2) describing Lasiurus borealis 

habitat associations included smoothed northing, smoothed Julian day and the smoothed 

interaction between year and developed area (500-m; Table 1.8). The most parsimonious model 

(r2 = 0.25) included those four covariates, although only northing and Julian day were significant 

(Tables 6, 8).  

All three post-WNS species accumulation curves required almost every sample included 

in the analysis in order to reach the maximum species richness with a standard deviation of 0 

(acoustics = 147, both netting = 109). Pre-WNS, 94 active acoustic samples were required to 

document a species richness of 10 (SD ± 0), whereas post-WNS, the species richness was 9.31 

(SD ± 0.68) for the same effort (Figure 1.6). Pre-WNS netting required 65 netting nights for a 

species richness of 6 (SD ± 0), although that effort for the same six species post-WNS yielded a 

species richness of 5.07 (SD ± 0.76; Figure 1.6). For the post-WNS netting species accumulation 

curve of all 9 extant species captured, 65 nights yielded a species richness of 7.28 (SD ± 1.20; 

Figure 1.6). 

Discussion 

As predicted, I recorded significant declines in the highly WNS-impacted M. lucifugus 

and P. subflavus abundance and distribution. These results are similar to those of other summer 
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surveys comparing pre- to post-WNS activity within the northeastern U.S. (Ford et al. 2011; 

Johnson et al. 2013; Nocera et al. 2019). Despite documented regional declines post-WNS and 

projections that the species will become regionally extirpated (Alves et al. 2014), neither M. 

septentrionalis echolocation calls nor capture rates declined significantly throughout the study 

area. However, I noted that a considerable reduction in the distribution of M. septentrionalis 

across the NCR and that the lack of significant netting declines is an artifact of high post-WNS 

sampling frequency and density in ROCR areas with known presence. 

Increases in post-WNS E. fuscus activity aligned with documented stable populations in 

New York summer habitat 2004 ï 2010 (Ford et al. 2011), 43% increases in a New York 

hibernaculum 2 ï 3 years after WNS detection (Frank et al. 2014), and 12% increases in captures 

approximately 1 ï 3 years after WNS detection in Indiana (Pettit and OôKeefe 2017). Eptesicus 

fuscus populations may have avoided WNS-related declines based on hibernation conditions, 

e.g., uninfected hibernacula, temperature within hibernacula, or shorter hibernation periods, as 

well as being physiologically less challenged by or resistant to P. destructans (Langwig et al. 

2012, 2016; Hoyt et al. 2015; Frick et al. 2017). Although broad and fine-scale habitat 

associations changed between years, annual variation did not appear to coincide purely with 

WNS. Eptesicus fuscus has a broad diet (Hamilton 1933; Phillips 1966; Whitaker 1972, 1995; 

Agosta and Morton 2003; Brack and Whitaker 2004; Long et al. 2013), roosts in a wide variety 

of natural features, i.e., trees and snags, and more commonly in many settings, anthropogenic 

structures (Whitaker and Gummer 1992, 2000), and occurs in both urban and rural landscapes 

throughout its distribution (Gehrt and Chelsvig 2004; Avila-Flores and Fenton 2005; Loeb et al. 

2009; Smith and Gehrt 2010). These generalist behaviors likely contributed to poor model fit, 

and may be obscuring minor changes to habitat use.  
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Lasiurus borealis activity and habitat associations were similar between pre- and post-

WNS sampling periods, indicating no expansion into WNS-emptied habitat niches (Jachowski et 

al. 2014) or potential wind-energy driven population declines (Arnett and Baerwald 2013). My 

results also are similar to those of pre-WNS versus post-WNS comparisons of bat communities 

in South Carolina and New York (Teets 2018; Nocera et al. 2019). Lasiurus borealis models had 

no significant fine-scale habitat measures, which are congruent with the results of Loeb et al. 

(2009), who determined that there was no relationship between occurrence of Lasiurus borealis 

and the amount of developed land within 5 km, although this differs from Limpert et al. (2007), 

who found that L. borealis roost trees on the Delmarva Peninsula in Maryland were more likely 

to be in areas with lower development (within 1 km).  

Generally, although urbanization impacted some speciesô distributions, it has not 

appeared to have exacerbated WNS declines, as I found the only evidence of recruitment among 

highly WNS-impacted species in D.C. Some combination of disease resistance, summer habitat, 

overwintering patterns, and a small pre-WNS population of WNS-susceptible species may have 

led to ROCR being a potential M. septentrionalis refugium within the mid-Atlantic region. Pre-

WNS, M. septentrionalis and M. lucifugus captures were relatively rare in ROCR compared to 

most other units, yet M. septentrionalis populations appear to be successfully reproducing only 

within ROCR. Although M. septentrionalisô survival mechanisms are not yet known, remnant M. 

lucifugus populations along the East Coast have exhibited genetically based resistance and 

avoidance behavior that may reduce WNS impacts (Dobony et al. 2011; Langwig et al. 2017). As 

a mostly-contiguous unit with older-growth, late-successional forest (Miller et al. 2016), ROCR 

contained a diverse mix of tree sizes and a high density of large standing snags and trees with 

cavities and bark conditions conducive to M. septentrionalis day-roosting. Given the mature 
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forest, year-round water sources, and surrounding established neighborhoods with numerous tree 

and anthropogenic day-roost opportunities, ROCR may provide an optimal balance of forest and 

edge habitat, access to water resources, and natural and anthropogenic roosting and hibernacula 

options. Additionally, alternative migration patterns around D.C., such as those observed in other 

bat taxa in this area (Jahn et al. 2019), may account for M. septentrionalis persistence. Recent 

overwinter detections of M. septentrionalis along coastal areas to the southeast of ROCR 

(Ecological Engineering 2016; Grider et al. 2016; Hawkings et al. 2017; North Carolina Division 

of Parks and Recreation 2019) provide evidence that some individuals are not migrating to 

Pseudogymnoascus destructans-infected hibernacula to the west in the Appalachian Mountains 

during the overwintering period. The capture of a M. septentrionalis in ROCR on 1 November 

2018, provides additional support for this hypothesis (Deeley et al. in review). 

In the more easterly urban areas, I observed slightly higher E. fuscus activity overall and 

some of the lowest proportions of juvenile E. fuscus. The E. fuscus results are similar to those of 

a landscape-scale survey in Georgia and the Carolinas finding higher E. fuscus abundance within 

NPS units with high levels of developed land within 5 km (Loeb et al. 2009). Still, within the 

D.C. area, I saw higher activity within larger forest patches, similar to observations in Mexico 

City (Avila-Flores and Fenton 2005). Although it is not known whether juvenile survival in the 

D.C. area is lower, a number of plausible mechanisms could be causal: potential regional 

distributions of pesticide remnants impacting health or arthropod prey availability (Bayat et al. 

2014), predator distributions or success (LesiŒski et al. 2009; Ancillotto et al. 2013), changes to 

wildlife-pathogen relationships (Bradley and Altizer 2007), or competition for suitable day-roost 

and food resources (Bradley and Altizer 2007). However, the detection of relatively few 

juveniles in urban areas may be confounded by regional migration patterns, as lower proportions 
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of juveniles within an area may reflect less or delayed migration of adults out of the area or 

higher use of the area as migratory stop-over habitat. 

I suggest caution regarding the interpretation of pre- and post-WNS sampling effort 

comparisons in the NCR and other WNS-affected regions. When comparing post-WNS 

communities to pre-WNS communities, it is necessary to be cognizant of how improved 

sampling methods have potentially increased detection and capture rates, whether through 

compliance with USFWS M. sodalis survey guidelines (United States Fish and Wildlife Service 

2018b) or technological improvements (e.g., passive vs. active acoustics, use of automated 

identification software, netting equipment). For example, the difference in pre- and post-WNS 

netting sample effort are greater than the species accumulation curves demonstrate, as they did 

not take into account differences in netting effort on each sample night: post-WNS netting often 

had 33-100% more nets per night (particularly in 2017 and 2018) than pre-WNS surveys. 

Additionally, my post-WNS survey methods likely increased the likelihood of capture of rare 

species, as I had more netting samples in areas where previous netting and passive acoustic 

surveys had documented presence of species highly impacted by WNS. Documented bat 

echolocation calls and capture rates also may have been influenced by the habitat structure in 

more urban, fragmented forest stands, with travel corridors concentrating bat activity more than 

in largely forested landscapes. Moreover, annual weather variation may have influenced annual 

differences in acoustic and capture data as well as year-to-year demographic changes (Racey and 

Swift 1981; Grindal et al. 1992; Patriquin et al. 2016); the year with the most netting samples 

also had higher levels of precipitation than any other year. 

I determined that active sampling methodologies were not suitable for detecting rare 

species on the current landscape. My species accumulation curves reflect decreases in the 
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numbers and distributions of WNS-impacted bat species and correspondingly high variation in 

detection. The small sampling window for active acoustic methods likely limited detection, 

especially post-WNS, and impacted the active acoustic NMDS results due to omission of survey 

sites with no echolocation calls. The limitations of active sampling are underscored by my 

recording of no post-WNS M. septentrionalis echolocation calls in ROCR, despite the mist-

netting results. Although active sampling techniques may continue to be options for comparing 

community activity to historical data (Coleman et al. 2014; Ford et al. 2016) or for detecting 

common bats, the methods are inadequate for fully documenting current post-WNS 

communities. These findings are similar to those of studies which showed that post-WNS 

sampling effort should be higher than pre-WNS efforts (Coleman et al. 2014; Niver et al. 2014). 

Based on the documented decline in the distributions and numbers of M. lucifugus and P. 

subflavus populations, it appears that these species are functionally extirpated throughout the 

study area. Although I observed that habitat associations for E. fuscus and Lasiurus borealis 

remained largely unchanged from pre- to post-WNS years in the NCR, acoustic echolocation 

calls and netting capture rates for E. fuscus increased significantly. Consequently, long-term 

monitoring would be required in the region to determine whether population increases continue, 

and intensive future surveys would be required to assess possible habitat expansion of bats less 

impacted by WNS (E. fuscus and L. borealis) into vacant niches. Furthermore, additional 

assessments in the mid-Atlantic region are needed to determine whether or how M. 

septentrionalis persistence is linked to atypical overwintering activities, such as use of coastal 

forests to the east and southeast of the NCR rather than cave hibernacula, high-quality maternity 

habitat conditions in residual NCR forest patches, or other genetic or behavioral resistance 

mechanisms.   
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Table 1.1. Total, mean and standard error (SE) of bat echolocation calls per active acoustic 

sample for both 2003 ï 2004 and 2017 sampling periods in the National Park Service National 

Capital Region. Mean change is the mean calls recorded in 2017 minus the mean number of calls 

recorded 2003 ï 2004. P-values from Pearsonôs paired t-test. Calls were identified to species by 

using Kaleidoscope 4.5.0 Bats of North America 4.2.0 classifier (Wildlife Acoustics Inc., 

Concord, MA, USA) with the following species: Eptesicus fuscus (Big Brown bat; EPFU), 

Lasiurus borealis (Eastern Red bat; LABO), Lasiurus cinereus (Hoary bat; LACI), Lasionycteris 

noctivagans (Silver-haired bat; LANO), Myotis leibii (Eastern Small-footed bat; MYLE), Myotis 

lucifugus (Little Brown bat; MYLU), Myotis septentrionalis (Northern long-eared bat; MYSE), 

Myotis sodalis (Indiana bat; MYSO), Nycticeius humeralis (Evening bat; NYHU) and 

Perimyotis subflavus (Tri-colored bat; PESU). 

  2003 ï 2004 2017 Mean 

change 
P-value 

Species Total Mean (SE) Total Mean (SE) 

EPFU 889 2.46 (0.40) 679 4.62 (0.96) 2.16 0.01 

LABO 151 0.42 (0.06) 104 0.71 (0.17) 0.29 0.07 

LACI 496 1.37 (0.21) 85 0.58 (0.13) -0.79 0.07 

LANO 878 2.43 (0.34) 251 1.71 (0.32) -0.72 0.86 

MYLE 23 0.06 (0.02) 1 0.01 (0.01) -0.05 0.05 

MYLU  573 1.58 (0.33) 66 0.44 (0.09) -1.14 0.00 

MYSE 48 0.13 (0.03) 13 0.09 (0.08) -0.04 0.33 

MYSO 77 0.21 (0.05) 9 0.06 (0.02) -0.15 0.01 

NYHU 108 0.30 (0.52) 94 0.64 (0.18) 0.34 0.13 

PESU 394 1.09 (0.21) 28 0.19 (0.07) -0.90 0.01 
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Table 1.2. Total, mean, and standard error (SE) for bat captures per net for each sample night 

2003 ï 2004 and 2016 ï 2018 sampling periods in the National Park Service National Capital 

Region. Mean change is the difference between the mean bats recorded in 2016 ï 2018 minus the 

mean number recorded 2003 ï 2004. P-values from Pearsonôs t-test. Bat species are: Eptesicus 

fuscus (Big Brown bat; EPFU), Lasiurus borealis (Eastern Red bat; LABO), Lasiurus cinereus 

(Hoary bat; LACI), Lasionycteris noctivagans (Silver-haired bat; LANO), Myotis leibii (Eastern 

small-footed bat; MYLE), Myotis lucifugus (Little Brown bat; MYLU), Myotis septentrionalis 

(Northern long-eared bat; MYSE), Nycticeius humeralis (Evening bat; NYHU) and Perimyotis 

subflavus (Tri-colored bat; PESU). 

  2003 ï 2004 2016 ï 2018 Mean 

change 
P-value 

  Total Mean (SE) Total Mean (SE) 

EPFU 39.73 0.54 (0.10) 165.77 1.03 (0.11) 0.49 0.01 

LABO 19.95 0.27 (0.06) 24.01 0.15 (0.02) -0.12 0.20 

LACI 0.92 0.01 (0.01) 0.14 0.00 (0.00) -0.01 0.25 

LANO 0.00 0.00 (0.00) 2.40 0.01 (0.01) 0.01 0.01 

MYLE 0.00 0.00 (0.00) 0.17 0.00 (0.00) 0.00 0.32 

MYLU  33.80 0.46 (0.17) 0.47 0.00 (0.00) -0.46 0.01 

MYSE 6.95 0.09 (0.03) 4.83 0.03 (0.01) -0.06 0.20 

NYHU 0.00 0.00 (0.00) 0.68 0.00 (0.00) 0.00 0.31 

PESU 10.50 0.14 (0.04) 0.17 0.00 (0.00) -0.14 0.00 
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Table 1.3. Non-metric multi-dimensional scaling (NMDS) ordination vectors and r2 values 

covariates for models describing bat communities of the National Park Service National Capital 

Region using both active acoustic and mist net sampling methods (2003 ï 2004 and 2016 ï

2018). Abbreviations include: FDI = fractal dimension index and TEI = topographic exposure 

index 

Sampling Covariate NMDS1 NMDS2 r2 

A
c
o

u
s
ti
c
s 

Developed Area (100 m) 1.00 0.05 0.14 

Forest Core Index (500 m) -0.89 -0.46 0.13 

Forest Core Index (20 km) -1.00 -0.08 0.11 

Forested -0.94 -0.34 0.10 

Elevation -0.85 0.53 0.06 

Forest FDI (100 m) -0.93 -0.38 0.06 

TEI 500 m (Standard Deviation) -0.99 0.11 0.05 

Julian Day -0.27 -0.96 0.03 

Year 0.12 -0.99 0.03 

Slope 0.04 1.00 0.02 

Precipitation (Previous night) 0.30 -0.95 0.01 

Precipitation (Sample night) 0.28 -0.96 0.01 

Hour -1.00 -0.05 0.00 

N
e
tt

in
g 

Year 0.76 0.65 0.26 

Forest Core Index (20 km) -1.00 -0.03 0.06 

Start Time -0.86 -0.51 0.04 

Julian Day -0.67 -0.74 0.03 

Forest Core Index (500 m) 0.19 -0.98 0.03 

Weather (During Event) 1.00 -0.08 0.01 

TEI 500 m (Standard Deviation) -0.92 -0.38 0.01 

Netting Length -0.46 0.89 0.01 

Precipitation (Previous night) -0.21 0.98 0.01 

Precipitation (Sample night) 0.76 -0.65 0.00 
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Table 1.4. Species richness documented through mist netting in National Park Service National Capital Region parks 2003 ï 2004 and 

2016 ï2018. Species lost indicate species that were documented 2003 ï 2004, but not 2016 ï 2018, and species gained are those 

species documented in 2016 ï 2018, but not 2003 ï 2004. Note that sample effort by park was not equal between 2003-2004 and 

2016-2018 sample periods. Park abbreviations are: Antietam National Battlefield (ANTI), Catoctin Mountain Park (CATO), 

Chesapeake and Ohio Canal National Historical Park (CHOH), George Washington Memorial Parkway (GWMP), Harpers Ferry 

National Historical Park (HAFE), Manassas National Battlefield Park (MANA), Monocacy National Battlefield (MONO), National 

Capital Parks-Central [now National Mall and Memorial Parks (NAMA)], National Capital Parks-East (NACE), Rock Creek Park 

(ROCR), and Wolf Trap National Park for the Performing Arts (WOTR). Species abbreviations are: Eptesicus fuscus (Big Brown bat; 

EPFU), Lasiurus borealis (Eastern Red bat; LABO), Lasiurus cinereus (Hoary bat; LACI), Lasionycteris noctivagans (Silver-haired 

bat; LANO), Myotis leibii (Eastern small-footed bat; MYLE), Myotis lucifugus (Little Brown bat; MYLU), Myotis septentrionalis 

(Northern long-eared bat; MYSE), Nycticeius humeralis (Evening bat; NYHU) and Perimyotis subflavus (Tri-colored bat; PESU). 
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Sample 

Method 
Park 

2003-

2004 

2016-

2018 
Species lost Species gained 

A
c
o

u
s
ti
c
s 

ANTI  9 N/A N/A N/A 

CATO 10 8 MYLE, MYSE  

CHOH 10 8 MYLE, MYSE  

GWMP 10 N/A N/A N/A 

HAFE 8 2 EPFU, LACI, LANO, MYLU, MYSO, PESU  

MANA  10 8 MYSE, MYSO  

MONO 7 N/A N/A N/A 

NAMA  6 5 PESU  

NACE 8 8 MYSO MYSE 

ROCR 8 7 MYSE  

WOTR 8 1 
EPFU, LABO, LANO, MYLU, MYSE, NYHU, 

PESU 
  

N
e
tt

in
g 

ANTI  3 2 MYLU    

CATO 4 3 MYLU   

CHOH 6 7 MYSE, LACI 
MYLE, NYHU, 

LANO 

GWMP 4 3 MYLU, PESU NYHU 

HAFE 3 3 MYSE LACI 

MANA  3 2 PESU  

MONO 4 2 MYLU, PESU  

NAMA  1 1 LABO EPFU 

NACE 2 2   

ROCR 6 4 MYLU, PESU, LACI LANO 

WOTR 2 1 LABO   
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Table 1.5. Generalized additive model results for the average Eptesicus fuscus (Big Brown bats) 

captured through mist netting between 2003 and 2018. Italicized model coefficients are provided 

in Table 1.6. Variable abbreviations are: civil = the number of minutes since civil sunset at which 

sampling began, elev = elevation, length = number of hours of the netting event sample, precip = 

whether there was precipitation during the netting sample, ppt = amount of precipitation on the 

sample night, ppt1 = amount of precipitation the previous night, s(E) = smoothed easting, s(Jul) 

= smoothed value for Julian day, tmin = minimum temperature for the netting night, s(y*d)= 

smoothed interaction between year and developed area (within 500-m buffer) and TEI = standard 

deviation of topographic exposure index (within 500-m buffer). 

Model Formula UBRE*  AIC^ æAIC 

1 s(E) + s(Jul) + elev + s(y*d) + tmin 1.46 757.26 0.00 

2 s(E) + s(Jul) + s(y*d) + tmin 1.46 757.57 0.31 

3 ppt + s(E) + s(Jul) + elev + s(y*d) + tmin 1.47 757.84 0.58 

4 ppt1 + s(E) + s(Jul) + elev + s(y*d) + tmin 1.47 758.01 0.76 

5 civil  + s(E) + s(Jul) + elev + s(y*d) + tmin 1.47 758.24 0.98 

6 length + s(E) + s(Jul) + elev + s(y*d) + tmin 1.47 758.36 1.10 

7 ppt1 + s(E) + s(Jul) + s(y*d) + tmin 1.47 758.36 1.10 

8 ppt + s(E) + s(Jul) + s(y*d) + tmin 1.47 758.50 1.24 

9 s(E) + s(Jul) + TEI + s(y*d) + tmin 1.47 758.52 1.26 

10 civil + s(E) + s(Jul) + s(y*d) + tmin 1.47 758.72 1.46 

11 length + s(E) + s(Jul) + s(y*d) + tmin 1.47 758.84 1.58 

12 s(E) + s(Jul) + elev + tmin + Year 1.47 759.00 1.74 

13 precip + s(E) + s(Jul) + s(y*d) + tmin 1.48 759.03 1.77 

14 precip + s(E) + s(Jul) + elev + s(y*d) + tmin 1.48 759.06 1.80 

15 s(E) + s(Jul) + elev + TEI + s(y*d) + tmin 1.48 759.24 1.98 

*Unbiased Risk Estimator, ^Akaike Information Criterion 
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Table 1.6. Coefficients for most parsimonious models within the generalized additive model 

candidate sets of models for the average Eptesicus fuscus (Big Brown bat; EPFU), average 

Lasiurus borealis (Eastern Red bat; LABO), and proportion of juvenile E. fuscus. Models were 

developed based on sampling National Park Service National Capital Region bat communities 

with acoustics and mist netting 2003 ï 2004 and 2016 ï 2018. Abbreviations include: length = 

number of hours of the netting event sample, ppt1 = amount of rain received the night before 

sampling, s(Jul)= a smoothed value for Julian day, s(E) = smoothed easting, s(N) = smoothed 

northing, s(y*d)= smoothed value for year and developed area (within a 500-m buffer), 

s(y*FCAI)= smoothed value for year and forest core area index (within a 500-m buffer) and tmin 

= minimum temperature on netting night. Smoothed covariates have F-values and unsmoothed 

covariates have t-values. 

Model Coefficients Estimate Standard error t- or F-value P-value 

A
v
e
ra

g
e
  

E
P

F
U
 

Intercept  2.007 0.510 3.901 <0.001 

s(E) - - 4.503 <0.001 

s(Jul) - - 3.357 0.002 

s(y*d) - - 3.269 0.033 

tmin -0.600 0.029 -2.088 0.038 

A
v
e
ra

g
e
  

L
A

B
O

 Intercept 0.170 0.023 7.459 <0.001 

s(Jul) - - 2.954 0.006 

s(N) - - 6.260 <0.001 

s(y*d) - - 1.304 0.261 

P
ro

p
o

rt
io

n
 o

f 

ju
v
e

n
ile

 E
P

F
U Intercept 0.210 0.069 3.034 0.003 

length -0.029 0.014 -2.050 0.042 

ppt1 0.004 0.001 3.022 0.003 

s(Jul) - - 11.729 <0.001 

s(N) - - 3.882 0.002 

s(y*FCAI) - - 3.273 0.012 
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Table 1.7. Proportion of juvenile Eptesicus fuscus (Big Brown bats) captured 2003 and 2018. 

Italicized model coefficients are provided in Table 1.5. Covariate abbreviations are: civil = the 

number of minutes since civil sunset at which sampling began, length = number of hours of the 

netting event sample, ppt1 = amount of precipitation the previous night, s(Jul) = smoothed value 

for Julian day, s(N) = smoothed northing and s(y*FCAI) = smoothed value for year and forest 

core area index (within a 500-m buffer).  

 

Model Formula UBRE*  AIC^ æAIC 

1 civil + length +ppt1 + s(N) + s(Jul) + s(y*FCAI) 0.03 -97.22 0.00 

2 length +ppt1 + s(N) + s(Jul) + TEI + s(y*FCAI) 0.03 -96.86 0.36 

3 length +ppt1 + s(N) + s(Jul) + s(y*FCAI) 0.03 -96.43  0.79 

*Unbiased Risk Estimator, ^Akaike Information Criterion 
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Table 1.8. Generalized additive model results for the average Lasiurus borealis (Eastern Red 

bat) captured through mist netting between 2003 and 2018. Italicized model coefficients are 

provided in Table 1.6. Variable abbreviations are: civil = the number of minutes since civil 

sunset at which sampling began, length = number of hours of the netting event sample, precip = 

whether there was precipitation during the netting sample, ppt1 = amount of precipitation the 

previous night, s(Jul) = smoothed value for Julian day, s(N) = smoothed northing, tmin = 

minimum temperature for the netting night, s(y*d) = smoothed interaction between year and 

developed area (within 500-m buffer),and TEI = standard deviation of topographic exposure 

index (within 500-m buffer). 

  Average captures per net for adult LABO 2003-2018 

Model Formula UBRE*  AIC^ æAIC 

1 s(N) + s(Jul) + s(y*d) 0.12 160.74 0.00 

2 ppt1 + s(N) + s(Jul) + s(y*d) 0.12 161.36 0.63 

3 ppt + s(N) + s(Jul) + s(y*d) 0.12 162.07 1.34 

4 s(N) + s(Jul) + TEI + s(y*d) 0.12 162.31 1.57 

5 length + s(N) + s(Jul) + s(y*d) 0.12 162.37 1.63 

6 civil + s(N) + s(Jul) + s(y*d) 0.12 162.45 1.71 

7 s(N) + s(Jul) + s(y*d) + tmin 0.12 162.62 1.89 

8 precip + s(N) + s(Jul) + s(y*d) 0.12 162.67 1.93 

*Unbiased Risk Estimator, ^Akaike Information Criterion 

 

 

 

 

 



 

 

41 

 

 

Figure 1.1. National Park Service National Capital Region bat survey study areas for pre-

White-nose Syndrome (2003 ï 2004) and post-White-nose Syndrome (2016 ï 2018) 

periods. Park abbreviations are: Antietam National Battlefield (ANTI), Catoctin 

Mountain Park (CATO), Chesapeake and Ohio Canal National Historical Park (CHOH), 

George Washington Memorial Parkway (GWMP), Harpers Ferry National Historical 

Park (HAFE), Manassas National Battlefield Park (MANA), Monocacy National 

Battlefield (MONO), National Capital Parks-Central [now National Mall and Memorial 

Parks (NAMA)], National Capital Parks-East (NACE), Rock Creek Park (ROCR), and 

Wolf Trap National Park for the Performing Arts (WOTR). CHOH follows the Maryland 

border with Virginia and West Virginia from the western-most part of the study area to 

downtown District of Columbia (D.C.) between the two CHOH points. NACE and 

GWMP points indicate the southern-most and northern-most parks within those units. 

Parks partially or entirely within D.C. include: ROCR, CHOH, NAMA, and NACE. 
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Figure 1.2. National Park Service National Capital Region acoustic survey sites for pre-

White-nose Syndrome (2003 ï 2004) and post-White-nose Syndrome (2016 ï 2018) 

periods. Black stars indicate sites surveyed 2003 ï 2004, and open stars indicate sites 

surveyed in both 2003 ï 2004 and 2017 survey sites.  
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Figure 1.3. The proportion of juvenile to total Eptesicus fuscus (Big Brown bat) captured 

during mist netting in 2003 ï 2004 (solid circles) and 2016 ï 2018 (open triangles) within 

the National Park Service National Capital Region. 
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Figure 1.4. Non-metric multi-dimensional scaling (NMDS) ordination for sampling (2003 ï 2004 and 2016 ï 2018) in the National 

Park Service National Capital Region. Arrow directionality indicates increases in variable values. The region was sampled for the 

following species: Eptesicus fuscus (Big Brown bat; EPFU), Lasiurus borealis (Eastern Red bat; LABO), Lasiurus cinereus (Hoary 

bat; LACI), Lasionycteris noctivagans (Silver-haired bat; LANO), Myotis leibii (Eastern small-footed bat; MYLE), Myotis lucifugus 

(Little Brown bat; MYLU), Myotis septentrionalis (Northern long-eared bat; MYSE), Myotis sodalis (Indiana bat; MYSO), Nycticeius 

humeralis (Evening bat; NYHU) and Perimyotis subflavus (Tri-colored bat; PESU). a) Bat acoustic calls identified to species by using 

Kaleidoscope 4.5.0 Bats of North America 4.2.0 classifier (Wildlife Acoustics Inc., Concord, MA, USA). b) Bat captures from mist-

netting. Abbreviated variables are: a = developed area (within 100 buffer), b = whether a site was forested of not, c = forest core area 

index (within 20 km buffer), d= forest core area index (within 500-m buffer), e = forest fractal dimension index (within 100 m buffer), 

f = sample hour after civil sunset, g = Julian day, h = amount of precipitation on sample night, i = amount of precipitation on night 

before sample night, j = slope, k = elevation, l = standard deviation of topographic exposure index (within 500-m buffer), m = year, n 

= whether there was precipitation or fog during netting, o = minutes after civil sunrise that sampling began and p = number of hours 

netted.   

b a 



 

45 

 

 



 

46 

 

Figure 1.5. Relationships between captured bat species (2003 ï 2004 and 2016 ï 2018) in the National Park Service National Capital 

Region based on generalized additive models. Julian day ranges from 110 to 240. Northing and easting were positively correlated, and 

higher easting values were correlated with higher measures of development and forest fragmentation at 10-km and 20-km scales. a) 

average Eptesicus fuscus (Big Brown bat) caught per net by easting and Julian day b) average Lasiurus borealis (Eastern Red bat) 

caught per net by northing and Julian day c) proportion of juvenile to total E. fuscus by northing and Julian day d) average E. fuscus 

caught per net by easting and year e) average L. borealis caught per net by northing and year, and f) average E. fuscus caught per net 

by amount of developed area (500 m) and year.  
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Figure 1.6. Species accumulation curves for active acoustic and mist netting surveys in 

the National Park Service National Capital Region 2003 ï 2018. Darker lines and 

polygons are 2003 ï 2004 samples and lighter lines and polygons are 2016 ï 2018 

samples. The polygons around each line indicate confidence intervals for each curve. a) 

acoustic sampling both 2003 ï 2004 and 2017; b) mist netting with only six species 

captured 2003 ï 2004; and c) mist netting with all nine species captured 2003 ï 2004 and 

2016 ï 2018.  

 

a 

b 
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Chapter 2: Relationship between acoustic echolocation and reproduction data in mid-

Atlantic bats 

Abstract 

Acoustic data are often used to describe bat activity, including habitat use within the summer 

reproductive periods. To understand how acoustic survey and mist-netting data related, I sampled 

big brown bats (Eptesicus fuscus) and eastern red bats (Lasiurus borealis) on 482 mist-netting 

and 35,410 passive acoustic sampling recorder nights within the District of Columbia, Maryland, 

Pennsylvania, Virginia, and West Virginia. I documented the proportion of female, pregnant, 

lactating, and juvenile big brown and eastern red bats within each sampling event and calculated 

locally estimated scatterplot smoothing (LOESS) lines for each dataset. I then calculated LOESS 

lines for the mean echolocation calls recorded by Julian day. By reviewing the patterns and 

inflection points for each line, I determined that the highest levels of acoustic activity within the 

maternity season was most associated with the period wherein I captured the highest proportions 

of lactating bats. I also identified that fewer netting nights with captures of pregnant, lactating, 

and juvenile bats missed documenting the full temporal range of reproduction. Futhermore, as 

peaks in acoustic call data appear to represent increases in female bat activity rather than 

increases in bat numbers, using relative activity as an indicator for population size or to 

determine habitat associations may bias results if data are collected on temporal or spatial scales 

that represent different periods of the maternity season. Since acoustic activity patterns varied 

greatly based on spatial extent, migration activity to, from, or through a study area and how 

different temporal and spatial sampling scales may impact observed activity and presence  

Introduction  

Within the Mid-Atlantic region, many bat species migrate in the spring from overwintering sites 

to summer habitat where females form maternity colonies, and in late summer and early fall, 
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they migrate back to overwintering sites (Kurta and Murray 2002, McGuire et al. 2012). 

Specifically, big brown bats (Eptesicus fuscus) hibernate in caves or anthropogenic structures 

(e.g., mines and tunnels), and in the summer, groups of 25 ï 75 females form maternity colonies, 

usually in tree cavities or anthropogenic structures (Beer 1955, Kurta and Baker 1990, Whitaker 

and Gummer 1992). Eastern red bats (Lasiurus borealis) typically migrate from southern 

overwintering areas within the Potomac and Ohio river valleys to summer habitat (Barbour and 

Davis 1969, Shump and Shump 1982, Menzel et al. 2003). In the maternity season, they 

normally day roost in deciduous tree foliage singly or in small numbers (Barbour and Davis 

1969, Shump and Shump 1982). 

Early summer parturition provides juveniles development time before engaging in 

migration and hibernation (Altringham 2011). Bats in the family Vespertilionidae typically 

become volant within 3 ï 4 weeks of birth, with the range between 2 weeks and 2 months (Tuttle 

and Stevenson 1982). Adult female hibernation emergence timing, pre-volancy weather 

conditions, food resources, and maternity roost conditions impact the timing of juvenile volancy 

(Altringham 2011). Warmer roosts reduce thermoregulatory constraints on mothers and 

offspring, thus leading to shorter gestation periods and expedited juvenile development 

(Altringham 2011). Indeed, a laboratory study of tricolored bats (Perimyotis subflavus) observed 

that temperatures of 5 ï 10ºC over an extended period (> 10 days) halted fetal development 

during torpor; whereas temperatures of 30 ï 35 ºC significantly accelerated fetal growth (Racey 

and Swift 1981). In Washington, D.C., Maryland, Virginia and West Virginia, the latest big 

brown bat pregnancies were documented Julian day 164 ï 219 and earliest juvenile big brown 

bat captures occurred between Julian day 167 ï 190 (Timpone et al. 2011, Francl et al. 2012, 

Deeley et al. in review b). The latest pregnant eastern bats were documented Julian day 159 ï 
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218 and earliest juvenile big brown bat captures occurred between Julian day 175 ï 190 

(Timpone et al. 2011, Francl et al. 2012, Deeley et al. in review b). In southwestern Virginia on 

the Cumberland Plateau and Appalachian Mountains of West Virginia, lactating big brown bats 

were observed on Julian days 151 ï 220 and eastern red bats on days 151 ï 207 (Timpone et al. 

2011, Francl et al. 2012).  

Acoustic monitoring records echolocation call sequences that represent foraging or 

commuting activities. Passive acoustic monitoring has higher probability of detecting rare 

species than mistïnetting surveys, which generally have low capture rates relative to bat activity 

(Larsen et al. 2007, Niver et al. 2014). Acoustic monitoring is often used to describe white-nose 

syndrome (WNS) impacts, habitat use, within-night activity patterns and reproductive success 

(Ford et al. 2011, Loeb et al. 2015, White et al. 2017, Teets 2018, Nocera et al. 2019, U.S. Fish 

and Wildlife Service 2019). The North American Bat Monitoring Program (NABat) suggests that 

acoustic surveys be conducted from 1 June (Julian day 152) ï 30 July (Julian day 211) to 

document maternity season presence (Loeb et al. 2015). The United States Fish and Wildlife 

Service (USFWS; 2019) requires that mist-netting or passive acoustics surveys for detection of 

the endangered Indiana (Myotis sodalis) occur during the maternity season, which they define as 

between 15 May (Julian day 135) and 15 August (Julian day 227). However, the relationship 

between acoustic monitoring and capture trends during the summer months have not been 

studied within eastern bat populations, especially within a broad spatial scale. 

Accordingly, my objective was to evaluate how mist-netting reproductive capture data 

was related to acoustically-recorded echolocation call data across a heterogeneous, mid-Atlantic 

landscape. Additionally, I wanted to identify changes in relationships between acoustic and 

capture data based on sampling extent. I focused the study on big brown and eastern red bats, 
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which allowed me to study two contrasting species tolerant of both urban and fragmented 

environments, as well as both a hibernator and migrator, somewhat WNS-impacted and 

unaffected species, cavity and foliage rooster, and colonial and solitary rooster. I hypothesized 

that big brown and eastern red bats would have different capture and acoustic patterns based on 

life history and previous studies (Shump and Shump 1982, Kurta and Baker 1990, Deeley et al. 

in review a). I predicted that peaks in acoustic calls would be coincident with juvenile capture. 

Furthermore, I predicted the fine-scale decreases in adult captures and acoustic activity would 

occur after the highest period of juvenile captures, coincident with migration towards 

overwintering habitat. I predicted that migration activity would not be evident on the broad-scale 

due to movement occurring within the study area.  

Study Area 

The study area included federal and state land within the Coastal Plain, Piedmont, Blue Ridge, 

and Ridge and Valley physiographic regions across the District of Columbia (D.C.), Maryland, 

Pennsylvania, Virginia, and West Virginia (Figures 2.1, 2.2). Mean growing degree days (or 

days over 10 ºC) for 1980 ï 2010 ranged between <67 in Pennsylvania and western-most 

portions of Maryland and Virginia, 67 ï 100 for most of the study area and 100 ï 133 within a 

small southeastern portion of Virginia (USFS Maps and Apps 2018). The 30-year normal mean 

annual temperature ranged from 10.00 ºC ï 13.89 ºC, with normal mean minima between 4.44 ºC 

and 9.44 ºC, and 30-year normal annual mean precipitation is 91.44 ï 127.00 cm (PRISM 

Climate Group 2019). Typically, temperatures were negatively related to distance from the 

Atlantic Ocean and elevation. The western portions of the study area included large contiguous 

forests in mountainous areas, with karst habitat and corresponding potential hibernacula. The 
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northern and eastern areas contained more fragmented forest stands within agricultural and 

developed areas than the southern sites.  

Methods 

To collect physiological and reproductive status of big brown bats and eastern red bats, I 

mist netted between 2 May and 15 August 2015 ï 2018 (Julian days 122 ï 227; Figure 2.1). 

Because sampling occurred relative to the particular needs of several independent studies (Kalen 

et al. 2015, Silvis et al. 2017, St. Germain et al. 2017, Barr 2018, Deeley and Gorman 2018, 

Muthersbaugh 2018, Deeley et al. in review a), sample location selection and the distribution of 

repeated surveys varied greatly across the study area both within and between years. Regardless 

of study, I placed nets along possible flight corridors or near water and avoided netting in heavy 

rain or temperatures below 10ºC (Loeb et al. 2015). I captured and handled bats in accordance 

with Virginia Tech Institutional Animal Care and Use protocol 16-240, and identified bats to 

species using appropriate dichotomous keys (Menzel et al. 2002). For each netting event, I 

documented the age class (juvenile or adult), reproductive condition, sex, weight, and forearm 

length of each bat, and I calculated the proportion of pregnant, lactating, and juvenile big brown 

and eastern red bats captured (Menzel et al. 2002, Francl et al. 2012). I determined age class 

through inspection of epiphyseal ossification and reproductive condition of females through 

palpitation of the abdomen and condition of mammary glands (Anthony 1988, Racey 1988). 

Nights with no captures of the species of interest were excluded from analyses of that speciesô 

reproduction. 

I collected passive acoustic data from Julian days 100 to 250 from 2016 ï 2018. I used 

zero-crossing SongMeter (ZC, 2+, 3, and 4) and full-spectrum SongMeter 4 acoustic recorders 

(Wildlife Acoustics, Inc., Concord, MA, USA) to record echolocation calls from at least 15 
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minutes before sunset to 15 minutes after sunrise. Although most acoustic sampling sites were 

within forested, edge, and wetland habitat, I also surveyed open and developed areas. Where 

possible, I placed the passive detectors > 3 m from the bole of a tree (Loeb et al. 2015) and at 

3.66 m height on telescoping poles. To identify echolocation pulses to species, I used the 

Kaleidoscope Bats of North America 4.2.0 classifier (Wildlife Acoustics, Inc., Concord, MA, 

USA). Similar to the capture data, acoustic sample site selection and sampling duration at each 

site within and between years was based on individual project criteria and did not occur 

proportionally with net effort in an area (Figure 2.2). 

Therefore, I wanted to evaluate whether sample size and extent impacted reproductive 

and acoustic activity patterns. I determined the impact of varying capture sample size on 

reproductive trends by simulating the capture of 1 to 100 bats of each reproductive condition. 

The simulation randomly sampled, with replacement, netting nights during which each condition 

was present and identified the earliest and latest Julian day, e.g., randomly selecting 10 netting 

samples out of the total number in which lactating bats were captured and documenting the 

earliest and latest Julian day within those 10 samples. Each simulation had 1,000 iterations for 

which I calculated the mean and standard error of the earliest and latest Julian days. 

Additionally, I used spatial buffers to determine whether the relationship between capture and 

acoustic data varied with expanding spatial scale. I developed buffers expanding out from an 

area with intensive netting and acoustic activity. I developed 10-km, 15 km, 20-km, 30-km, 40-

km, 50-km, 60-km, 80-km, 90-km, 100-km, 110-km, 150-km, 200-km, 250-km, 350-km and 

>350-km buffers around that area within the NPS Rock Creek Park in D.C. (Figure 2.1). Larger 

intervals between buffer sizes reflected gaps in sampling that would have provided little new 
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acoustic or capture data to the buffer sample. With distance from urban D.C., agricultural and 

unfragmented forested areas increased at both fine and broad scales. 

Because I was concerned that bats would have earlier parturition and volancy within 

highly urban, southern, and eastern portions of the study area, where elevations were lower and 

overall temperatures higher, I evaluated the reproduction data with weather, urbanization, and 

location covariates to assess whether those factors influenced reproductive timing. As weather 

may have influenced activity, I recorded ambient conditions during netting events and 

determined minimum temperature and amount of rain on each sample night from PRISM 

(PRISM Climate Group 2019). To investigate heat-island effects that might have been present in 

the more developed or urbanized sites, I used national land cover database (NLCD) 2011 data 

and ESRI ArcMap 10.5 (ESRI Inc., Redlands, CA) maps to calculate the amount of developed 

land and forest core area index (with lower values indicating more edge relative to core forested 

area) around each mist-netting site at various scales (500 m, 5 km, 10 km, 20 km; Homer et al. 

2015). To account for natural temperature differences, I also calculated elevation, northing and 

easting at each site and the sample year. I used R package mgcv to fit generalized additive 

models (GAMs) for the proportions of juveniles and pregnant females present for big brown and 

eastern red bats (Wood 2006, R Core Team 2019). I included centered and scaled interactive 

effects between Julian day and developed area (within buffers of 500 m, 5 km, 10 km, 20 km) 

forest core area index (within buffers of 500 m, 5 km, 10 km, 20 km), elevation, northing and 

easting, minimum temperature and amount of rain to capture differences in the emergence of 

juvenile or the reduction in pregnant bats. Using an information theoretic approach and Akaikeôs 

Information Criterion (AIC), I reviewed all GAM models with æAIC < 3. 
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Similar to Francl et al. (2012), I used Program R to calculate a locally estimated 

scatterplot smoothing (LOESS) line for the proportion of pregnant big brown bats, lactating big 

brown bats, juvenile big brown bats, pregnant eastern red bats, lactating eastern red bats, juvenile 

eastern red bats captured each Julian day (R Core Team 2019). I calculated the mean number of 

echolocation calls per Julian day for big brown and eastern red bats, and calculated the LOESS 

curve for each dataset. To determine peak maternity season activity, I identified the inflection 

point, or the Julian day where the trend curve was highest, for each regression line. For the 

acoustic LOESS lines, I calculated the inflection point for peak activity after Julian day 150 to 

exclude activity peaks that appeared to be migration related, but did not exclude peak pregnancy 

periods. I developed LOESS lines and identified the inflection points for each buffer size and for 

the entire study area. Lastly, I compared both the lines and inflection points of acoustic and mist-

netting captures for the entire study area and within each buffer size.  

Results 

From 2015 ï 2018, I collected bat capture data on 482 mist-net nights (2015 = 76, 2016 = 106, 

2017 = 118, 2018 = 182), between Julian days 122 and 227 (2015 = 127 ï 219, 2016 = 129 ï 

225, 2017 = 122 ï 222, 2018 = 125 ï 227; Table 2.1). I documented 1,849 total big brown bats 

on 336 nights, including 747 adult female big brown bats on 219 nights, and 824 total eastern red 

bats on 286 nights, including 340 adult female eastern red bats on 184 nights. I captured lactating 

big brown bats between Julian days 143 and 203 and lactating eastern red bats between Julian 

days 148 and 205. Initial increases in total bat captures corresponded to the beginning of juvenile 

captures, but higher proportions of juvenile captures later in the maternity season corresponded 

with fewer adults being captured (Figure 2.3). I captured lactating big brown and eastern red bats 

in conjunction with pregnant and juvenile bats of both species, although pregnant eastern red bat 
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captures were rare after juvenile emergence (Figures 2.4, 2.5). I captured the first big brown bat 

juvenile on Julian day 142 (2015 = 179, 2016 = 187, 2017 = 188, 2018= 142), and last pregnant 

female on Julian day 219. After capture of a juvenile big brown bat on Julian days 142 and 143 

within Ft. George G. Meade, the next juvenile capture did not occur until Julian day 179. Starting 

Julian day 187, I started catching juvenile big brown bats almost daily. I captured the first 

juvenile red bat on Julian day 188 (2015 = 188, 2016 = 189, 2017 = 190, 2018 = 193) and last 

pregnant female on day 218, which was 13 nights after the previous capture.  

Between 2016 and 2018, I gathered acoustic data from 35,410 site-nights from Julian day 

100 to 250. Individual detector sites were sampled between 1 and 232 days (mean = 39.70 ± 

45.93). Over the entire study, I identified 814,908 big brown and 194,994 eastern red bat call 

files. Big brown bats averaged 24.75 ± 0.11 recorder nights of presence per site, while eastern 

red bats averaged 3.80 ± 0.03 recorder nights (Table 2.2).  

Based on the GAM model results, I determined that, other than Julian day, significant 

covariates modeled habitat preference and not reproductive timelines (Table 2.3). For example, 

juveniles were positively associated with lower forest core area indices (within 500 m) and 

specific sample areas encapsulated by the smoothed northing covariate, but these relationships 

did not interact with Julian day (Figure 2.6). Based on these results, I determined that I did not 

need to limit comparisons of data to particular areas. 

For the sample simulations, I used all mist-net sampling nights with presence of each 

reproductive type, except for juvenile big brown bat captures, in which I excluded the two 

earliest captures (n = 80; Table 2.4). As sample size of each reproductive category increased, so 

did the observed temporal range (Figure 2.7, Table 2.5). For example, the difference between the 

mean earliest Julian day with 10 verses 100 netting samples was 7.52 for pregnant big brown bat, 
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12.76 for lactating big brown bat, 7.57 for juvenile big brown bat, 4.04 for pregnant eastern red 

bat, 11.88 for lactating eastern red bat, and 3.82 for juvenile eastern red bat (Table 2.5). The 

difference between the mean latest Julian day with 10 verses 100 netting samples was 17.30 for 

pregnant big brown bat, 4.28 for lactating big brown bat, 6.68 for juvenile big brown bat, 35.87 

for pregnant eastern red bat, 7.51 for lactating eastern red bat, and 5.81 for juvenile eastern red 

bat (Table 2.5). Therefore, resulting LOESS lines and inflection points were likely influenced by 

the number of captures within each buffer (Tables 2.3, 2.5).  

Each buffer area contained multiple detections of each reproductive condition of both 

species and acoustic sites sampled across a range of nights (Tables 2.1, 2.4). With the exception 

of eastern red bat juveniles, increasing buffer sizes decreased the Julian day inflection points for 

all captures (Table 2.4). Although capture data and inflection points varied by buffer, general 

LOESS line patterns were consistent (Figures 2.8 ï 2.11). I noted a decrease of mean nightly big 

brown bat calls at the 60-km buffer, with the inclusion of significant acoustic sampling at the 

forested Prince William Forest Park (Table 2.2, Figure 2.12). Eastern red bat calls were more 

consistent between buffers, although the 200-km buffer coincided with a large increase in the 

mean eastern numbers of red bat calls with the inclusion of sampling points within the Blue 

Ridge and Ridge and Valley regions (Table 2.2, Figure 2.12). 

Steep declines in mean acoustic calls per night corresponded with a decrease in the 

proportion of pregnant bats and occurred before the emergence of most juvenile bats (Figures 

2.13, 2.14). After eliminating two outlier juvenile big brown bat captures (Julian days 142 and 

143), the first juvenile capture did not occur until four days after the big brown bat acoustic 

inflection point, and I did not routinely begin capturing juveniles until 12 nights after the 
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acoustic inflection point. The difference between the first juvenile eastern red capture and the 

acoustic inflection point was 14 nights.  

For the entire study area, the acoustic inflection point was closest to the lactation 

inflection point (8-night difference for big brown bats and 6-night difference for eastern red bats) 

and furthest from the juvenile inflection points (37-night difference for big brown bat; 45-night 

difference for eastern red bat; Table 2.6). At smaller buffer sizes (< 40 km), the acoustic 

inflection point was often between the pregnant and lactation inflection points, but at larger 

buffers, the acoustic and lactation inflection points were closest (Table 2.6, Figure 2.14). The big 

brown and eastern red bat capture inflection points were similar (pregnant = 150 and 151, 

respectively; lactating = 183 and 180; juveniles = 212 and 218; and acoustic activity = 175 and 

174). 

Big brown bat acoustic data for the entire study area indicated relatively high activity 

prior to the maternity season, a pattern not reflected in buffer areas < 200 km (Figure 2.12). 

Within these smaller buffers, acoustic activity was highest during lactation rather than during the 

spring and early maternity season. Eastern red bat acoustic activity was the opposite: migration 

activity was higher than maternity season activity in buffers < 200 km (Figure 2.7). Although the 

migration patterns and mean calls per night changed with buffer size, the maternity season 

acoustic inflection points remained relatively constant (Table 2.6).  

Discussion 

The difference between lactation and juvenile inflection points (big brown bats = 29 days, 

eastern red bats = 38 days) were comparable to periods between parturition and volancy 

documented previously (Shump and Shump 1982, Kurta and Baker 1990). The big brown bat 

lactation inflection point was similar to that found by Francl et al. (2012) in West Virginia, 
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although the juvenile big brown bat inflection point was 8 nights earlier. In western Virginia, 

Timpone et al. (2011) documented juvenile big brown bats slightly earlier than I began 

consistently documenting juvenile bats (Julian day 187). The eastern red bat reproduction 

inflection points were very close to those found post-WNS within West Virginia (Francl et al. 

2012). Although portions of the study area are in close proximity to those of Timpone et al. 

(2011), I captured juvenile eastern red bats 13 nights and latest pregnant eastern red bat 26 nights 

later than in that study. The first lactating eastern red bats were captured close to those 

documented by Timpone et al. (2011), although I also documented lactating females later than 

they documented them. Based on my simulation and buffer results, differences in inflection 

points and earliest and latest captures between studies likely partially reflect sample size and 

distribution.  

Increasing sample size did not necessarily change my observed trends in peak 

reproduction, but did greatly impact observations of extremes in reproductive condition. For 

example, the simulation results for pregnant bats indicated much larger shifts in the latest Julian 

day observed than earliest Julian day observed, but the inflection point moves earlier with 

expanded buffers and LOESS lines were relatively-similar regardless of buffer size. Therefore, if 

attempting to compare the earliest and latest bats at particular reproductive conditions, additional 

netting effort may be needed since the ease of catching bats of a particular reproductive 

condition changes over the course of the maternity period. 

A small spatial extent of reproductive bats and acoustic data may not adequately reflect 

the highly plasticity of bats reproductive patterns, particularly big brown bats. The Julian day 

range in which I documented batsô reproduction data expanded with additional sampling effort 

and spatial extent. Colder temperatures can increase gestation length due to a decrease in food 
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resources and/or increase the motherôs and juvenileôs energy requirements for thermoregulation 

(Racey and Swift 1981, Altringham 2011), and although average pre-flight survival rates are 

high, mothers may abandon young under poor environmental conditions (Altringham 2011). 

Therefore, bats captured from a limited number of colonies exposed to similar maternity colony 

and ambient conditions would display a smaller range of parturition and volancy dates than 

would sampling multiple colonies exposed to varied diverse roosting conditions. Since eastern 

red bats often roost singly, the capture of the same number of reproductive big brown bats may 

not represent the same sample distribution.  

The early capture of two juvenile big brown bats (Julian days 142 and 143) and apparent 

big brown bat gestation throughout the maternity season indicates high plasticity in big brown 

bat reproductive timing. The earliest juvenile captures may have been juveniles from the 

previous year, as found in Canada (Hamilton and Barclay 1998), or they may reflect accelerated 

volancy caused by urban heat-island or human dwelling thermoregulatory benefits (Lausen and 

Barclay 2006, Imhoff et al. 2010). However, as I did not document similarly-early juvenile 

captures in other highly-urban settings, these effects either do not reflect the reproductive timing 

of most urban bats in the region, or there was sampling bias in juvenile captures. However, 

counter to the premise of the heat-island effect, buffers incorporating more rural areas had earlier 

inflection points for pregnant and lactating bats. I had higher sample effort and capture success in 

larger contiguous forest stands within highly-urban areas.  

Previously, peaks in acoustic activity were attributed to both successful reproduction and 

the presence of juvenile bats on the landscape, i.e., greater abundance and density of bats present 

on the landscape (Ford et al. 2011, Nocera et al. 2019). However, my data indicated that acoustic 

peaks in maternity season activity occur before most juvenile activity and significantly before 
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peak juvenile captures. The big brown bat captures, and to a lesser extent eastern red bat 

captures, show a period of the maternity season with many lactating females and a few pregnant 

and juvenile bats foraging on the landscape; this overlap likely contributes to the period of 

highest acoustic activity. Due to physiological demands, females approaching parturition and 

currently lactating engage in longer and/or more frequent foraging bouts (Barclay 1989, Clark et 

al. 1993, Rydell 1993, Altringham 2011, Rintoul and Brigham 2014). Although studies in 

Canada and New Zealand found that sex and reproductive condition had no impact on the length 

of active periods, similarities in foraging time suggests that male bats select foraging habitats 

farther from roosting locations than females bats and/or areas of lower-quality (Wilkinson and 

Barclay 1997, OôDonnell 2002). The relationship between peak acoustic activity and lactation 

may also be related to the tendency of eastern red bats and big brown bats to have more than one 

offspring (Shump and Shump 1982, Kurta and Baker 1990). In Canada, female hoary bats 

(Lasiurus cinereus) had longer foraging bouts when they had two offspring verses one (Barclay 

1989).  

Maternity colonies begin to disaggregate with juvenile volancy, as bats cease to accrue as 

many benefits and begin migration and/or mating activities before hibernation (Altringham 

2011). Correspondingly, I observed exponential decreases in acoustic activity as the proportions 

of lactating bats decreased. The precipitous declines in both adult captures and acoustic 

recordings likely indicate the beginning of mid-Atlantic migration, commencing quickly after 

juvenile volancy. The observation that adults vacated the area prior to juveniles coincides with 

observations of eastern red bat populations in Indiana (Walters et al. 2006). Late-summer 

migration does not appear to be driven by just one sex, as the proportion of females captured 

appeared to be relatively stable throughout the sampling period, although there was a small 
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increase in the proportion of female big brown bats captured later in the season. Since big brown 

bats often roost in large colonies (Shump and Shump 1982, Kurta and Baker 1990), relatively 

larger declines in fine scale activity (e.g., smaller buffers) may reflect maternity colony roosts 

dissolving at similar times. Within smaller buffers, I observed relatively low spring acoustic call 

activity relative to maternity season activity for big brown bats and the opposite pattern for 

eastern red bats. These patterns potentially reflect spring big brown bat migration into the D.C. 

area and eastern red bat spring migration through the D.C. area.  

I observed lower levels of acoustic call activity during fall migration than in the spring. 

The higher spring activity is likely a combination of migration activity, exploratory movements 

and high foraging activity of females preparing for maternity season after hibernation (Jonasson 

and Guglielmo 2016). It is unlikely that my end-of-season days were too early to detect 

migration patterns, as the relative activities for both species after the peak in maternity season 

activity were far lower than they were during any previous periods. In the Appalachian 

Mountains of western Virginia, Julian day did not explain eastern red bat acoustic activity from 

September through mid-November (Muthersbaugh et al. 2019), perhaps because bats had largely 

ceased migration by this time. However, Muthersbaugh et al. (2019) observed spring acoustic 

call activity decreasing at a consistent rate between early March and late April, supporting the 

interpretation that declining May activity was related to spring migration. Further analysis to 

determine large-scale patterns and habitat use of eastern red and big brown bats during these 

migration periods is needed, specifically in regard to climatic differences within the mid-

Atlantic. 
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Management Implications 

Acoustic sampling provides valuable information regarding relative bat activity but has 

not been reliably associated with population demographics. My documented relationship 

between peak maternity season acoustic activity and reproduction potentially provides managers 

information on how to interpret recorded patterns and assess temporal sampling biases. Since 

acoustic activity appears related to reproduction and migration patterns, summer-long acoustic 

recordings could be used to identify reproductive patterns within an area.  

Using acoustic data from different short-term sampling periods, even within the maternity 

season, or comparing acoustic data collected on a fine-scale over a broad spatial and temporal 

scale may result in community, habitat association or reproduction mischaracterizations. For 

example, the big brown bat acoustic data indicated exponential decreases in post-lactation 

activity, regardless of sample extent, within periods that both the NABat and USFWS Indiana bat 

survey guidance suggest as appropriate for maternity-season surveys (Loeb et al. 2015, U.S. Fish 

and Wildlife Service 2019). Unknowingly using migration data to assess summer communities 

may bias inferences about population trends. Additionally, if the observed relationships between 

acoustic and capture data for these common species are similar to those for federally-listed bats, 

then the current USFWS sampling guidelines include migration periods within the mid-Atlantic. 

As a result, sampling during this period would possibly have higher false absences due to 

migration away from a maternity area or false positives based on bat migrating through an area.  
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Table 2.1. Number of mist-net sampling nights (2015-2018) and passive acoustic surveys (2016-

2018) conducted throughout the mid-Atlantic. Sites are the number of unique locations sampled, 

nights are the number of unique nights sampled and site-nights are the total number of unique 

combinations of sites and nights sampled. Values were calculated for multiple buffers (in km), 

which were based around Rock Creek Park in D.C. The 500+ km buffer includes all samples. 

 Netting  Acoustics 

Buffer Sites Nights Site-nights  Sites Nights Site-nights 

10 40 71 73  154 363 11,402 

15 46 77 79  188 375 12,461 

20 62 96 98  233 375 13,381 

30 68 102 104  265 375 14,492 

40 77 115 120  314 381 15,826 

50 88 127 139  361 381 17,374 

60 116 146 192  415 381 20,264 

80 127 154 205  448 381 20,717 

90 152 166 234  544 381 22,025 

100 186 182 274  596 391 23,982 

150 212 201 314  712 416 30,676 

200 238 213 365  842 422 34,728 

250 260 224 395  875 422 35,170 

350 301 257 460  890 422 35,340 

500+ 322 272 482  890 422 35,340 
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Table 2.2. The mean ± SE of the number of calls from passive acoustic surveys (2016-2018) 

conducted throughout the mid-Atlantic. Values were calculated for multiple buffers (in km), 

which were based around Rock Creek Park in D.C. The 350+ km buffer includes all samples. 

Buffer EPFU LABO 

10  26.16 ± 0.60 1.44 ± 0.07 

15 27.45 ± 0.65 1.68 ± 0.08 

20 28.00 ± 0.64 2.00 ± 0.12 

30 28.24 ± 0.62 2.07 ± 0.11 

40 28.94 ± 0.60 2.69 ± 0.12 

50 28.07 ± 0.56 3.02 ± 0.12 

60 25.17 ± 0.49 3.45 ± 0.11 

70 25.13 ± 0.49 3.46 ± 0.11 

80 24.93 ± 0.48 3.51 ± 0.11 

90 24.79 ± 0.46 3.63 ± 0.11 

100 24.28 ± 0.43 3.59 ± 0.10 

150 24.22 ± 0.41 3.95 ± 0.10 

200 23.20 ± 0.37 5.25 ± 0.13 

250 23.08 ± 0.37 5.48 ± 0.14 

350+ 22.98 ± 0.37 5.52 ± 0.14 
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Table 2.3. Coefficients for the most parsimonious models within the generalized additive model 

candidate sets for the proportion of juvenile big brown bat (Eptesicus fuscus; EPFU), proportion 

of juvenile eastern red bat (Lasiurus borealis; LABO), proportion of pregnant big brown bat, and 

proportion of pregnant female eastern red bats. Models were developed based on sampling bat 

communities within the mid-Atlantic by mist netting from 2015 ï 2018. Abbreviations include: 

ppt = amount of rain received the night of sampling and FCAI (500 m) = forest core area index, 

or the ratio of forest interior to edge. Smoothed covariates (indicated with s()) have F-values and 

unsmoothed covariates have t-values. 

Model R2 (adj.) Coefficients Estimate Standard error t- or F-value P-value 

Pregnant 

EPFU 
0.544 

Intercept  0.282 0.019 14.98 <0.001 

s(Northing)    <0.001 

s(Julian)    <0.001 

Pregnant 

LABO 
0.492 

Intercept 0.017 56.53 3.054 0.002 

ppt 0.007 0.003 2.678 0.008 

Elevation <-0.001 <-0.001 -2.785 0.006 

Year -0.085 -0.028 -3.05 0.003 

s(Northing)   2.483 0.026 

s(Julian)   16.219 <0.001 

Juvenile 

EPFU 
0.312 

Intercept 0.1636 0.036 4.526 <0.001 

FCAI (500 m) -0.1314 0.057 -2.295 0.022 

s(Northing)   6.547 <0.001 

s(Julian)   11.318 <0.001 

Juvenile 

LABO 
0.413 

Intercept 0.2848 0.065 4.396 <0.001 

FCAI (500 m) -0.24186 0.099 -2.436 0.012 

s(Northing)   2.585 0.025 

s(Easting)   3.06 0.004 

s(Julian)   23.016 <0.001 
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Table 2.4. Mist-net sampling nights (2015-2018) with presence of each reproductive type for big 

brown bat (Eptesicus fuscus; EPFU) and eastern red bat (Lasiurus borealis; LABO) within 

multiple buffers (in km), which were based around Rock Creek Park in D.C. The 500+ km buffer 

includes all samples. The values for the big brown and eastern red bats indicate the number of 

nights with captures within each category.  

 EPFU  LABO 

Buffer Pregnant  Lactating  Juvenile   Pregnant  Lactating  Juvenile  

10 26 13 6  5 2 2 

15 28 15 7  5 2 2 

20 37 17 10  7 3 4 

30 37 17 10  7 3 4 

40 45 18 17  8 3 5 

50 54 23 23  11 5 8 

60 59 34 34  14 16 17 

80 60 34 39  15 18 18 

90 61 36 47  17 23 23 

100 69 44 53  24 29 31 

150 71 45 57  29 31 33 

200 77 55 63  41 36 37 

250 79 58 65  49 44 41 

350 80 66 73  51 53 49 

 500+ 80 70 82  51 54 56 
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Table 2.5. Mist-net sampling nights (2015-2018) with presence of each reproductive type for big brown bat (Eptesicus fuscus; EPFU) 

and eastern red bat (Lasiurus borealis; LABO) within multiple buffers (in km), which were based around Rock Creek Park in D.C. 

The 500+ km buffer includes all samples. The values for the big brown and eastern red bats indicate the number of nights with 

captures within each category.  

 Samples Pregnant Lactating Juvenile 

E
P

F
U
 

5 142.09 (± 0.26) - 190.35 (± 0.57) 163.31 (± 0.39) - 195.20 (± 0.17) 191.87 (± 0.17) - 214.69 (± 0.21) 

10 137.69 (± 0.19) - 199.60 (± 0.46) 156.38 (± 0.33) - 198.19 (± 0.12) 189.02 (± 0.14) - 218.52 (± 0.16) 

20 134.47 (± 0.14) - 208.47 (±0.30) 150.93 (± 0.26) - 200.39 (± 0.07) 187.00 (± 0.14) - 221.33 (± 0.12) 

40 132.03 (± 0.10) - 213.81 (± 0.18) 146.53 (± 0.16) - 201.49 (± 0.05) 184.43 (± 0.15) - 223.36 (± 0.09) 

60 131.13 (± 0.08) - 215.50 (± 0.14) 144.77 (±0.11) - 202.05 (± 0.04) 183.19(± 0.14) - 224.28 (± 0.07) 

80 130.57 (± 0.07) - 216.20 (±0.12) 143.94 (±0.08) - 202.28 (± 0.03) 182.23 (± 0.13) - 224.84 (±0.06) 

100 130.17 (± 0.06) - 216.90 (± 0.10) 143.62 (± 0.06) - 202.47 (± 0.03) 181.45 (± 0.12) - 225.20 (± 0.05) 

L
A

B
O

 

5 138.35 (± 0.23) - 170.60 (± 0.61) 165.49 (± 0.26) - 193.28 (± 0.24) 195.00 (± 0.17) - 2017.63 (± 0.17) 

10 134.07 (± 0.15) - 179.64 (± 0.71) 161.35 (± 0.24)- 197.11 (± 0.19) 192.01 (± 0.12) - 220.40 (± 0.12) 

20 131.62 (± 0.08) - 191.91 (± 0.74) 157.40 (± 0.22) - 200.32 (± 0.15) 190.13 (± 0.08) - 222.46 (± 0..10) 

40 130.51 (± 0.04) - 204.99 (± 0.59) 153.60 (± 0.19) - 202.71 (± 0.11) 188.84 (± 0.04) - 224.19 (± 0.09) 

60 130.20 (± 0.02) - 211.01 (± 0.42) 151.50 (± 0.16) - 203.88 (± 0.07) 188.49 (± 0.03) - 225.17 (± 0.08) 

80 130.10 (± 0.01) - 214.01 (± 0.32) 150.53 (± 0.14) - 204.35 (± 0.05) 188.29 (± 0.02) - 225.76 (± 0.07) 

100 130.03 (± 0.01) - 215.51 (± 0.24) 149.47 (± 0.11) - 204.62 (± 0.03) 188.18 (± 0.01) - 226.21 (± 0.06) 
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Table 2.6. The inflection points, indicating where the locally estimated scatterplot smoothing 

line values were highest. Locally estimated scatterplot smoothing line were developed for mist-

net sampling (2015 ï 2018) with presence of each reproductive type and passive acoustic 

sampling (2016 ï 2018) for big brown bat (Eptesicus fuscus; EPFU) and eastern red bat 

(Lasiurus borealis; LABO). Values were calculated for multiple buffers (in km), which were 

based around Rock Creek Park, D.C. The 500+ km buffer includes all sampling data. The 

æAcoustic values are the difference between the acoustic and the capture data inflection points. 

The æ500-km buffer values are the difference between the buffer and the inflection point for the 

entire study area (500+). 
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10 162 185 221 170 8 -15 -51  -12 -2 -9 5 

15 163 185 221 171 8 -14 -50  -13 -2 -9 4 

20 156 185 221 170 14 -15 -51  -6 -2 -9 5 

30 155 186 221 172 17 -14 -49  -5 -3 -9 3 

40 153 182 221 172 19 -10 -49  -3 1 -9 3 

50 153 182 222 173 20 -9 -49  -3 1 -10 2 

60 153 186 224 172 19 -14 -52  -3 -3 -12 3 

70 153 186 224 173 20 -13 -51  -3 -3 -12 2 

80 153 185 224 173 20 -12 -51  -3 -2 -12 2 

90 153 183 226 173 20 -10 -53  -3 0 -14 2 

100 152 181 226 173 21 -8 -53  -2 2 -14 2 

150 151 181 226 175 24 -6 -51  -1 2 -14 0 

200 151 183 226 175 24 -8 -51  -1 0 -14 0 

250 151 182 217 175 24 -7 -42  -1 1 -5 0 

350 150 183 212 175 25 -8 -37  0 0 0 0 

500+ 150 183 212 175 25 -8 -37  0 0 0 0 

E
a
s
te

rn
 r

e
d

 b
a
t

 

10 162 191 214 175 13 -16 -39  -11 -11 5 -1 

15 162 191 214 178 16 -13 -36  -11 -11 5 -4 

20 162 188 214 177 15 -11 -37  -11 -8 5 -3 

30 162 189 214 175 13 -14 -39  -11 -9 5 -1 

40 159 189 214 187 28 -2 -27  -8 -9 5 -13 

50 161 190 222 186 25 -4 -36  -10 -10 -3 -12 

60 158 182 222 174 16 -8 -48  -7 -2 -3 0 

70 158 182 222 174 16 -8 -48  -7 -2 -3 0 

80 156 182 224 175 19 -7 -49  -5 -2 -5 -1 

90 154 183 225 174 20 -9 -51  -3 -3 -6 0 
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100 153 183 227 175 22 -8 -52  -2 -3 -8 -1 

150 153 183 227 176 23 -7 -51  -2 -3 -8 -2 

200 152 182 227 174 22 -8 -53  -1 -2 -8 0 

250 151 182 222 174 23 -8 -48  0 -2 -3 0 

350 151 181 216 174 23 -7 -42  0 -1 3 0 

500+ 151 180 219 174 23 -6 -45  0 0 0 0 
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Figure 2.1. Mist-net sampling sites used to survey bat communities within the mid-Atlantic 

region 2015 ï 2018 (black dots) and buffers (shaded concentric circles) based around the area of 

highest acoustic and netting effort in Washington, District of Columbia. 
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Figure 2.2. Passive acoustic sampling sites (black points) used to survey bat communities within 

the mid-Atlantic region 2016 ï 2018 (black dots) and buffers (circles) based around the area of 

highest acoustic and netting effort, in Washington, District of Columbia. 
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Figure 2.3. The Julian day mean of mist-netting captures for adults (open circles, left y-axis) and 

proporiton of juvenile captures (closed diamonds, right y-axis) for big brown bat (Eptesicus 

fuscus; EPFU) and eastern red bat (Lasiurus borealis; LABO). Mist-net sampling was conducted 

within the mid-Atlantic region between 2015 and 2018. 
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Figure 2.4. The proportions of pregnant female (black circles) and juvenile (open triangles) big 

brown bat (Eptesicus fuscus; EPFU) and eastern red bat (Lasiurus borealis; LABO) captured 

with mist netting within the mid-Atlantic region 2015 ï 2018. 
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Figure 2.5. The locally estimated scatterplot smoothing lines for the proportion of juvenile, 

pregnant, and lactating big brown bats (Eptesicus fuscus; EPFU) and eastern red bats (Lasiurus 

borealis; LABO) captured. Mist-net sampling was conducted within the mid-Atlantic region 

between 2015 and 2018. 
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Figure 2.6. Results from generalized addative models for occurrence of big brown bat (Eptesicus 

fuscus; EPFU) and eastern red bat (Lasiurus borealis; LABO) juveniles. Graphs include the 

proportions of core forest area (within 500 m of a sample site), Northing, and Easting. Mist-net 

sampling was conducted within the mid-Atlantic region between 2015 and 2018. 
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Figure 2.7. The results of simulated sampling of 1 to 100 nights with pregnant (red), lactating 

(green) and juvenile (grey) bats. Lines represent means of the earliest and latest Julian day results 

for each simulation. Solid lines indicate big brown bats (Eptesicus fuscus) and dashed lines 

indicate eastern red bats (Lasiurus borealis). Sampling was conducted with mist-net sampling 

within the mid-Atlantic region Julian days 122 ï 227 between 2015 and 2018.  
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Figure 2.8. Locally estimated scatterplot smoothing lines developed for the proportion of 

female big brown bats (Eptesicus fuscus; EPFU) and eastern red bats (Lasiurus borealis; 

LABO) captured. Sampling was conducted with mist-net sampling within the mid-

Atlantic region between 2015 and 2018. Mist-netting data were collected from Julian 

days 122 ï 227. Buffers (km) were based around Rock Creek Park in D.C. The 500-km 

buffer includes all sampling data. 
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Figure 2.9. Locally estimated scatterplot smoothing lines developed for the proportion of 

pregnant big brown bats (Eptesicus fuscus; EPFU) and eastern red bats (Lasiurus 

borealis; LABO) captured. Sampling was conducted with mist-net sampling within the 

mid-Atlantic region between 2015 and 2018. Mist-netting data were collected from Julian 

days 122 ï 227. Buffers (km) were based around Rock Creek Park in D.C. The 500-km 

buffer includes all sampling data. 
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Figure 2.10. Locally estimated scatterplot smoothing lines developed for the proportion 

of lactating big brown bats (Eptesicus fuscus; EPFU) and eastern red bats (Lasiurus 

borealis; LABO) captured. Sampling was conducted with mist-net sampling within the 

mid-Atlantic region between 2015 and 2018. Mist-netting data were collected from Julian 

days 122 ï 227. Buffers (km) were based around Rock Creek Park in D.C. The 500-km 

buffer includes all sampling data. 
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Figure 2.11. Locally estimated scatterplot smoothing lines developed for the proportion 

of juvenile big brown bats (Eptesicus fuscus; EPFU) and eastern red bats (Lasiurus 

borealis; LABO) captured. Sampling was conducted with mist-net sampling within the 

mid-Atlantic region between 2015 and 2018. Mist-netting data were collected from Julian 

days 122 ï 227. Buffers (km) were based around Rock Creek Park in D.C. The 500-km 

buffer includes all sampling data. 
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Figure 2.12. Locally estimated scatterplot smoothing lines developed for passive acoustic 

sampling echolocation call data from big brown bats (Eptesicus fuscus; EPFU) and 

eastern red bats (Lasiurus borealis; LABO). Sampling was conducted within the mid-

Atlantic region between 2015 and 2018. Acoustic data were collected from Julian days 

100 ï 250. Buffers (km) were based around Rock Creek Park in D.C. The 350+ km 

buffer includes all sampling data. Mean calls were the mean calls per site-night sample. 
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Figure 2.13. The proportion of juveniles and lactating females (black dots, right axis) and 

locally estimated scatterplot smoothing lines based on mean acoustic calls by Julian day 

(line, left axis) for big brown bats (Eptesicus fuscus; EPFU) within the mid-Atlantic 

region from 2015 ï 2018.  
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Figure 2.14. Comparison of inflection points from localized regression lines (LOESS) 

inflection points, where highest activity occurred. LOESS lines were developed for 

acoustic activity and proportion of captures for juvenile, pregnant and lactating big brown 

bat (Eptesicus fuscus; EPFU) and eastern red bat (Lasiurus borealis; LABO). Sampling 

occurred in the mid-Atlantic region from 2015 ï 2018. Symbols reflect the buffer sizes 

used to develop all LOESS lines. Red = pregnancy inflection points, green = lactation 

inflection points, grey = juvenile inflection points 
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Chapter 3: Post-WNS passive acoustic sampling effort for determining bat species 

occupancy within the mid-Atlantic region 

 

Abstract 

Both the U.S. Fish and Wildlife Service (USFWS) Indiana bat (Myotis sodalis) 

Monitoring Guidelines and the North American Bat Monitoring Program (NABAT) have 

outlined acoustic sampling guidance for detecting the presence and absence of bat 

species. My objective was to assess the sampling effort requirements associated with 

detecting presence of extant species following the impact of white-nose syndrome in the 

mid-Atlantic region. I acoustically sampled 30,494 nights of effort across 849 sites from 

2016 ï 2018 within the District of Columbia, and portions of Maryland, Pennsylvania, 

Virginia, and West Virginia. Subsequently, I developed simulations to determine the 

number of sites required to document the presence of bat species given that each site was 

sampled a different number of nights. I ran these simulations with land cover, 

physiographic region, and different time periods based on USFWS and NABat sampling 

guidance. I found that increasing the number of sample sites increased detection more 

quickly than increasing the number of nights at each site. I also observed that sampling 

efforts required to detect a species varied with species, as well as land-cover type and 

physiographic region designation. My results suggest that, within the mid-Atlantic, 

neither USFWS nor NABat minimum site-level requirements are adequate for accurately 

detecting northern long-eared (Myotis septentrionalis) in locations with known or highly 

probable presence.  
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Introduction  

Since white-nose syndrome (WNS) was first observed in New York in 2006, it has spread 

to 33 U.S. states and 7 Canadian provinces (U.S. Fish and Wildlife Service 2019a). In the 

District of Columbia (D.C.), Maryland, Virginia and West Virginia, WNS has reduced or 

locally extirpated Indiana (Myotis sodalis), little brown (Myotis lucifugus), northern long-

eared (M. septentrionalis), and tricolored (Perimyotis subflavus) bat populations (Francl 

et al. 2012, Powers et al. 2015, Deeley et al. in review b). Although the Indiana batôs U.S. 

Fish and Wildlife Service (USFWS) Endangered status predates WNS, the USFWS listed 

northern long-eared bats as Threatened based on WNS-caused declines (U.S. Fish and 

Wildlife Service 2011), and the little brown and tri-colored bats currently are under a 

listing review process (U.S. Fish and Wildlife Service n.d.).  

With WNS-caused population reductions increasing the mist-netting survey effort 

required to capture bats, research, survey and monitoring efforts increasingly have moved 

from mist-netting approaches to use of passive acoustic techniques (Coleman et al. 2014, 

Loeb et al. 2015, U.S. Fish and Wildlife Service 2019b). In post-WNS bat communities, 

determining occupancy of rare species requires long acoustic detector deployments and 

multiple sites (Coleman et al. 2014). Because landscape structure affects bat occupancy 

and activity in an area (Mills et al. 1996, Gehrt and Chelsvig 2003), habitat could impact 

the number of sites required to reach the asymptote of bat species richness (Hourigan et 

al. 2010), whether in WNS-impacted or WNS-free landscapes. Large-scale bat surveys 

have identified some influence of urbanization and habitat fragmentation on community 

structure (Loeb and OôKeefe 2006, Johnson et al. 2008, Loeb et al. 2009, Deeley et al. in 

review b), and in some cases, broad-scale habitat features influence roosting 
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characteristics more than fine-scale habitat features (OôKeefe 2009). Several studies have 

found higher numbers of echolocation calls along forest edges or within uncluttered or 

open environments (Loeb and OôKeefe 2006, Brooks 2008, Jantzen and Fenton 2013); in 

particular, big brown (Eptesicus fuscus), hoary (Lasiurus cinereus), and little brown bat 

echolocation calls have been positively associated with edges (Jantzen and Fenton 2013). 

Similarly, echolocation calls from large-bodied bat species (big brown, hoary, and eastern 

red bats [Lasiurus borealis]) also have been noted more frequently in open than in 

cluttered habitats (Brooks 2008). Conversely, clutter-adapted species such as the northern 

long-eared bat calls were recorded more often in closed-canopy forests (Ford et al. 2005, 

Starbuck et al. 2015). 

In the mid-Atlantic United States, the USFWS Indiana bat survey guidelines (U.S. 

Fish and Wildlife Service 2019b) and the North American Bat (NABat) monitoring 

program (Loeb et al. 2015) provide guidance on passive acoustic sampling 

methodologies. Both protocols provide a recommended number of sampling sites and 

nights for bat surveys (Loeb et al. 2015, U.S. Fish and Wildlife Service 2019b). 

Managers impacting possible Indiana and northern long-eared bat habitat use UFWS 

survey methodsô guidance for determining presence or absence prior to land management 

activities, i.e., forestry, burning, highway construction or mining where regulatory issues 

under the Endangered Species Act are operative (U.S. Fish and Wildlife Service 2019b).  

The USFWS (2019b) recognizes that acoustic sampling efforts should be higher 

within areas more heavily impacted by WNS. Within the most impacted areas, current 

guidance requires that per 0.5 km2 of a study area, 8 sample nights would be distributed 

on Ó 2 sites for non-linear projects and 2 detector nights per 1 km of linear habitat (U.S. 
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Fish and Wildlife Service 2019b). Sample sites should be in forest canopy openings, near 

water, along wooded fence lines, road/stream corridors and edge habitat (U.S. Fish and 

Wildlife Service 2019b). Similarly, many federal and state agencies use NABAT 

protocols to collect long-term monitoring data to assess trends in all bat speciesô 

abundance across large landscapes, with the goal of being able to track population indices 

and trends over time (Loeb et al. 2015). The NABat program recommends that 2 ï 4 sites 

be sampled for 4 nights each within areas of up to 100 km2 (Loeb et al. 2015). Under 

these guidelines, surveys are not conducted when temperatures are <10°C during the first 

five survey hours or when precipitation occurs intermittently or for more than 30 minutes 

(U.S. Fish and Wildlife Service 2019b). Temperature, wind and precipitation can impact 

acoustic detection, whether based on equipment issues or reduced bat activity possibly 

due to higher energy expenditures (Erickson and West 2002, 2003, Voigt et al. 2011, 

Austin et al. 2019, Muthersbaugh et al. 2019).  

Therefore, my objectives were to identify the sample effort required to reliably 

document the presence of bat species in the mid-Atlantic region, with a focus on Indiana 

and northern long-eared bats, and to identify how coarse sampling categories impact 

survey efforts. The intent was to provide insight on how sampling duration and locations 

impact detection. I predicted that physiographic region and land cover types would 

impact detection of bat species based on habitat associations. I expected that sample 

effort for the northern-long eared bat would be lower in areas with recent capture records 

than in the study area overall, especially areas with more captures. 
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Methods 

I acoustically surveyed for bats across 41 counties in 4 Mid-Atlantic States and 

D.C. on National Park Service (NPS), Department of Defense, and National Aeronautics 

and Space Administration (NASA) lands (Figure 3.1). The NPS units include all 12 units 

within the National Capital Region: Antietam National Battlefield, Catoctin Mountain 

Park, Chesapeake and Ohio Canal National Historical Park, George Washington 

Memorial Parkway, Harpers Ferry National Historical Park, Manassas National 

Battlefield Park, Monocacy National Battlefield, National Mall and Memorial Parks, 

National Capital Parks-East, Prince William Forest Park (PRWI), Rock Creek Park 

(ROCR), and Wolf Trap National Park for the Performing Arts. These NCR units span 

the D.C. metropolitan area; suburban and agricultural regions of Maryland and West 

Virginia; and mountainous, rural and forested units in the western Maryland and eastern 

West Virginia. Other NPS units in the Northeastern Region include the highly-

fragmented, agricultural Gettysburg National Battlefield (GETT) in Pennsylvania. In 

Virginia, these included the contiguously forested, large landscape of Shenandoah 

National Park (SHEN) in the Blue Ridge of Virginia; and fragmented Piedmont 

landscape units of Appomattox Court House National Historical Park, Booker T. 

Washington National Monument, Fredericksburg and Spotsylvania County Battlefields 

Memorial National Military Park, Petersburg National Battlefield, and Richmond 

National Battlefield Park. Survey sites in the Coastal Plain of Virginia included the 

NASA Wallops Flight Facility, a largely forested tract within a larger agricultural 

landscape of the Eastern Shore of Virginia, and Ft. George G. Meade, Maryland in a 

fragmented, largely suburban landscape between D.C. and Baltimore, Maryland (Figure 
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3.1). Female northern long-eared bats were captured within PRWI, ROCR, SHEN, and 

GETT (Deeley and Gorman 2018, Kalen 2018, Deeley et al. in review a, unpublished 

data), and based on acoustic sampling size, I focused on northern long-eared bat 

sampling effort in PRWI, ROCR, and SHEN (Figure 3.2). Both SHEN and PRWI had 

more adult male captures than ROCR (Kalen 2018, Deeley et al. in review a, unpublished 

data), and Kalen (2018) failed to capture northern long-eared bats in 2017.  

I used zero-crossing SongMeters (ZC, 2+, 3, and 4) and full-spectrum SongMeter 

4 acoustic recorders (Wildlife Acoustics, Inc., Concord, MA, USA) programed to record 

from at least sunset to sunrise to collect bat echolocation call data. To identify 

echolocation pulses to species, I used the Kaleidoscope 4.5.0 Bats of North America 4.2.0 

classifier (Wildlife Acoustics, Inc., Concord, MA, USA). Though call-classification 

software is imperfect, it provides a repeatability of analysis that visual verification does 

not (Nocera et al. 2019). Additionally, the USFWS Indiana bat survey (U.S. Fish and 

Wildlife Service 2019b) and NABat (Loeb et al. 2015) guidelines both allow use 

software-based identifications without visual reviews. I then used the software-provided 

nightly maximum likelihood Estimate (MLE) values < 0.05 to determine nightly presence 

of given bat species (U.S. Fish and Wildlife Service 2019b).  

I gathered acoustic data from Julian days (JD) 121 (non-leap year 1 May) to 

JD228 (non-leap year 16 Aug) from 2016 ï 2018. Due to individual project criteria, 

sample site selection and sampling duration at each site varied within and between years 

(mean nights = 32.86 ± 35.78). Most sites were within forested, forest edge, and wetland 

habitat, but I also surveyed open area (e.g., agricultural fields). To improve detection, I 
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placed the passive detectors > 3 m from any tree bole for most projects (Loeb et al. 2015) 

and at 3.66 m high on telescoping poles.  

To identify sampling effort within USFWS standards, I used nightly precipitation 

accumulation values to determine whether or not a site received precipitation and the 

minimum temperature overnight (PRISM Climate Group 2019). Because these nightly 

weather data included data from the afternoon prior to the morning after a sample event, I 

likely excluded more nights than required by USFWS standards. To assess whether 

community-wide trends would indicate a period of high detections for all species, I 

calculated locally estimated scatterplot smoothing (LOESS) lines for each species. Since 

guidelines stipulate that sampling should not occur during precipitation (U.S. Fish and 

Wildlife Service 2019b), but Deeley et al. (in review a) captured species of interest, such 

as northern long-eared bats, during precipitation, LOESS lines were calculated both with 

the entire dataset and with non-precipitation nights for mean nightly presence for each 

species. I then selected samples between JD135 (non-leap year 15 May) and JD227 (non-

leap year 15 August), in accordance with USFWS timing recommendations for Indiana 

and Northern long-eared bat surveys for use in simulations (U.S. Fish and Wildlife 

Service 2018). 

To determine whether a broad- or fine-scale categorization would influence the 

sample effort required to detect species, I associated sites with physiographic region and 

land-cover type (U.S. Geological Survey 2004; Figure 3.1). I selected physiographic 

region and land-cover type as examples of rough, easy-to-identify categories on which 

researchers or government agencies could base sample effort. In this area, physiographic 

region was also surrogate for urbanization, fragmentation, and landscape features (e.g., 
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elevation, karst). Based on field observations at each site, I determined whether a site was 

in a forest stand, wetland (within a wetland or adjacent to a water body), edge (along a 

forest stand with one side exposed to open fields or developed area) or open area (area 

not within one of the other three categories). I categorized sites that were both wetland 

and any another land-cover type as being wetland. Additionally, within PRWI, ROCR 

and SHEN, I identified samples as falling between or outside of JD135 ï JD227, before 

or after JD135, or before or after JD227. 

I identified the species with known distribution throughout the study area: big 

brown bat, eastern red bat, hoary bat, silver-haired bat (Lasionycteris noctivagans), little 

brown bat, northern long-eared bat, Indiana bat, evening bat (Nycticeius humeralis) and 

tri-colored bat. To determine the sample effort required to document each species, I 

developed simulations based on species accumulation curves (Figure 3.3). I used nightly 

presence data to calculate species accumulation curves (SACs) using the vegan package 

within Program R (Oksanen et al. 2015) using random sampling and 100 permutations. 

As SACs require the presence of at least two species within a sample community to run, I 

added two ñdummyò species that were present within each sample. Therefore, detection 

of a species of interest was indicated by the accumulation of 3 species. I ran preliminary 

SACs for the entire dataset with multiple permutations and determined that 100 

permutations exceeded requirements.  

To determine the number of sample sites required when a site was sampled for 

different number of nights (from 1 to 60), I randomly selected ñnò nights within each site 

and combined all ñnò nightly detections to create a new site-level detection (Figure 3.3). I 

used these ñnò site-level presence and absence data to create SACs. For each ñnò, I 
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repeated the random night selection within each site and calculation of SACs 100 times, 

documenting mean and standard error of species richness. For all 100 SACs, I calculated 

the mean number of species, standard deviation and standard error at each site sampled 

(Figure 3.3). For each ñnò simulation, I determined the effort (sites x nights) required to 

detect the species of interest for each additional site sampled. I used minimum effort to 

detection (mean species = 3) as a surrogate measure of sampling effort across categories. 

Minimum sample effort was the lowest effort value (or sometimes values) for all ñnò 

simulations, excluding ñnò simulations where detection was not reached within every 

simulation (mean species <3).  

The simulations provided information about the number of sites required for 

detection of the northern long-eared and Indiana bats if each site were sampled for 

different numbers of nights. I selected 2, 4 and 8 nights for closer evaluation, as 2 nights 

is likely the minimum number of nights a site would be surveyed for most monitoring or 

research applications and is the minimum USFWS requirement for linear-area research 

(Brooks 2008, Adams et al. 2012, Jantzen and Fenton 2013, Starbuck et al. 2015, U.S. 

Fish and Wildlife Service 2019b); 4 nights is the maximum number of nights that a 

USFWS-compliant surveyor would sample if conducting a non-linear survey with 

minimum sites and it is the number of nights NABat recommends for surveys (Loeb et al. 

2015, U.S. Fish and Wildlife Service 2019b); and 8 is the minimum number of detector 

nights that USFWS requires (U.S. Fish and Wildlife Service 2019b). 

I ran these simulations for the entire study area, each physiographic region and 

land-cover type. Subsequently, I also ran species-level simulations for northern long-

eared bats within PRWI, ROCR and SHEN. Sites in PRWI are within 10 km of each 
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other and spread across the unit, including areas of northern long-eared bat captures and 

roosts (Deeley et al. in review a; Figure 3.2). Sites in ROCR were all within 10 km of 

each other, with most acoustic sites within a 1-km area where northern long-eared bats 

were captured and tracked to roosts (Deeley et al. in review a; Figure 3.2). The SHEN 

sites spanned almost 80 km, including areas with 2016 captures (Kalen 2018; Figure 3.2). 

I conducted simulations for each park, only park sites that were not in open areas, and 

within three different periods of time based on the USFWS and NABat guidance that 

ideal sampling occurs between and outside of JD152 ï JD213, before and after JD152, 

and before and after JD213.  

Finally, I used the unmarked package in R to run single-season occupancy models 

in PRWI, ROCR and SHEN for northern long-eared bats (Fiske and Chandler 2011). One 

model included all nights within the USFWS weather conditions and the other all nights 

regardless of precipitation and temperature. I used null models to calculate detection and 

occupancy. I identified the probability of occupancy (Ɋ), which is the likelihood that a 

site was occupied by northern long-eared bats; probability of detection (p), which was the 

ability of the survey to detect the true presence of a species, and then used both Ɋ and p 

to calculate the level of effort required to determine true absence of northern long-eared 

bats from a site with 95% and 90% certainty (Wintle et al. 2012). 

Results 

Between JD121 and JD228 in 2016 ï 2018, I totaled 30,494 sample nights (JDs = 

108, sites = 853) of effort, 15,354 which were within the USFWS-approved weather 

conditions (JDs = 106, sites = 849). I recorded 13,498 sample nights with acoustic 

observations of big brown bats (USFWS = 7,460); 7,588 with eastern red bats (USFWS = 
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4,262); 5,891 with hoary bats (USFWS = 3,251); 4,708 with silver haired bats (USFWS = 

2,546); 4,043 nights with little brown bats (USFWS = 2,202); 3,003 nights with northern 

long-eared bats (USFWS = 1,611); 1,317 nights with Indiana bats (USFWS = 682); and 

4,309 nights with tri-colored bats (USFWS = 2,411). Each species had a unique activity 

pattern, from which I could not discern a clear period where detection for all species 

would be highest (Figure 3.4). Detection patterns changed with the inclusion of non-

USFWS compliant weather nights (Figure 3.4).  

When I eliminated nights with possible precipitation and/or temperatures <10ęC, 

14,429 sample nights remained (2016 = 2,657; 2017 = 5,573; 2018 = 6,199). I recorded 

6,834 nights with acoustic observations of big brown bats; 4,038 nights with eastern red 

bats; 3,131 nights with hoary bats; 2,270 nights with silver-haired bats; 2,088 nights with 

little brown bats; 1,513 nights with northern long-eared bats; 654 nights with Indiana 

bats; and 2,287 nights with tri-colored bats. I sampled 92 Julian days and 845 sites (mean 

nights per site = 17.1 ± 0.6), 10,972 nights of those nights between JD152 and JD213. I 

sampled 180 sites in the Coastal Plain, 408 sites in the Piedmont, 122 sites in the Blue 

Ridge Mountains, and 135 sites in the Ridge and Valley (Table 3.1) province. I sampled 

523 sites in forests, 80 sites along edges, 170 within wetlands, and 72 sites in open areas 

(Table 3.1).  

At PRWI, I sampled 36 sites on 68 USFWS-compliant JDs (mean nights per site 

= 37.3 ± 1.7; Table 3.2). I sampled 29 nights along edges; 1,101 nights in forests; and 214 

nights in wetlands. Northern long-eared bats were present in 114 samples (8.5%). Within 

ROCR, I sampled 119 sites on 71 USFWS-compliant JDs, with a mean of 37.5 ± 1.3 

nights per site (Table 3.2). I sampled for 18 nights along edges, and 4,107 nights in 
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forest, 57 nights in open areas and 276 nights in or near wetlands. Northern long eared 

bats were present within 526 samples (11.8%). For SHEN, data included 70 sites on 81 

unique USFWS-compliant JDs, with a mean of 29.9 ± 3.3 nights per site (Table 3.2). I 

sampled for 341 nights in or near wetlands; 102 nights along edges; 1,374 nights in 

forest; and 275 nights in open areas. Northern long-eared bats were present in 598 

samples (28.6%).  

Most region-wide sites were sampled < 15 nights, and based on assessing 

simulations where minimum effort suddenly increased or mean number of species 

detected decreased at larger numbers of nights (Figure 3.5), I determined that including 

simulations Ó 15 nights introduced spatial biases for region-wide simulations. However, 

since long-term sampling occurred in PRWI, ROCR and SHEN, I included all values of 

sampling effort from 1 to 60 nights. However, I note that with the exclusion of 

precipitation nights, some temporal simulations had fewer nights per period. 

Minimum effort required for detection varied by species and grouping category 

(Figures 3.6 ï 3.9). Generally, the minimum effort included 1 night with multiple sites, as 

increasing the number of nights sampled at each site did not linearly decrease the number 

of sites required (Figures 3.5 ï 3.10; Tables 3.3, 3.4). Increasing the number of sample 

nights per site did not increase the detection of all species similarly (Figure 3.10). For 

most species, forest areas required the highest effort and open areas required the lowest 

sample effort (Figure 3.6). However, with 8 sample nights per site, northern long eared 

bats required the fewest sites within forested samples (Table 3.3). Northern long eared 

bats were not detected within most edge simulations (mean < 3) because they were 

present at only 8 edge sites and 16 samples (Table 3.1).  
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Land-cover type had minimal influence on big brown bat detection, and edge and 

open site categories tended to have similar minimum efforts for detecting eastern red, 

hoary, silver-haired, little brown, and tri-colored bats (Figure 3.7). Physiographic region 

as a binning category had little influence on the minimum effort required for detecting 

big brown, eastern red, hoary, and silver-haired bats (Figure 3.7). For many species, 

including the Indiana and northern long-eared bats, the least effort needed for detection 

was within the Blue Ridge Mountains (Figures 3.5, 3.7; Table 3.4).  

Sample effort for northern long-eared bat within the entire study area was higher 

than in PRWI, ROCR and SHEN, areas where their presence was confirmed via mist-

netting (Figure 3.5). Additionally, SHEN required far less sample effort to detect 

northern long-eared bats than either PRWI or ROCR (Figures 3.5, 3.8; Table 3.3). In 

PRWI, the lowest minimum efforts occurred in the simulations before JD152 or after 

JD213, which likely is attributable to the small sample size within those categories (Table 

3.2, Figure 3.9). Within SHEN, the lowest minimum effort was within the simulations 

before JD213 (Figure 3.9). PRWI and ROCR required 19 sites and SHEN required 7 sites 

to detect northern long-eared bats with 8 nights per site (Table 3.3; Figure 3.11). Between 

JD 152 and 213, PRWI required 17 sites, ROCR 12 sites and SHEN 7 sites to detect 

northern long-eared bats within 8 nights of sampling per site (Figure 3.11).  

The PRWI USFWS-compliant occupancy model had a level of effort of 28.4 

nights for 95% probability and 22.7 nights for 90% probability (Ɋ = 0.68, p = 0.12), but 

the all-weather model required 259.4 nights for 95% probability and 250 nights for 90% 

probability, as it had occupancy of nearly 1 but low detection (Ɋ = 1, p = 0.08). Both 

occupancy models in ROCR indicated that northern long-eared bats were present 
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throughout the park (Ɋ = 1) and the detection estimates were similar (all weather = 0.10; 

USFWS = 0.12). Because occupancy was 1, I could not calculate the level-of-effort 

required. In SHEN, the all-weather model (Ɋ = 0.93, p = 0.26) had a level of effort of 

18.96 nights at 95% probability and 16.13 nights at 90% probability. The USFWS model 

(Ɋ = 0.91, p = 0.30) had a level of effort of 14.66 nights at 95% probability and 12.59 

nights at 90% probability. 

Discussion 

Unsurprisingly, the sampling effort required to detect individual species varied 

greatly. The surprising result that forested sites required higher sampling effort for most 

species may be due to issues with forest clutter impacting detection (Loeb et al. 2015) or 

due to the breadth of this habitat category. Forested sites were the most common land 

cover throughout the region, though the stand size and terrain of forested sites varied 

greatly. The lower effort required to document Indiana and northern long-eared bats in 

open areas was also unexpected, as they have been typically found in forests or along 

edges (Thomson 1982, Caceres and Barclay 2000, Owen et al. 2003, 2004, Ford et al. 

2005, Menzel et al. 2005). Although Brooks (2008) did not find a significant difference 

between the number of Myotis spp. echolocation calls between habitat types, that author 

had sorted open areas with water into the open category, whereas I placed such sites into 

the wetland category. Hence, my findings may be influenced by the low number of open 

sites relative to forested sites. Additionally, given the imprecise nature of automatic 

software species identification, particularly in settings with potential presence of multiple 

Myotis species and eastern red bats (Lemen et al. 2015, Russo and Voigt 2016, Ford 
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2017, Austin et al. 2019, Nocera et al. 2019), some false-positive misclassifications may 

have artificially decreased minimum effort.  

Despite large netting effort within the study region, Indiana bats have been 

confirmed at only one location in the region via mist-netting, i.e., at Fort A.P. Hill in 

Caroline County, Virginia on the Piedmont-Coastal Plain Fall Line (Kalen et al. 2015, St. 

Germain et al. 2017, Barr 2018, Deeley and Gorman 2018, Kalen 2018, Deeley et al. in 

review b). Given the assumption that acoustic identification software is correct in 

identifying presence, a higher level of effort for USFWS compliance would be required. 

However, the level of effort that I identified in order to detect Indiana bats appears 

unrealistic, particularly within much of the Piedmont where the species is largely 

assumed to be absent (Silvis et al. 2017). 

Even within areas of known northern long-eared bat presence, the number of 

samples required to detect rare species varied greatly. For example, in simulations 

involving 4 nights of effort per site, ROCR required 3 times the number of sites as 

SHEN, and occupancy model detection probabilities for SHEN were over twice as high 

as within ROCR. Interestingly, although SHEN had a higher proportion of sample nights 

with detections than either of the other parks, ROCR had higher northern long-eared bat 

captures than SHEN in terms of both absolute numbers and reproduction, but comparable 

captures per netting event (Kalen 2018, Deeley et al. in review a). Perhaps disconnects 

between acoustic and netting results regard their spatial context: PRWI and ROCR are 

smaller, mostly-contiguous forests surrounded by urban and suburban landscape, whereas 

SHEN has larger diversity of terrain and is surrounded by other contiguous forests. If 

northern long-eared batsô roosting and foraging options are bounded by surrounding 
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urban and suburban habitat, capture rates may be higher in PRWI and ROCR, even if 

populations are similar or lower than in SHEN. Relatedly, I cannot discount sampling 

bias, as PRWI and ROCR sites were much closer in intra-park proximity than sites at 

SHEN, which may have impacted detection. Again, regional bat communities as shaped 

by the vagaries of contrasting surrounding landscapes, and bat community compositions 

may be leading to disproportionate misclassifications of echolocation calls or calculations 

of MLEs (Lemen et al. 2015, Russo and Voigt 2016, Nocera et al. 2019).  

Sampling more nights at a site improved detection at that individual site, but 

increasing the number of survey nights at a site did not linearly decrease the number of 

sample sites required. Therefore, sampling effort to detect a species within an area is 

lower when more sites are surveyed verses sampling more nights at sites, a relationship 

well documented in other evaluations of survey design (Mackenzie and Royle 2005, 

Fischer et al. 2009, Froidevaux et al. 2014, Andersen and Steidl 2019, Luymes and 

Chow-Fraser 2019). I suggest that surveyors optimize effort by adding survey sites versus 

adding additional nights at individual sites. Financial calculations for increases in sites 

versus nights can be used to determine optimal survey effort (Froidevaux et al. 2014, 

Tarugara et al. 2019); although impacts upon detection within naïve surveys would be 

unknown, power estimates based on variable detection may aid in survey design 

(Guillera-Arroita and Lahoz-Monfort 2012). 

I note that my simulations do not identify the amount of effort required to 

determine habitat associations or parameterize occupancy models based on site-level data 

per se, but rather the number of samples required to detect the species once, as is the 

intent of USFWS regulatory requirements. If researchers are basing their survey methods 
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on USFWS regulatory guidelines or NABat minimum survey requirements, results may 

be biased based on sample location choice (e.g., not sampling within open areas, 

assuming that equal effort within land-cover types will have equal detection) or against 

rare species (e.g., by not sampling enough sites within an area). Monitoring programs 

often utilize generic study design methods intended to allow comparisons among studies, 

but using the same methods across broad scales and different ecosystems can be 

uninformative for some research questions (Lindenmayer and Likens 2010). When 

designing a survey or monitoring program, detectability should be accounted for with 

survey methods intended to even-out differential detection, taking detection covariates 

into account or estimating detectability (Pollock et al. 2002, Meyer et al. 2011). Location-

specific detectability must be calculated, especially for rare species; otherwise, 

combining data across a large geographic range could cause large biases (Meyer et al. 

2011, Meyer 2015).  

The large differences in minimum effort among species highlight the importance 

of researchers developing a priori determination of relative detectability with the 

intended survey methods and species of interestôs rarity and habitat associations. 

Comparing acoustics with mist-netting and day-roost observations in West Virginia, Ford 

et al. (2016) found that modeled bat-habitat associations greatly differed based on the 

presence-only data collection techniques. In Australia, combination of survey designs 

would work best to document bat communities (Meyer et al. 2011). European bat 

monitoring guidelines provide species-specific sampling methodology (Battersby 2010). 

Considering experiences in other taxa, for arthropods, including bee communities, habitat 

type influenced the sampling effort required to document diversity (Missa et al. 2009, 
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Nielsen et al. 2011), and surveys of frog egg masses in artificial ponds using traditional 

techniques resulted in underestimating egg masses (Wilcox et al. 2017). Additionally, 

surveys with sample sizes too small to detect smaller populations use can lead to 

incorrect conclusions about habitat associations (Kunin and Gaston 2012), as found in a 

survey of pine martens (Martes martes) in Scotland (Moll et al. 2016).  

My analyses indicate that current guidelines with either USFWS-mandated 

Indiana bat surveys or NABAT efforts may not require enough sample sites under all 

survey conditions, and my occupancy model results indicate that 8 sampling nights per 

detector would still not be adequate to eliminate false absences at each site. For instance, 

if a survey were conducted of ROCR (approximately 7 km2), surveyors would need to 

sample 112 nights under USFWS northern long-eared bat guidelines. According to my 

simulations, this sampling effort may be adequate if each site were sampled for < 3 

nights. However, if accounting for the intensive survey of an area of known presence 

(Deeley et al. in review a), a naïve survey would likely require more sites. Although I did 

not assess NABat protocol explicitly, I note that sampling for 4 nights at 4 sites be 

inadequate for detecting northern long-eared bats within the NPS parks with known 

presence. Because NABat is intended to track bat population trends over broad spatial 

and temporal scales, sampling effort must be high enough to detect trends in all bat 

species in various habitats and regions surveyed. Additional work is warranted to fully 

assess the efficacy of these protocols as NABat is interested in total bat activity by 

species as a surrogate for abundance and not area-level presence. Regardless, USFWS 

and NABat sampling guidelines could be improved by increasing site requirements and 

assessing whether sampling recommendations should change with survey area context.   
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Table 3.1. Passive acoustic sample nights between Julian days 135 and 227, 2016 ï 2018, 

wherein bat echolocation data was recorded. Samples were collected in the District of Columbia, 

Maryland, Pennsylvania, Virginia, and West Virginia and included nights with no precipitaiton 

and minimum nightly temperatures >10ęC. 

 

 
Samples 

Land cover 
Sites  Edge Forest Open Wetland 

Coastal Plain 2,143 227 1,339 118 459 122 

Piedmont 8,438 460 6,507 257 1,214 180 

Blue Ridge 2,791 125 1,999 320 347 135 

Ridge and Valley 1,057 64 630 143 220 408 

Sites  80 523 72 170  
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Table 3.2. Passive acoustic sample sites and nights between Julian days 135 and 227, 2016 ï 

2018, wherein bat echolocation data was recorded. I identified samples as falling between or 

outside of Julian days 135 ï 227, before or after Julian day 135, or before or after Julian day 227. 

Samples include nights with no precipitaiton and minimum nightly temperatures >10ęC and 

include sites within the National Park units of Prince William Forest Park (PRWI), Virginia; 

Rock Creek Park (ROCR), District of Columbia; and Shenandoah National Park, Virginia.  

 

Area Covariate Category  Sites Nights 

P
R

W
I 

JD152 ï 213 
Between 36 1,122 

Outside 31 222 

JD 152  
Before 31 120 

After 36 1,224 

JD 213 
Before 36 1,242 

After 18 102 

R
O

C
R
 

JD152 ï 213 
Between 119 3,322 

Outside 105 1,136 

JD 152  
Before 97 665 

After 119 3,793 

JD 213 
Before 199 3,987 

After 100 471 

S
H

E
N
 

JD152 ï 213 
Between 58 1,607 

Outside 53 485 

JD 152  
Before 28 125 

After 65 1,967 

JD 213 
Before 63 1,732 

After 48 360 
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Table 3.3. The number of sample sites required, when each site is sampled for 1 to 15 nights, to detect Northern long-eared bat 

(Myotis septentrionalis) based on simulated species accumulation curves. Simulations were based on passive acoustic data collected in 

the District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia, 2016 ï 2018. Simulations in which not all 

runsdetected northern long-eared bats include the mean and standard deviation (SD).  

 

Nights PRWI 
PRWI 

mean (SD) 
ROCR SHEN All  Forest Open Wetland Edge 

Edge 

mean (SD) 

1 36 2.97 (±0.17) 68 24 203 132 49 87 80 2.7 (±0.05) 

2 33  34 15 84 76 28 79 80  

3 33  30 11 60 49 31 67 71 2.91 (±0.29) 

4 23  33 11 40 42 26 46 64 2.96 (±0.02) 

5 22  19 11 46 37 27 47 57  

6 20  21 8 34 33 25 38 50  

7 19  17 8 37 26 29 31 43  

8 19  19 7 27 19 20 24 33  

9 18  11 7 23 17 19 22 28 2.98 (±0.01) 

10 16  10 7 19 23 14 20 23  

11 16  10 6 16 15 15 15 18  

12 15  10 7 16 17 13 14 12 2.92 (±0.03) 

13 16  10 6 14 12 13 16 12 2.91 (±0.03) 

14 12  9 6 13 13 12 13 12 2.96 (±0.01) 

15 14  8 6 14 12 12 11 11 2.95 (±0.02) 
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Table 3.4. The number of sample sites required, when each site is sampled for 1 to 15 nights, to detect the Indiana bat (Myotis sodalis) 

based on simulated species accumulation curves. Simulations were based on passive acoustic data collected in in the District of 

Columbia, Maryland, Pennsylvania, Virginia, and West Virginia, 2016 ï 2018.  

 

Nights All  Edge Forest Open Wetland Coastal plain Piedmont Blue Ridge Ridge and Valley 

1 149 77 180 36 133 176 240 43 84 

2 96 60 136 26 75 144 138 32 55 

3 94 62 108 27 59 95 116 38 45 

4 71 54 95 24 42 62 121 32 40 

5 73 43 87 24 41 61 99 34 33 

6 58 41 63 26 50 65 82 35 28 

7 56 35 79 27 48 45 93 29 21 

8 56 24 61 23 40 55 86 24 17 

9 75 21 62 23 38 46 76 25 16 

10 56 16 60 20 33 43 68 23 15 

11 52 13 46 20 38 47 80 22 15 

12 51 8 59 15 35 43 102 18 16 

13 47 9 63 15 32 40 68 20 16 

14 52 10 52 13 30 40 66 17 16 

15 44 9 45 13 27 30 62 20 13 
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Figure 3.1. Passive bat acoustic survey sites within 41 counties of in the District of Columbia, 

Maryland, Pennsylvania, Virginia, and West Virginia, 2016 ï 2018. Sample areas include 21 

National Park Service, U.S. Fish and Wildlife Service, Department of Defense, and National 

Aeronautics and Space Administration lands units and four physiographic regions (Coastal Plain, 

Piedmont, Blue Ridge, and Ridge and Valley).  
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Figure 3.2. Passive bat acoustic sites surveyed 2016 ï 2018 within four physiographic regions 

a) b) 

c) 
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(Coastal Plain, Piedmont, Blue Ridge, and Ridge and Valley). Sites are located on National Park 

Service (NPS) parks: a) Prince William Forest Park, Virginia; b) Rock Creek Park, District of 

Columbia; and c) and Shenandoah National Park, Virginia.  
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Figure 3.3. Conceptualization of the simulation proccess used to identify the number of sites 

Step 4: Calculate 

mean, SD, SE for all 

100 SACs. 
Step 5: Calculate effort 

for each simulation. 

Effort = sites x nights 

Step 6: Determine minimum effort for 

each simulation. 

Step 1: Identify 

all samples 

within each 

category of 

interest 

Step 2: Randomly 

select ñnò nights 

within each site and 

identify presence or 

absence within that 

site. 

Step 3: Run SAC for this dataset. 
Repeat 

Steps 2 

and 3 100 

times. 

Repeat Steps 2 

through 5 for each 

ñnò night. 
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required to detect a bat species when each survey site is sampled a particular number of nights. 

Abreviations include SAC = species accumulation curve, SD = standard deviation, SE = standard 

error. 
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Figure 3.4. Locally estimated scatterplot smoothing (LOESS) lines developed based on bat 

species-level mean presence and absence by Julian day passive in: a) all weather conditions and 

b) no precipitation and >10ęC degrees. Data were collected with passive acoustic sampling from 

2016 ï 2018 within the District of Columbia, Maryland, Pennsylvania, Virginia, and West 

Virginia. Calls were identified to species by using the Kaleidoscope 4.5.0 Bats of North America 

4.2.0 classifier (Wildlife Acoustics Inc., Concord, MA, USA) with the following species: big 

brown bat (Eptesicus fuscus; EPFU), eastern red bat (Lasiurus borealis; LABO), hoary bat 

(Lasiurus cinereus; LACI), silver-haired bat (Lasionycteris noctivagans; LANO), little brown bat 

(Myotis lucifugus; MYLU), northern long-eared bat (Myotis septentrionalis; MYSE), Indiana bat 

(Myotis sodalis; MYSO), evening bat (Nycticeius humeralis; NYHU) and tri-colored bat 

(Perimyotis subflavus; PESU). 

a) 

b) 
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c) 

b) 

a) 

d) 
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Figure 3.5. The minimum number of acoustic sampling sites required to detect northern long-

eared bat (Myotis septentrionalis) at 1 to 60 nights in the: a) Coastal Plain, b) Piedmont, c) Blue 

Ridge Mountains, and d) Ridge and Valley physiographic regions. Data were collected with 

passive acoustic sampling from 2016 ï 2018 within the District of Columbia, Maryland, 

Pennsylvania, Virginia, and West Virginia. Species accumlation curves included two dummy 

species and nothern long-eared bats, therefore detection of the species is at mean = 3. Three 

dimensional plots are drawn for simulations where the mean species < 3 for a particular night 

simulation. All samples occurred on nights without precipitaiton and temperatures >10ęC 

degrees. Calls were identified to species by using the Kaleidoscope 4.5.0 Bats of North America 

4.2.0 classifier (Wildlife Acoustics Inc., Concord, MA, USA). 
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Figure 3.6. The minimum sampling effort and number of sites required to detect each bat species 

for the entire study area within different land-cover types. Data were collected with passive 

acoustic sampling from 2016 ï 2018 within the District of Columbia, Maryland, Pennsylvania, 

Virginia, and West Virginia. Y-axes are the total effort (sites x nights) and x-axes are the total 

number of sites needed to achieve the mimimum effort for each simulation of 1 to 15 nights. 

Calls were identified to species by using the Kaleidoscope 4.5.0 Bats of North America 4.2.0 

classifier (Wildlife Acoustics Inc., Concord, MA, USA) with the following species: big brown 

bat (Eptesicus fuscus; EPFU), eastern red bat (Lasiurus borealis; LABO), hoary bat (Lasiurus 

cinereus; LACI), silver-haired bat(Lasionycteris noctivagans; LANO), little brown bat (Myotis 

lucifugus; MYLU), northern long-eared bat (Myotis septentrionalis; MYSE), Indiana bat (Myotis 

sodalis; MYSO), evening bat (Nycticeius humeralis; NYHU) and tri-colored bat (Perimyotis 

subflavus; PESU). 
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Figure 3.7. The minimum sampling effort and number of sites required to detect each bat species 

within different physiographic regions. Data were collected with passive acoustic sampling from 

2016 ï 2018 within the District of Columbia, Maryland, Pennsylvania, Virginia, and West 

Virginia. Y-axes are the total effort (sites x nights) and x-axes are the total number of sites 

needed to achieve the mimimum effort for each simulation of 1 to 15. Calls were identified to 

species by using the Kaleidoscope 4.5.0 Bats of North America 4.2.0 classifier (Wildlife 

Acoustics Inc., Concord, MA, USA) with the following species: big brown bat (Eptesicus fuscus; 

EPFU), eastern red bat (Lasiurus borealis; LABO), hoary bat (Lasiurus cinereus; LACI), silver-

haired bat(Lasionycteris noctivagans; LANO), little brown bat (Myotis lucifugus; MYLU), 

northern long-eared bat (Myotis septentrionalis; MYSE), Indiana bat (Myotis sodalis; MYSO), 

evening bat (Nycticeius humeralis; NYHU) and tri-colored bat (Perimyotis subflavus; PESU). 
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Figure 3.8. The minimum sampling effort and number of sites required to detect each bat species 

based on simulations for the entire study area, Prince William Forest Park (PRWI), Rock Creek 

Park (ROCR) and Shenandoah National Park (SHEN). Data were collected with passive acoustic 

sampling from 2016 ï 2018 within the District of Columbia, Maryland, Pennsylvania, Virginia, 
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and West Virginia. Y-axes are the total effort (sites x nights) and x-axes are the total number of 

sites needed to achieve the mimimum effort for each simulation of 1 to 15 nights for the entire 

study area and 1 to 60 nights for PRWI, ROCR and SHEN. Calls were identified to species by 

using the Kaleidoscope 4.5.0 Bats of North America 4.2.0 classifier (Wildlife Acoustics Inc., 

Concord, MA, USA) with the following species: big brown bat (Eptesicus fuscus; EPFU), 

eastern red bat (Lasiurus borealis; LABO), hoary bat (Lasiurus cinereus; LACI), silver-haired 

bat(Lasionycteris noctivagans; LANO), little brown bat (Myotis lucifugus; MYLU), northern 

long-eared bat (Myotis septentrionalis; MYSE), Indiana bat (Myotis sodalis; MYSO), evening 

bat (Nycticeius humeralis; NYHU) and tri-colored bat (Perimyotis subflavus; PESU). 
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Figure 3.9. The minimum sampling effort and number of sites required to detect northern long-

eared bats (Myotis septentrionalis) within Prince William Forest Park (PRWI), Virgina; Rock 

Creek Park (ROCR), District of Columbia; and Shenandoah National Park (SHEN), Virginia. I 

identified samples as falling between or outside of Julian days 135 ï 227, before or after Julian 

day 135, or before or after Julian day 227. Y-axes are the total effort (sites x nights) and x-axes 

are the total number of sites needed to achieve the mimimum effort for each simulation 1 to 60 

nights for ROCR and SHEN. Samples were collected Julian days 135 to 227, 2016 ï 2018 and 

include nights with no precipitation and minimum nightly temperatures >10ęC. JD = Julian day. 
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Figure 3.10. The minimum acoustic sampling sites required to detect bat species with: a) 2 nights b) 4 nights and c) 8 nights of 

b) a) 

c) 
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sampling per site. Samples were collected Julian days 135 to 227 in 2016 ï 2018 within the District of Columbia, Maryland, 

Pennsylvania, Virginia, and West Virginia. Calls were identified to species by using the Kaleidoscope 4.5.0 Bats of North America 

4.2.0 classifier (Wildlife Acoustics Inc., Concord, MA, USA) with the following species: big brown bat (Eptesicus fuscus; EPFU), 

eastern red bat (Lasiurus borealis; LABO), hoary bat (Lasiurus cinereus; LACI), silver-haired bat(Lasionycteris noctivagans; LANO), 

little brown bat (Myotis lucifugus; MYLU), northern long-eared bat (Myotis septentrionalis; MYSE), Indiana bat (Myotis sodalis; 

MYSO), evening bat (Nycticeius humeralis; NYHU) and tri-colored bat (Perimyotis subflavus; PESU). 
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Figure 3.11. Simulations for northern long-eared bats (Myotis septentrionalis) for 2, 4, and 8 nights of sampling per site within: a) 

Prince William Forest Park, Virginia; b) Rock Creek Park, District of Columbia; and c) Shenandoah National Park, Virginia. Samples 

a) b) c) 
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were collected Julian days 152 to 213 in 2016 ï 2018 and include nights with no precipitaiton and minimum nightly temperatures 

>10ęC. Solid line is the mean and dashed lines are the standard deviations of the simulations.  
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Chapter 4: Using next-generation sequencing to evaluate the diet of big brown bats 

(Eptesicus fuscus) in the mid-Atlantic region 

 

Abstract 

Next-generation sequencing (NGS) can generate large genetic data sets in a cost-effective 

manner, and has been used to identify prey items within bat feces. Big brown bat (Eptesicus 

fuscus) diet has been well-studied throughout North America with visual identification methods, 

typically using feces found within colonies and rural settings. The purpose of this analysis was to 

document the diet of big brown bats, especially within fragmented and urban mid-Atlantic 

landscapes and to assess the applicability of NGS for this purpose. I observed a high abundance 

of beetles and low abundance of other orders in big brown bat diets. The most prevalent family 

was Elateridae and genus was Melanotus. Al though I documented high diet variation between 

survey areas, I did not note effects of urban or forest fragmentation upon the diversity of insect 

prey items. All order-level taxa that I observed had been previously documented by 

morphological identification-based studies, although I did document new families, genera and 

species in big brown bat feces. I suggest caution in interpreting NGS results in diet studies, as I 

noted numerous observations of environmental DNA within the results. 

Introduction  

Insectivorous big brown bats (Eptesicus fuscus) have been associated with a range of 

habitats throughout North America, including rural and urban, contiguous and fragmented forest 

environments (Agosta 2002, Kurta and Baker 1990). Insect diversity and abundance vary with 

urbanization and fragmentation, with the effects having positive, negative, or neutral effects 

upon particular insect species (Avila-Flores and Fenton 2005, Deichsel 2006, Frankie and Ehler 

1978, Ishitani et al. 2003, Threlfall et al. 2012). While combinations of vegetation, abiotic factors 
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(e.g., temperature), runoff, insecticides and heterogeneity of urban areas can give rise to unique 

assemblages of insects (Frankie and Ehler 1978), biodiversity and biomass can decrease with 

urbanization (Ishitani et al. 2003, McKinney 2008, Threlfall et al. 2012). Insect diversity and 

activity vary between years and within the summer with the reproductive cycles of the respective 

taxa (Boiteau et al. 2000, Handley et al. 2015, Hanks et al. 2014). Variation in big brown bat diet 

reflects their broad distribution and habitat associations, as they consume insect taxa from at 

least 13 orders and 50 families (Agosta and Morton 2003, Brack and Whitaker 2004, Hamilton 

1933, Long et al. 2013, Phillips 1966, Whitaker 1972, 1995). Big brown bat diet varies across 

continental and local spatial and temporal, scales (Agosta 2002, Agosta and Morton 2003, 

Whitaker 1995, 2004). Although their diet is flexible, they typically consume, and possibly select 

for, Coleoptera (Brigham and Saunders 1990, Griffith and Gates 1985, Hamilton 1933, Hamilton 

and Barclay 1998, Whitaker 1972, 1995). Sex and reproductive condition of the bat also may 

impact diet due to contrasting energy requirements and foraging techniques (Hamilton and 

Barclay 1998, Menzel et al. 2001, Wilkinson and Barclay 1997). , Pregnant and lactating female 

bats often forage for longer and/or have more-frequent foraging bouts (Altringham 2011, Barclay 

1989, Clark et al. 1993, Rintoul and Brigham 2014, Rydell 1993). 

Most bat diet studies, including those for big brown bats, have been based on visual 

identification of insects or insect parts in dissected fecal pellets or stomach contents (Agosta 

2002). Visual methods bias results toward difficult-to-digest taxa and require high identification 

proficiency (Razgour et al. 2011). Additionally, classification of insects to genus or species is not 

always possible if the prey item has been dissected or digested; therefore, many big brown bat 

studies describe diet at the order or family levels (Griffith and Gates 1985, Hamilton 1933, 

Whitaker 1995). Genetic techniques, however, have identified prey to lower taxonomic levels 
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and include soft-bodied prey that would not be identified with visual techniques(Clare et al. 

2014, Long et al. 2013, Zeale et al. 2011).  

Next-generation sequencing (NGS) comprises a collection of DNA sequencing 

techniques that can produce large data sets in a relatively rapid, cost-effective manner by 

sequencing many DNA fragments simultaneously (Ekblom and Galindo 2011). These techniques 

have been used to analyze diet habits for several taxa, including insectivorous bats (Chiroptera; 

Clare et al. 2014, Deagle et al. 2010, Razgour et al. 2011). However, NGS results should be 

evaluated critically to assess the degree to which these methods can address relevant questions 

before embarking on large-scale research (Ekblom and Galindo 2011). Amplification of 

degraded DNA, such as that from dead or partially-digested animals, can be difficult and lead to 

taxa misidentifications (Valentini et al. 2009). Further, NGS technologies identify all items 

consumed, including taxa that are rarely or unintentionally consumed (Pompanon et al. 2012).  

The purpose of this analysis was to document the diet of big brown bats, especially 

within fragmented and urban mid-Atlantic landscapes and to assess the potential and limitations 

of NGS methods for bat diet studies. I expected that big brown bat diet would vary based on 

sample area and time period, with composition and diversity varying with habitat fragmentation 

and urbanization. Due to pregnant and lactating batsô requirements for more calories than non-

reproductive bats (Altringham 2011, Barclay 1989, Clark et al. 1993, Rintoul and Brigham 2014, 

Rydell 1993), I expected that reproductive bats may engage in more opportunistic feeding 

activity with possibly more prey items. I also predicted that juvenile and adult bats would have 

different diets, with juvenile bats potentially experimentally consuming a larger number of taxa. 

I expected that I might identify new prey items or different prey distributions than were observed 

in earlier visual studies. 
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Study Area 

The study area consisted of Marine Corps Base Quantico and National Park Service 

(NPS) units Antietam National Battlefield (AN), Catoctin Mountain Park (CA), Chesapeake and 

Ohio Canal National Historical Park (CH), Gettysburg National Battlefield (GE), George 

Washington Memorial Parkway (GW), Harpers Ferry National Historic Park, Manassas National 

Battlefield Park (MA), Monocacy National Battlefield (MO), National Capital Parks-East (NA), 

Prince William Forest Park, Rock Creek Park (RO), and Wolf Trap National Park for the 

Performing Arts (WO; Figure 4.1). I placed Harpers Ferry National Historic Park samples into 

CH, as CH runs through HF. Marine Corps Base Quantico and Prince William Forest Park are 

adjacent to each other, and have similar habitat, although Quantico contains more burned forest, 

open land and developed area. They are defined together as PQ. The CH sampling area is the 

most diverse, as it is a narrow, linear unit following the Potomac River from downtown 

Washington, D.C., through suburban, agricultural, private and state forest land covers to 

Cumberland, Maryland. CA is a large contiguous forest, surrounded by agricultural, forested, 

and low-levels of urbanization. Several NPS units consist of highly fragmented forest patches 

surrounded by agricultural fields (AN, MA, MO) and high levels of urbanization (GW, WO, 

NA). However, GW also contains larger contiguous forest patches in its northern portions. RO is 

a mostly-contiguous forest in the center of Washington, D.C. The survey areas are distributed 

within the Coastal Plain (CH, GW, NA, PQ, WA), Piedmont (CH, GE, GW, MA, MO, PQ, RO, 

WO), Blue Ridge Mountains (CA, CH), and Ridge and Valley (AN, CH, HA) physiographic 

regions in Washington, D.C., Maryland, Virginia, and West Virginia. The western portions of the 

study area are associated with higher elevations and less urbanization than the eastern areas. 

Temperatures during sampling ranged from 2.1 ï 35.6 ºC, with western areas generally having 
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lower temperatures. Precipitation was highly variable, but the region accumulated 350 ï 723 mm 

in 2017 and 562 ï 1127 mm in 2018 (PRISM Climate Group 2019).  

Methods 

To obtain fecal samples for genetic analyses, I mist netted for bats between 7 May and 12 

August during 2017 ï 2018. Capture and handling procedures were in accordance with Virginia 

Tech Institutional Animal Care and Use protocol 16-240. When I collected a bat from a mist net, 

I placed the bat in a brown paper lunch bag while it awaited processing for identification of 

species, age, sex, mass and reproductive condition. I identified bats to species using appropriate 

dichotomous keys (Menzel et al. 2002) and determined their age category by observing 

epiphyseal ossification and reproductive condition of females through palpitation of the abdomen 

and condition of mammary glands (Anthony 1988, Racey 1988). After releasing the bat, I 

inspected the bag for feces and used a BrandTech 780500 (Essex, CT) polypropylene 1.5-mL 

microcentrifuge tube to scoop and store the feces in 100% ethanol.  

I extracted DNA from bat feces using the QIAamp Fast DNA Stool Mini Kit (Qiagen # 

19593). The mitochondrial cytochrome oxidase c subunit 1 (CO1) gene was amplified using the 

ANML primer pairs developed by Palmer et al. (2018): 5ô-

GGTCAACAAATCATAAAGATATTGG -3ô (forward) and 5ô-

GGWACTAATCAATTTCCAAATCC-3ô (reverse). GENEWIZ, Inc. (South Plainfield, NJ, 

USA) prepared the DNA library using the NEBNext Ultra DNA Library Prep kit following the 

manufacturerôs recommendations (Illumina, San Diego, CA, USA). These NGS libraries 

contained PCR amplicons as inserts, barcodes for individual identification during multiplexing, 

and Illumina universal adapter sequences that allowed the library to bind to the Illumina flow-

cell. I ligated end-repaired adapters after adenylation of the 3ô ends and enrichment by limited-
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cycle PCR. I then validated the DNA libraries, and the pooled DNA libraries were loaded onto 

the Illumina DNA sequencing instrument according to manufacturerôs instructions. I sequenced 

the samples using a 250 paired-end configuration. I conducted image analysis and base calling 

with Illumina Control Software on the Illumina instrument. 

I then processed the DNA sequence data through AMPtk (Palmer et al. 2018) to associate 

DNA sequences with prey taxa (Jusino et al. 2019). I used R package phyloseq to exclude low-

quality samples (with <2,000 reads) and operational taxonomic unit identifications (OTUs; 

match confidence < 0.97; McMurdie 2013, R Core Team 2019). To exclude non-prey, 

environmentally derived OTUs, I eliminated all OTUs with fewer total reads than the number of 

total reads from (non-host) chordate OTUs and all OTUs which did not occur in at least two 

samples. I then reviewed the remaining OTU orders to determine whether they could be possible 

prey items based on previous morphological diet studies and big brown bat feeding behaviors.  

I identified prey diversity for all big brown bats and assessed differences between my 

results and those of previous diet studies. I determined species presence within each sample by 

order, family, and genus. I then calculated Shannon-Weiner diversity and Jaccardôs indices using 

R package vegan (Oksanen et al. 2015, R Core Team 2019), based on sample-level presence data 

for each area and sample period (May, June, July, and August) within each area. For areas with 

large effort within a relatively-small spatial scale (GE, PQ, RO), I also calculated Shannon-

Weiner diversity index based upon reproductive condition of the bat providing the fecal sample. 

Since statistical comparisons between individuals can only be achieved when sampling effort and 

distribution is high enough to ensure replication (Pompanon et al. 2012), I also calculated species 

accumulation curves using R package vegan (Oksanen et al. 2015, R Core Team 2019). 

RESULTS 
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I collected and sequenced DNA isolated from 286 fecal samples (2017 = 60, 2018 = 228). 

Samples were from adult male (n = 120), female (n = 107), and juvenile bats (males = 13, 

females = 11; Supp. Table 1). Overall, I observed 7,515,556 reads, with a minimum of 204 reads 

per sample, representing 7,720 OTUs. After I eliminated sample sites with < 2,000 reads and 

OTUs with identifications <97% based on AMPtk confidence scores and percentage of mapping 

identity of the 250 base pairs (Palmer et al. 2018), I documented 56 unique orders (Supp. Table 

4.2). Within the data set, however, were taxa identified with high-confidence, including members 

of Class Chordata, including Sciurus spp. (Order Rodentia, squirrels), Xenopus spp. (Order 

Anura, African clawed frogs), Notropis atherinoides (Order Cypriniformes, minnows), 

Chiroptera (bats), and Homo sapiens (Order Primata, humans). Because these are unlikely to 

have been prey items, I interpreted them as host DNA (Chiroptera) or environmental DNA (other 

orders, likely consumed with drinking water or a consequence of contamination), I eliminated all 

taxa with number of reads less than that for the most highly represented such taxon (Sciurus 

carolinensis = 21,701; grey squirrel) from the dataset. I eliminated 2 samples with no remaining 

OTUs. 

The results of this data pruning were 4,253,929 reads across 59 OTUs (Insecta = 58, 

Mammalia = 1) and 262 sites. Big brown bat OTUs were present in 51 samples, and Insecta 

OTUs included 7 orders, 18 families, 33 genera, and 34 species (Table 4.1). All OTUs 

documented in 2017 were also documented in 2018. At the sample level, there was large 

variation in the number of reads and OTU Shannon-Weiner diversity indices across units, bat 

reproductive conditions, and sample period (Figures 2, 3). Species accumulation curves had no 

leveling of taxa at the family- and genus-levels at sites GE, RO, and PQ (Figure 4.4). An 

asymptote at the Order level was achieved for GE and PQ, but not for RO (Figure 4.4). 
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Coleoptera (beetles) were present in most samples (90.8%), followed by Hemiptera (true 

bugs; 28.2%), Blattodea (cockroaches and termites; 18.3%), Hymenoptera (sawflies, wasps, 

bees, and ants; 7.3%), Lepidoptera (moths; 6.9%), Trichoptera (caddisflies; 3.8%), and 

Megaloptera (alderflies, dobsonflies and fishflies; 1.5%; Table 4.1; Figure 4.3). Every NPS unit 

included a fecal sample with Coleoptera, and Hemiptera were present in prey items for every unit 

except WO (Figure 4.6). The number of order-level OTU reads varied within sample period 

(Supp. Figure 4.1). 

Elateridae (Order Coleoptera; click beetles; 46.9%) was the most common family, and 

Melanotus (Family Elateridae; click beetles; 35.1%) was the most common genus (Table 4.1; 

Figure 4.5). Families Carabidae (beetles), Elateridae, Pentatomidae (shield or stink bugs), and 

Scarabaeidae (scarabs) were present in the highest proportions of samples (Table 4.2). Elateridae 

were in the highest proportion for samples for CA, CH, GW (in the same proportion as 

Carabidae), PQ, RO, and WO (at the same number as Scarabaeidae; Table 4.2; Figure 4.7). 

Proportions of samples for each family varied greatly among NPS unit (Table 4.2; Figure 4.7).  

Most units with the smallest sample sizes had the lowest diversities, but CA had family- 

and genus-level diversities near those of RO and PQ with only 8.8% and 14.3% of the number of 

samples, respectively (Table 4.3). Additionally, CH had the highest order-level Shannon-Weiner 

diversity index (Table 4.3). Genus-level Shannon-Weiner diversity indices were similar between 

GE, PQ, and RO, but Jaccardôs indices indicated low dietary overlap (Tables 3, 4). Although PQ 

and RO had large sample sizes and were sampled across the summer, the respective diet profiles 

were somewhat dissimilar across all taxonomic levels (Table 4.4). Despite high Shannon-Weiner 

diversity indices, diets at CA and CH were dissimilar to those diets at RO, PQ, and GE at the 

family level, although similarity at the genus level was higher (Table 4.4). 
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Because sample size was unequal across periods and NPS units, documented diversity 

varied greatly within unit and period (Table 4.5). However, within GE, equal sampling in June 

and July yielded higher family and genus diversity in July, and the April-May sampling period 

had higher diversity than July within RO, despite having fewer samples (Table 4.5; Supp. Figure 

4.2). In PQ and RO, Hymenoptera and Blattodea occurred in the most samples in May and June, 

and Lepidoptera appeared to comprise a large portion of August diets (Figure 4.8). I note that the 

relative distribution and diversity of prey items among reproductive conditions may partially be a 

result of insect life history, as diet composition as a function of bat reproductive condition varied 

within NPS units (Figure 4.9; Table 4.5). Diets of males with descended testes and non-

reproductive males at GE, PQ and RO typically had higher Shannon-Weiner diversity indices 

than female bats, although lactating and post-lactating females at PQ and pregnant females at RO 

had relatively high genus-level dietary diversity indices (Table 4.6). Juvenile bats consumed no 

OTUs that were not also consumed by adults.  

Discussion 

I did not discover orders of big brown bat prey that had not been observed using visual 

prey identification methods (Agosta and Morton 2003, Griffith and Gates 1985, Hamilton 1933, 

Hamilton and Barclay 1998, Whitaker 1972, 1995). However, I did document depredation upon 

new members of families Brentidae (oak timberworm Arrhenodes minutus), Pyrochroidae (fire-

colored beetle Dendroides canadensis), Tenebrionidae (false mealworm beetle Alobates 

pensylvanica, and Hymenorus picipennis), Hydropsychidae (Hagen's net-spinning caddisfly 

Hydropsyche hageni, and Hydropsyche hoffmani; Table 4.1). Similar to the results of previous 

studies which used visual methods, I found that members of Order Coleoptera were the most 

common in terms of both abundance and occurrence across samples (Griffith and Gates 1985, 
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Hamilton 1933, Hamilton and Barclay 1998, Whitaker 1972, 1995). My results also were similar 

to those of ther DNA sequencing based studies of big brown bat diet, including a PCR-based 

assessment conducted by Long et al. (2013) in Michigan and a NGS-based survey by Clare et al. 

(2014) in Canada, both of which found that most samples contained Coleoptera. Unlike my data, 

however, Long et al. (2013) and Clare et al. (2014) found family Carabidae more common than 

Elateridae, which may be reflective of regional insect abundance and consequent diet 

differences.  

I did not observe the diversity within bat diets that Clare et al. (2014) documented at all 

taxonomic levels with their NGS analysis. By setting abundance thresholds based on the OTU 

abundance of taxa of environmental origin, I likely excluded rarer and potentially also smaller 

prey taxa. For example, unlike other visual and DNA-based analyses of big brown feces, I did 

not document the occurrence of Diptera as prey (Agosta and Morton 2003, Clare et al. 2014, 

Hamilton 1933, Long et al. 2013, Whitaker 1995), although they were present in the dataset 

before I eliminated environmentally-derived OTUs. Additionally, a visual identification study of 

big brown bat diet at a mine near my northern CH sites documented taxa that I did not document 

(e.g., Order Diptera and Family Curculionidae; Agosta and Morton 2003), indicating that I 

possibly excluded taxa that visual identifications would have identified. 

I believe the my standards for retention of data were sufficiently strict, as all carabid 

species that I documented, except Calosoma wilcoxi, also were identified in a 9-year study of 

Carabidae within GW (Steury 2014). Additionally, in another GW survey along the Potomac 

River, Flint (2008, 2011) documented the two caddisfly species (Family Hydropsychidae, Order 

Trichoptera) that I recorded in CH and RO. The Hydropsychidae are an abundant group typically 

found in wetland areas; therefore, their consumption by bats within two units adjacent to wetland 
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areas and in proximity to that river is unsurprising. Additionally, in the CH mine survey, Agosta 

and Morton (2003) also identified Acrosternum spp. (stinkbugs).  

I documented pest families, genera, and species in bat diets throughout the study area, 

including within both highly-developed and fragmented areas (e.g., NA) and highly-forested 

areas (e.g., CA). I found Elateridae (click bugs) in diets throughout the study area, which 

included Melanotus and Hemicrepidius spp., two genera with larvae that consume crop species 

(Belcher and Tenne 1987, Riley and Keaster 1979). The presence of these species may be the 

result of big brown bats using suburban and agricultural habitats surrounding even contiguous 

forest stands, but also emphasizes that these taxa are not just agricultural pests. Hemipteran pest 

species included tarnished plant bug Lygus lineolaris, which damages crops such as strawberries 

(Fragaria ananassa; Mailloux and Bostanian 1988); green stinkbug Acrosternum hilare, which 

damages crops such as soybean (Glycine max; McPherson et al. 1979); and brown marmorated 

stink bug Halyomorpha halys, an invasive species within the mid-Atlantic region that can causes 

damage to a wide array of tree and crop species (Nielsen and Hamilton 2009). Within Family 

Carabidae, I also documented crop pests such as the ground beetle Harpalus pensylvanicus and 

the tree pest Arrhenodes minutus (Family Brentidae; Buchanan 1960, Esau and Peters 1975, Kirk 

1973). 

The species accumulation curves indicated that despite the large sampling effort in some 

areas, I likely did not capture the full extent of prey within any area. Therefore, any comparisons 

between areas, reproductive conditions, and times must be caveated by sample size. For instance, 

the differences between diet taxa observed at PQ and RO as reflected with the Jaccardôs index 

could have been influenced by different sample sizes among periods and reproductive 

conditions. 
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Unexpectedly, I did not observe a consistent trend in diet composition or diversity 

between sample areas as a function of habitat fragmentation and urbanization. The similar genus-

level Shannon-Weiner diversity indices within GE, PQ, and RO may simply be reflective of the 

higher sampling effort. However, the high diversity found at CA within only a few samples may 

be the result of its large forest interior and relatively undeveloped areas around the park. 

Alternatively, the high dietary diversity documented within that unit may be the result of lower 

bat predation. Before white-nose syndrome (WNS), this unit had large numbers of little brown 

(Myotis lucifugus) and northern long-eared (Myotis septentrionalis) bats that were absent post-

WNS (Johnson et al. 2008, Deeley et al. in review). As the NCR NPS unit with the largest spatial 

extent, it is unsurprising that CH had some of the highest diet diversity but low overlapping 

dietary similarity with other units.  

Although pregnant and lactating female big brown bats need to consume more calories 

than non-reproductive bats (Altringham 2011, Barclay 1989, Clark et al. 1993, Rintoul and 

Brigham 2014, Rydell 1993), I found that male bats had higher diet diversity than females. I 

suggest that males are foraging over longer distances (Wilkinson and Barclay 1997) and 

therefore gaining access to greater prey diversity. As expected, diet changed between periods, 

likely reflective of insect phenology and population dynamics. For example, Pennsylvania 

ground beetle Harpalus pensylvanicus emerge from the soil as adults early in the summer, 

populations increase until after mating, and females oviposit eggs within the soil in the late 

summer (Kirk 1973).  

My methods were more useful for identifying prey at lower taxonomic levels than visual 

identification had previously achieved, supporting inference of depredation of interest to 

ecologists and land managers, such as predation upon pest species. Such instances provide some 
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evidence of ecological services provided by foraging big brown bats. I urge a circumspect 

approach to using NGS technology as a means of identifying prey items within Chiroptera feces. 

If big brown bats likely consumed DNA from Chordata and non-prey insect taxa by drinking 

water and exposure at roosting locations. Hence, inclusion of data based on excluding only 

instances of ñobviousò environmental contamination may lead to erroneous conclusions about 

predation. However, NGS technology provides a valuable new tool for identifying dietary items 

and environmental diversity. Although I used PCR primer pairs designed for Class Insecta, I still 

detected Chordata species that may be of interest to land managers.  
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Table 4.1. The number of samples with each taxon found in fecal samples from 262 big brown bats (Eptesicus fuscus) collected 

within the District of Columbia, Maryland, Pennsylvania, and Virginia, 2017 ï 2018. Operational taxonomic unit (OTU) samples 

indicate the number of observations with the particular terminal taxonomic identification for that OTU. Higher-order samples are the 

number of samples for orders and genera based on taxonomic hierarchy. Previous detection indicates references to previous studies 

that either detected that taxon or (in parentheses) the higher-level identifications within unknown lower taxa. All studies were 

morphologically based, except for Long et al. (2003), who performed genetic analysis on insect parts. Key: H = Hamilton 1933, p = 

Phillips 1966, ! = Whitaker 1972, G = Griffith and Gates 1985, s = Brigham and Saunders 1990, ^ = Whitaker 1995, h = Hamilton and 

Barclay 1998, Ü = Menzel et al. 2000, # = Agosta and Morton 2003, Ŭ = Agosta et al 2003 and Õ = Long et al 2013. Note that 

Megaloptera were formerly within Neuroptera. 

Class Order Family Genus Species 
OTU 

samples 

Higher-

order 

samples 

Previous 

detection 

Insecta Blattodea Ectobiidae Parcoblatta - 48 - º!(order) 

Insecta Coleoptera - - - 156 238 
ºspH 

^!*#GhŬ 

Insecta Coleoptera Brentidae Arrhenodes Arrhenodes minutus 10 -  

Insecta Coleoptera Carabidae - - - 77 µ!*# ^ 

Insecta Coleoptera Carabidae Agonum Agonum punctiforme 7 -  

Insecta Coleoptera Carabidae Amphasia Amphasia sericea 5 -  

Insecta Coleoptera Carabidae Calosoma Calosoma wilcoxi 3 -  

Insecta Coleoptera Carabidae Chlaenius Chlaenius tricolor 5 -  

Insecta Coleoptera Carabidae Harpalus Harpalus pensylvanicus 32 - µ 

Insecta Coleoptera Carabidae Notiobia Notiobia terminata 25 - µ 

Insecta Coleoptera Carabidae Selenophorus Selenophorus opalinus 16 -  

Insecta Coleoptera Carabidae Stenolophus Stenolophus ochropezus 16 - µ 

Insecta Coleoptera Cerambycidae   - 36 µ 

Insecta Coleoptera Cerambycidae Astylopsis Astylopsis sexguttata 2 -  

Insecta Coleoptera Cerambycidae Graphisurus Graphisurus fasciatus 7 -  

Insecta Coleoptera Cerambycidae Orthosoma - 27 -  

Insecta Coleoptera Elateridae - - - 123 # 
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Class Order Family Genus Species 
OTU 

samples 

Higher-

order 

samples 

Previous 

detection 

Insecta Coleoptera Elateridae Athous Athous brightwelli 6 -  

Insecta Coleoptera Elateridae Elater Elater abruptus 7 -  

Insecta Coleoptera Elateridae Hemicrepidius  - 42 µ!# 

Insecta Coleoptera Elateridae Hemicrepidius Hemicrepidius brevicollis 3 -  

Insecta Coleoptera Elateridae Hemicrepidius Hemicrepidius memnonius 39 - µ 

Insecta Coleoptera Elateridae Melanotus - 13 92 µ 

Insecta Coleoptera Elateridae Melanotus Melanotus decumanus 6 - µ(genus) 

Insecta Coleoptera Elateridae Melanotus Melanotus morosus 21 - µ(genus) 

Insecta Coleoptera Elateridae Melanotus Melanotus similis 67 - µ 

Insecta Coleoptera Hydrophilidae - - 4 - H 

Insecta Coleoptera Lucanidae Ceruchus Ceruchus piceus 12 -  

Insecta Coleoptera Pyrochroidae Dendroides Dendroides canadensis 10 -  

Insecta Coleoptera Scarabaeidae - - - 61 p^!*#G 

Insecta Coleoptera Scarabaeidae Nipponoserica Nipponoserica peregrina 34   

Insecta Coleoptera Scarabaeidae Phyllophaga - 12 18 p 

Insecta Coleoptera Scarabaeidae Phyllophaga Phyllophaga drakii 6 - p (genus) 

Insecta Coleoptera Scarabaeidae Serica Serica atracapilla 14 -  

Insecta Coleoptera Tenebrionidae - - - 28  

Insecta Coleoptera Tenebrionidae Alobates Alobates pensylvanicus 18 -  

Insecta Coleoptera Tenebrionidae Hymenorus Hymenorus picipennis 10 -  

Insecta Hemiptera Cicadidae Tibicen Tibicen lyricen 3 - 
Ü ^# Ŭ H 

(order) 

Insecta Hemiptera Miridae Lygus Lygus lineolaris 15 - 
Ü ^# Ŭ H 

(order) 

Insecta Hemiptera Pentatomidae - - - 60 
^*G p; º 

s# (order) 

Insecta Hemiptera Pentatomidae Acrosternum Acrosternum hilare 38 - 
#^Ŭ 

(genus); 
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Class Order Family Genus Species 
OTU 

samples 

Higher-

order 

samples 

Previous 

detection 

pG 

(family) 

Insecta Hemiptera Pentatomidae Halyomorpha Halyomorpha halys 27 - 

p G 

(family); 

#^ (order) 

Insecta Hymenoptera Formicidae Camponotus - 19 - 

^ pGŬ!Ü 

(family); 

#hH 

(order) 

Insecta Lepidoptera Limacodidae Isa Isa textula 2 - 
Üs^!G#hŬ 

p (order) 

Insecta Lepidoptera Tineidae Acrolophus Acrolophus popeanella 17 - 
Üs^!G#hŬ 

p (order) 

Insecta Megaloptera Corydalidae Chauliodes Chauliodes pectinicornis 4 - ^ (order) 

Insecta Trichoptera Hydropsychidae Hydropsyche - - 10 
^s!GhH 

(order) 

Insecta Trichoptera Hydropsychidae Hydropsyche Hydropsyche hageni 10 10 
^s!GhH 

(order) 

Insecta Trichoptera Hydropsychidae Hydropsyche Hydropsyche hoffmani 3 - 
^s!GhH 

(order) 

Mammalia Chiroptera Vespertilionidae Eptesicus Eptesicus fuscus 51 - G (order) 

 



 

166 

 

Table 4.2. The proportion of big brown bat (Eptesicus fuscus) fecal samples within each area where each family was detected, 2017 ï 

2018. Area abbreviations are: Antietam National Battlefield (AN), Catoctin Mountain Park (CA), Chesapeake and Ohio Canal 

National Historical Park and Harpers Ferry National Historic Park (CH), Gettysburg National Battlefield (GE), George Washington 

Memorial Parkway (GW), Manassas National Battlefield (MO), National Capital Parks-East (NA), Prince William Forest Park and 

Marine Base Quantico (PQ), Rock Creek Park (RO), and Wolf Trap National Park for the Performing Arts (WO). 

Family AN CA CH GE GW MA MO NA PQ RO WO Total 

Brentidae 0.00 0.25 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.04 

Carabidae 0.50 0.25 0.28 0.38 0.57 1.00 0.67 1.00 0.36 0.16 0.00 0.29 

Cerambycidae 0.50 0.25 0.17 0.03 0.14 1.00 0.33 0.00 0.20 0.09 0.00 0.14 

Cicadidae 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.01 

Corydalidae 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02 

Ectobiidae 0.00 0.13 0.08 0.10 0.29 0.00 0.00 0.25 0.23 0.25 0.00 0.18 

Elateridae 0.50 0.75 0.45 0.28 0.57 1.00 0.67 0.25 0.54 0.46 1.00 0.47 

Formicidae 0.00 0.13 0.02 0.00 0.14 1.00 0.00 0.00 0.07 0.12 0.00 0.07 

Hydrophilidae 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

Hydropsychidae 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.04 

Limacodidae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.01 

Lucanidae 0.00 0.25 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.05 

Miridae 0.00 0.00 0.05 0.10 0.43 0.00 0.00 0.00 0.05 0.03 0.00 0.06 

Pentatomidae 1.00 0.13 0.37 0.14 0.14 1.00 0.33 0.50 0.30 0.10 0.00 0.23 

Pyrochroidae 0.00 0.13 0.07 0.03 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.04 

Scarabaeidae 0.00 0.13 0.12 0.41 0.14 0.00 0.00 0.00 0.14 0.34 1.00 0.23 

Tenebrionidae 0.50 0.13 0.12 0.00 0.00 0.00 0.00 0.00 0.20 0.09 0.00 0.11 

Tineidae 0.00 0.00 0.08 0.00 0.14 0.00 0.33 0.00 0.16 0.01 0.00 0.06 

Vespertilionidae 0.00 0.13 0.28 0.03 0.14 0.00 0.00 0.00 0.25 0.19 0.00 0.19 
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Table 4.3. Shannon-Weiner diversity indices for prey taxa within each geographical unit at the 

order, family, and genus levels based on 262 big brown bat (Eptesicus fuscus) fecal samples 

collected 2017 ï 2018. Area abbreviations are: Antietam National Battlefield (AN), Catoctin 

Mountain Park (CA), Chesapeake and Ohio Canal National Historical Park and Harpers Ferry 

National Historic Park (CH), Gettysburg National Battlefield (GE), George Washington 

Memorial Parkway (GW), Manassas National Battlefield (MO), National Capital Parks-East 

(NA), Prince William Forest Park and Marine Base Quantico (PQ), Rock Creek Park (RO), and 

Wolf Trap National Park for the Performing Arts (WO). 

Unit Order Family Genus Samples 

AN 0.69 1.56 1.91 2 

CA 0.89 2.18 2.46 8 

CH 1.33 2.36 3.08 60 

GE 0.85 1.98 2.84 29 

GW 1.34 2.01 2.46 7 

MA 1.10 1.61 1.61 1 

MO 0.95 1.55 2.04 3 

NAC 0.96 1.21 1.68 4 

PQ 1.33 2.26 2.83 56 

RO 1.15 2.30 2.90 91 

WO 0.00 0.69 1.10 1 

Total 1.29 2.41 3.13  
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Table 4.4. Jaccard indices for each survey area, based on prey taxa at the order, family, and 

genus levels found within 262 big brown bat (Eptesicus fuscus) fecal samples collected 2017 ï 

2018. Area abbreviations are: Antietam National Battlefield (AN), Catoctin Mountain Park (CA), 

Chesapeake and Ohio Canal National Historical Park and Harpers Ferry National Historic Park 

(CH), Gettysburg National Battlefield (GE), George Washington Memorial Parkway (GW), 

Manassas National Battlefield (MO), National Capital Parks-East (NA), Prince William Forest 

Park and Marine Base Quantico (PQ), Rock Creek Park (RO), and Wolf Trap National Park for 

the Performing Arts (WO). 

O
rd

e
r 

Area AN CA CH GE GW MA MO NA PQ RO 

CA 0.50 - - - - - - - - - 

CH 0.71 0.43 - - - - - - - - 

GE 0.50 0.40 0.43 - - - - - - - 

GW 0.60 0.20 0.29 0.50 - - - - - - 

MA 0.33 0.25 0.57 0.60 0.40 - - - - - 

MO 0.33 0.60 0.57 0.60 0.40 0.50 - - - - 

NA 0.33 0.25 0.57 0.25 0.40 0.50 0.50 - - - 

PQ 0.67 0.33 0.14 0.33 0.17 0.50 0.50 0.50 - - 

RO 0.67 0.33 0.14 0.57 0.17 0.50 0.50 0.50 0.29 - 

WO 0.50 0.75 0.86 0.75 0.80 0.67 0.67 0.67 0.83 0.83 
            

F
a
m

ily
 

Area AN CA CH GE GW MA MO NA PQ RO 

CA 0.50 - - - - - - - - - 

CH 0.67 0.44 - - - - - - - - 

GE 0.64 0.33 0.44 - - - - - - - 

GW 0.60 0.42 0.40 0.42 - - - - - - 

MA 0.33 0.50 0.67 0.64 0.44 - - - - - 

MO 0.33 0.64 0.67 0.64 0.44 0.33 - - - - 

NA 0.50 0.60 0.73 0.60 0.56 0.50 0.50 - - - 

PQ 0.64 0.40 0.19 0.40 0.36 0.64 0.64 0.71 - - 

RO 0.64 0.29 0.19 0.40 0.36 0.64 0.64 0.71 0.25 - 

WO 0.83 0.80 0.87 0.80 0.78 0.83 0.83 0.80 0.86 0.86 
            

G
e
n

u
s 

Area AN CA CH GE GW MA MO NA PQ RO 

CA 0.75 - - - - - - - - - 

CH 0.75 0.63 - - - - - - - - 

GE 0.78 0.52 0.37 - - - - - - - 

GW 0.75 0.70 0.54 0.52 - - - - - - 

MA 0.67 0.80 0.86 0.92 0.88 - - - - - 

MO 0.50 0.60 0.71 0.68 0.60 0.82 - - - - 

NA 0.82 0.73 0.79 0.71 0.64 0.90 0.73 - - - 

PQ 0.68 0.60 0.28 0.46 0.48 0.83 0.64 0.78 - - 

RO 0.76 0.55 0.16 0.33 0.55 0.83 0.72 0.79 0.35 - 

WO 0.89 0.86 0.93 0.86 0.86 0.86 0.90 0.88 0.91 0.90 
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Table 4.5. Shannon-Weiner diversity indices for bat diets within each survey area and time, 

based on taxa at the order, family, and genus levels found within 262 big brown bat (Eptesicus 

fuscus) fecal samples collected 2017 ï 2018. Area abbreviations are: Antietam National 

Battlefield (AN), Catoctin Mountain Park (CA), Chesapeake and Ohio Canal National Historical 

Park and Harpers Ferry National Historic Park (CH), Gettysburg National Battlefield (GE), 

George Washington Memorial Parkway (GW), Manassas National Battlefield (MO), National 

Capital Parks-East (NA), Prince William Forest Park and Marine Base Quantico (PQ), Rock 

Creek Park (RO), and Wolf Trap National Park for the Performing Arts (WO). 

Unit Month Order Family Genus Samples 

AN July 0.69 1.56 1.91 2 

CA 

May 0.64 1.04 1.04 2 

June 1.04 1.56 2.03 2 

July 0.00 1.21 1.52 4 

CH 

June 1.00 1.97 2.25 6 

July 1.17 2.25 2.94 42 

August 1.45 2.24 2.43 12 

GE 

May 0.69 0.00 0.69 1 

June 0.84 1.52 1.87 14 

July 0.68 1.73 2.55 14 

GW 
May 1.28 1.73 1.73 3 

June 1.21 1.83 2.37 4 

MA May 1.10 1.61 1.61 1 

MO 
July 0.00 1.10 1.10 2 

August 1.10 1.39 1.79 1 

NAC July 0.96 1.21 1.68 4 

PQ 

June 0.94 1.71 2.37 12 

July 1.33 2.29 2.72 38 

August 1.20 2.01 2.22 6 

RO 

May 0.92 1.93 2.48 20 

June 1.19 2.24 2.65 47 

July 0.62 1.65 2.26 22 

August 0.64 1.61 1.61 2 

WO July 0.00 0.69 1.10 1 
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Table 4.6. Shannon-Weiner indices for each survey area and each reproductive condition 

category for big brown bat (Eptesicus fuscus) fecal samples collected 2017 ï 2018 in Gettysburg 

National Battlefield (GE), Prince William Forest Park and Marine Base Quantico (PQ) and Rock 

Creek Park (RO). Reproductive status of the bats: D = descended testes, NR= non-reproductive 

male; P = pregnant, L = lactating, PL = post-lactating, U = unknown reproductive status or non-

reproductive female, and Missing = data not recorded for that bat. 

Unit Reproduction Order Family Genus Samples 

GE 

D 0.78 1.71 2.41 16 

L 1.15 1.75 2.27 6 

NR 0.00 0.69 0.69 1 

P 0.64 0.00 0.69 2 

PL 0.00 1.56 1.91 3 

U 0.00 0.00 0.00 1 

PQ 

D 1.30 2.17 2.69 19 

L 0.95 1.92 2.44 13 

NR 1.38 1.95 2.11 7 

P 0.69 0.00 0.00 1 

PL 1.30 2.15 2.44 8 

U 1.33 1.79 1.79 3 

Missing 0.80 1.75 1.75 5 

RO 

D 1.10 1.80 2.16 11 

L 0.41 1.28 1.56 7 

NR 0.97 2.20 2.93 35 

P 0.92 1.91 2.22 22 

U 0.35 1.19 1.61 8 

Missing 1.44 2.25 2.52 8 
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Figure 4.1. Bat survey study areas where big brown bat (Eptesicus fuscus) fecal samples were 

collected between May and August 2017 ï 2018. Area abbreviations are: Antietam National 

Battlefield (AN), Catoctin Mountain Park (CA), Chesapeake and Ohio Canal National Historical 

Park and Harpers Ferry National Park (CH), Gettysburg National Battlefield (GE), George 

Washington Memorial Parkway (GW), Manassas National Battlefield Park (MA), Monocacy 

National Battlefield (MO), National Capital Parks-East (NA), Prince William Forest Park and 

Marine Base Quantico (PQ), Rock Creek Park (RO), and Wolf Trap National Park for the 

Performing Arts (WO). CH and GW follow the Potomac River between the two labeled points. 

NA points indicate the southern-most and northern-most parks within those units.  
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b) 
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Figure 4.2. Sample-level Shannon-Weiner diversity indices for 262 big brown bat (Eptesicus 

fuscus) fecal samples collected in Antietam National Battlefield (AN), Catoctin Mountain Park 

(CA), Chesapeake and Ohio Canal National Historical Park and Harpers Ferry National Historic 

Park (CH), Gettysburg National Battlefield (GE), George Washington Memorial Parkway (GW), 

Manassas National Battlefield Park (MA), Monocacy National Battlefield (MO), National 

Capital Parks-East (NA), Prince William Forest Park and Marine Base Quantico (PQ), Rock 

Creek Park (RO), and Wolf Trap National Park for the Performing Arts (WO). a) Colors indicate 

the time period of capture. b) Colors indicate the reproductive status of the bat captures: D = 

descended testes, L = lactating; NR= non-reproductive male; P = pregnant, PL = post-lactating, 

U = unknown reproductive status or non-reproductive female, and Missing = data was not 

recorded for that bat.  
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Figure 4.3. Occurrences of DNA sequences from operational taxonomic units of Class Insecta in 

262 big brown bat (Eptesicus fuscus) fecal samples collected in the District of Columbia, 

Maryland, Pennsylvania, and Virginia 2017 ï 2018. 
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Figure 4.4. Species accumulation curves with standard error buffers for prey taxa observed in 

big brown bat (Eptesicus fuscus) fecal samples collected 2017 ï 2018 at the: a) order, b) family, 

and c) genus levels. Sampled areas include Gettysburg National Battlefield (GE; red), Prince 

William Forest Park and Marine Base Quantico (PQ; blue) and Rock Creek Park (RO; yellow).  
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