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Ecologyof Mid-Atlantic Bats dter WhiteNose Syndrome: Communities, Reproduction,
and Dietwithin an UrbanTo-Rural Gradient

Sabrina Deeley

ABSTRACT

White-nose syndrome (WNS) has reduced the abundance of many bat species
wit hi n t he Un-{Attasgtidregi®n, adludiisgdhe emdadigered IndiaWygtis
sodalig, threatenedlyotis septentrionalignorthernlong-eared bat) and other bats of
conservation concern, suchRerimyotis subflavu@ri-colored bat)Myotis leibi
(easternsmall-footed bat) andilyotis lucifuguglittle brown bat).Impacts tdEptesicus
fuscug(big brown baj populations have been negative, posibveeutral.Migratory bat
species such dsasiurus borealigeasternred bat)are not impacted by WNSo
determine changes within the National Park Service National Capital Region bat
communities] surveyed the area withish netting and active acoustic sampl{2916
2018) and compared findings to pANS (2003 2004) datal documented a significant
reduction in the numbeand distributios of M. lucifugusandP. subflavus a decrease in
the distribution oM. septentrionalisand an increase iptesicus fuscu®ocumented
M. septentrionaligeproduction suggests that portions of Waional Capital Region
may be important bat conservation areas.

To explorethe relationship betwedratlife historyand passive acoustic sampling
echolocation call data, as wel toreviewthe sampling efforrequirel to detecthe
presence of extant speciésisedmist-nettingcaptures and acoustic call data collected
201571 2018 within the District of Columbidaryland, Pennsylvanja/irginia, and

West Virginia.Based on locally estimated scatterplot smmgjtine calculationgl



determinedhat the highest levels afiaternity seasoacoustic activity foEptesicus
fuscusandLasiurus borealicorrespondd primarily to lactationperiods To determine
sampling effort] developed simulations based on species accumulation darves
individual species within different physiographic regions andleoer typesl
determined thahe smallessampling effors typically corresponded sampling
additional sites vets samplng the same sites with more nighietection effort varied
greatlyby species, physiographic region and laoger type.

Eptesicus fuscudiet has been weltudied throughout North America with visual
identification methodfrom fecaland stomaclkontern sampls. Nextgeneration
sequencingrovideslarge genetic data seasalysesn a costeffective manner and has
been used to identifyatpreyitems | collectedEptesicus fuscugcal samples from mid
Atlantic regions and used negéneration sequendgjrto identifytheir prey.l documented
high variation between survey areasitdid not note a clear pattern of urlzationor
fragmentation impactsponinsecta diversity. All ordelevel taxathat! documented had
been previously documented in morphological stydiesiever | did document new
families, genera and species. HoweVeavpuld suggest caution in usimgxtgeneration
sequencingechnologies as authoritative sourcesdocumentinghew det taxa, as$

notedfrequent occurrenced confoundingenvironmental DNA withirthe samples.
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GENERAL AUDIENCE ABSTRACT

White-nose syndrome (WNS) has reduced the abundance of many bat species
within the U#tantierdgio indutlimgshé endaingkred IndiaWygtis
sodalig, threatenedilyotis septentrionalignorthern longeared bat) and other bats o
conservation concern, such as Beximyotis subflavu@ri-colored bat)Myotis leibii
(easterrsmallfooted bat) andilyotis lucifuguglittle brown bat). WNSmpacts to
Eptesicus fuscubig brown bak populations have been negative, positive or neutral.
Migratory bat species such basiurus borealigeastern red bat) are not impacted by
WNS. To determine changes within the National Park Service National Capital Region
bat communities], captured bataith mistnettingtechniquesndrecorded bat
echolocation calls witlctive acoustic20-minute periods2016 2018) and compared
findings to preWNS (2003 2004) datal documented a significant reduction in the
numbes and distributios of M. lucifugusand P. subflavus a decrease in the distribution
of M. septentrionalisand an increase iaptesicus fuscu®ocumentedv.
septentrionaligeproduction suggests that portions of the National Capital Region may be
important bat conservation areas.

To explore the relationship betweleat echolocation calls recorded wjihassive
(overnight) acoustic data anplt reproduction trendas well aghe amount of effort
required to document bat speciesampled 849 sitesith passive acoustiand 482 ges

with mistnettingduring2016i 2018 within the District of ColumbidJaryland,



PennsylvaniaVirginia, and West Virginial determined that the highest levels of
acoustic activity foEptesicus fuscusndLasiurus borealigeastern red bat) within the
maternity seasoareassociated with the periad highest levels of lactatiofo
determine sampling effort,usedsimulationsto detectspeciesn different landscape
conditions | determinedhatsampling additional sites requires less sampling effort than
sampling moranights The amount of effort required to detect each bat species varied, as
did the impact of different landscape conditions

Eptesicus fuscudiet has beewell-studied throughout North Ameridyy
identifying insect parts in feces and stomachtens. Next-generation sequencinga
process which paucediargeamounts ofjenetic data sets in a caftective manner
and it can beised to identify prey wiih bat fecesl collectedEptesicus fuscugcal
samples from midAtlantic regions and used negéneration sequencing to identify
potential preyl determined that bat diet varied greatly based on survey area and number
of fecesanalyzedAt theorderlevel, | did not document new taxhowever | did
document new families, genera and species. Howewauld suggest caution in using
nextgeneration sequencing technologies as authoritative sourasciomentingiew
diet taxa,asmany taxaapparentvithin my samplesveresubsequentlgxcludedas the

batsmay have been incidentally ingestéém
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Chapter 1: White-nose syndromerelated changego 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
St at e-Atlantiomegion. To determine changes within the National Park Service Nationa
Capital Region (NCR) bat communities, | surveyed the area with mist netting and active
acoustics (201i2018) and compared findings to pMNS (20031 2004) data. The results
indicated the continued presence of the threatéhexdis septentrionaligNorthern Longeared
bat) and other bats of conservation concern, suéfeasyotis subflavuglri-colored bat),
Myotis leibii (EasterrSmallfooted bat) andilyotis lucifugugLittle Brown bat). However, |
documented a significant reduction in the numlaec distributions oM. lucifugusandP.
subflavusa decrease in the distributionMf septentrionalisand an increase iaptesicus fuscus
(Big Brown baj. DocumentedM. septentrionaliseproduction suggests that portions of the NCR
may be important batonservation areas. These p@&NS populations might be linked to high
guality summer maternity habitat or to overwintering patterns that differ regionally relative to
that i n much of t hemesigpmltdinessidnaldcaling indicdd that the n .
amount of development surrounding sampling sites impacted species distributions. However,
habitat modeling indicated no changes to associatioris. fascusandLasiurus borealis
(Eastern Red bat) between pamd postWNS periods, suggestimg or equivocal niche
relaxation for species unaffected by WNS as observed elsewhere in North America.

Introduction

The psychrophilic funguBseudogymnoascus destructahs, causative agent of White

nose Syndrome (WNS), has caused widespread mortatigvehibernating bats. For
1



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, decreasedgthibernating condition, decreased fitness, shifts in
reproductive timing, and changes in summermst usg€Francl et al. 2012; Reeder et al.

2012; Reynolds et al046; Muthersbaugh 2018; Nocera 2018)nce 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 (NCRijted States Fish and Wildlife Service
2018a) Several hibernating species, iMyotis leibii (Eastern SmalFooted bat)Myotis
lucifugus(Little Brown bat)Myotis septentrionaligNorthern LongEared bat)Myotis sodalis

(Indiana kat) andPerimyotis subflavuéTri-colored bat), have undergone large population
decreasefAlves et al. 2014)Within five years of WNS detection, Virginia hibernacula near the
NCR showed declines . lucifugus(99.0%),M. sodalis(33.5%) andP. subflavug89.5%;

Powers et al. 20155imilarly, declines in summer activity levelsif lucifugus M.

septentrionéis, andM. sodalisassociated 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 wes{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 equalbsting 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 WN$Langwig et al. 2012, 2016pespite high mortality rates, remnant populations

of M. lucifugus M. septentrionalisM. sodalis andP. subflavusan persist in WN&affected



areagDobonyetal.l@11; Pettit and OO6Keef AlthAugflWNScdne L a
negatively impack. fuscugBrooks 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 specid&rank 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 relaxatiomi niche partitioning already has been observed for bats in-iMg&cted
landscapeglachowski et al. 2014Northibernating bats that avoid WNS impacts may expand
into these guild gapsloreover, climate change is believed to be facilitating an ongoing northern
expansion of.asiurus seminoluéSeminole bat) an@adarida brasiliensi¢Brazilian Freetailed
bat;McCracken et al. 2018; Perry 2019Jong the East coast, increase&irfuscusLasiurus
borealis(Eastern red bat), aridasiurus cinereugHoary bat) corresponded thidecreases iNl.
lucifugus M. septentrionalisM. sodalis andP. subflavugBrooks 2011; Francl et al. 2012;
Jachowski et al. 2014However, total intranight activity indicated that po8/NS, bat species
were not expanding into empty temporal niches formerly dominatédl hycifugus(Jachowski
et al. 2014; Nocera 2018population increases and habitat expansion may be tempered in
some areas due to witdrbine induced mortality, particularly ftuasiurus borealisLasiurus
cinereus andLasiorycteris noctivaganéSilver-haired bat; Cryan and Barclay 2009)

Possibly compounding/NS effects across much of eastern North America, highly
urbanized areas have lower bat diversity and activity levels thaddestoped, rural, semi
natural or natural aregkurta and Teramino 1992; Gaisler et al. 1998; A¥lares and Fenton
2005; Hourigan et al. 2010; Jung and Kalko 20Utpanized areas also are often dominated by

one or a few bat speci@sat have wide foraging and dagosting tolerance@eggie and Fenton

(



1985; Gaisler et al. 1998; Jung and Kalko 20Etil, even for species capable of inhabiting

urban spaces, there are tolerance thresholds whereby urbanization can impact activity patterns
and foraging ecologgschimpp 2017and decrease reproductive sucdéssta and Teramino

1992)

In 20031 2004, Johnson et al. (2008) surveyed bat communities within 11 NCR National
Park Service units located in the Midlantic region of the US to assess temperate bat
community patterns along an urbarural gradientThis study used a combined active acoustic
and mistnetting 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 toalunits despite being situated within the most developed
portion ofthe NCRA|l t hough proximity to the study areab
[D.C.]) appeared to have minimal effects on bat activity levels, forest fragmentation within units
contiibuted to lower recorded activity levelsBptesicus fuscudBig Brown baj}, Lasiurus
borealis M. lucifugus andM. septentrionalisbut increased activity levels basionycteris
noctivagangJohnson et ak008)

Accordingly, | sought to document how NCR bat communities and habitat associations
have changed since WNS onset. The large scale andtarbaral gradient of the Johnson et al.
(2008) study offers a unique opportunity to determine whethanigétion is compounding or
confounding survival of WN$mpacted bats, as to date most Wikfact research has been
conducted in rural environments. Urban environments can increase contact between infected
speciedecause of highlgoncentrated resourcesjch as foraging patches and limited-tdagst
availability, or impact individual sdéd physical

competition, and pollutio(Bradley and Altizer 2007) predicted shifts in NCR community



structure relative to the pM/NS findings of Johnson et al. (2008). These shifts could include
paossible including population decreases, population extirpations, and reduced distribution of
species highly impacted by WNSI(lucifugus M. septentrionalisM. sodalis, and Psubflavu$
and increased abundance or changes to habitat associations dupatitoe release in larger
bodied, lessaffected species such Bsfuscusr norrhibernating migratory species such as
Lasiurus borealisAdditionally, | predicted thdE. fuscuguvenile volancy could occur sooner
due to WNSinstigated earlier final atsal and emergence from hibernation. Similar to Johnson
et al.(2008) | predicted that the highest species diversity would be found Hireegmented,

rural habitats with more forest cover, as higher urbanizdgieels would exacerbate declines
due to an interaction with habitat fragmentation. Finally, | expected that th&\jpfStievel of
effort required to document the same-V8&IS species would exceed the efforts madeVgNs
though primarily for WNSaffectedspeciegColeman et al. 2014)

Methods

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

T 2004: Antietam National Battlefield (ANTI), Catoctin Mountain PEIATO), 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 CapitadiRsCentral (now

National Mall and Memorial Parks [NAMA]), National Capital Paiast (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, NAGEJA), 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 s#adet80 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 minimaio23.4 °C and
maxima of 14.6 35.6 °C. Precipitation within theg®mn ranged from 290 1157 mm per May

T 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, addrsigy urban
developma t . Because much of the regiondbs history
forests, conversion to agriculture or infrastructure, and altered/disrupted natural disturbance
regimes, and so many regional forest patches do not approximate reggmuatomposition or
structure. Currently, the region is largely dominated by a mix ohagkory and mesophytic
forest types, i.eQuercusspp. (oak specieshcerspp. (maple specied)iriodendron tulipifera
(Yellow poplar), and to a lesser extéhhusspp. (pine specie®yer 2006) Within the NCR
units, forest stands primarily consisted of mature and late successional forests, more so than on
the surrounding landscapiiller et al. 2016) Deciduous tree species that dominate the upland
areas on NCRnits includeAcer rubrum(Red Maple) Fagus grandifolial American Beech)...
tulipifera, andQuercusspp. Riparian forests along larger watercourses coRtatanus
occidentaligSycamore)Acer negund@Boxelder), and.iquidambar styraciflugSweetgum).

The study area largely has an easst (and, to a lesser extent, sentnth) urbarto-
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 pargstland) 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



Virginia from downtown D.C., through suburban developmagticultural 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, antlONO) 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 primarilyltmis the Virginia border and Potomac Rivier.

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, ard 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 Brailier 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 Baltimoré/ashingtorParkway up to Greenbelt Park, a small contiguous

forest stand northeast of the city.

Acoustic and mistnetting surveys
| 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 + @&hnson et al. 2008)
Following Johnson et a(2008) | used Anabat Il (Titley Electronics, Ballina, Australia) zero
crossing, frequenegivision equipment todively survey sites at each unit for onerdthute

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

Johnson et a[2008)in 20037 2004 (Figure 1 2 ) . I f a bat was fiobservec
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audible echolocation sound from the detector or by sight, | attempted to follow its direction with
the detector microphone for a few seconds to record a completeguadjty call sequencg@-ord
et al.2005) All 200371 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 INGR:E.
fuscus Lasiurus borealisLasiurus cinereuyd_asionycteris noctivaganM. leibii, M. lucifugus
M. septentrionalisM. sodalis Nycticeius humerali§Evening bat)andP. subflavusl used the
number of echolocation calls identified to spedmsanalyses.

In addition to acoustics, Johnson et(aD08)mist-netted from 28 May 29 August in
2003 and 2004. | conducted misttting in these same areas between 20 April and 10 August in
201671 2018, withmost sampling effort occurring from 15 Mayl5 August, per the Indiana bat
Survey Guidance protoc@United States Fish and Wildlife Service 2018lplaced nets along
possible flight corridors, i.e., trails, roads with forest canopyeiand/or along or near water at
or near sites surveyed previously{M#NS. | avoided netting during heavy precipitation or low
temperatures, as these can reduce bat acthab et al. 2015)Netting lo@tions were selected
to provide a general survey of the region and based on previous detectibrisi@fugus M.
septentrionalisM. sodalis andP. subflavugGates and Johnson 2Q@3eeley et alin review).
Because of postVNS presence d¥l. septentrionali@t ROCR(Deeley et alin review), |
allocated additional effort there. Bat capture and handling procedures were approved under
Virginia Tech Institutional Animal Care and Use protocol0d® and allowed under USFWS
#TE34778A2, Marylard Department of Natural Resources #56152, Virginia Department of
Game and Inland Fisheries #061519, and West Virginia Division of Natural Resources

#2018.180 scientific collecting permitsdentified bats to species usingli@hotomous key to



the bats ofhis region(Menzel et al. 2002)andrecorded sex, age (adult or juvenile), weight,

forearm length, and reproductive conditigimancl et al. 2012)

Habitat and weather associations
To examine whetherpe8YNS bat communities andawpeci eso

changed from those reported by Johnson ¢RA08) | used ESRI ArcMap 10.5 (ESRI Inc
Redlands, CA) to develop covariates based on National Land Cover Dataset (NLGEYvand
data from 2001 (for 2008 2004 samples) and 201fbr 20167 2018 samples; Homer et al.
2004, 2015)I reclassified the NLCD langtover 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, | developed buffers at the fine (100 m, 500 m) and bréad @D
km) scales around each sample site. Within these buffers, | 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 tctat Bmea to edge) around each
sample site with the R packa§®MTools(VanDerWal et al. 2014Basd on correlations
between measures and some buffer sizes, | 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 100amDerWal et al. 2014Also, lused a
categorical covariate of whether the acoustic site ww@sted habitat or not.

Because physical habitat and landscape features can influence bat @ebrdtgt al.
2005) | used ESRI ArcMap 10.5 to calculate elevation, slope, and a topographic exposure index
(TEI')) that as s drstiedéddscape byimeaswiing thp degreetofiexposure 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 g28ll4)for the NCR landscape, |

calculated TEI for each 1 raster cell by subtracting the mean elevation within arb®uffer
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around each raster cell from the elevation at the cell where the survey occurred. | used the
standard deviation of TEI valugsthin that interval around each site to capture variation of the
terrain in the area surrounding the sample sites. | 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, | did not include models with
both coordinate values or easting with lasgale (>10 km) landscape and lasaler covariates.

To account for annual and daily variations unrelated to habitaiNS, | 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 tlaatgle nightthe previous night, and two
nights before samplinPRISM Climate Group 2019) 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 sampliggrhes bat activity varies
throughout a nightKunz and Brock 1975; Johnson et al. 201&)ssociated each netting sample

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

Data analysis
To compare the number of pr@nd postWNS echolocation calls and number of bat

captures for each bat species (using mean nightly captures per net), | performed paired and
unpaired-teds in program RStudent 1908; Zimmerman 1997; R Core Team 201%ed
pairedt-tests for all acoustic sites that were sampled bahaod posWNS and, since | did not
resample the exact same locations prel postWNS, unpaired-tests for all netting samples.
Because | was interested in understanding bat community habitat associations, | used the non
metric multrdimensional scaligp (NMDS) ordination technique for both acoustic and netting

results(Cox and Ferry 19930rdination represents relationships between samples and the
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numbers of species at each sitenultiple dimensions based on the ranked order of
dissimilarities for sites based on the species thékaimskal 1964; Cox and Ferry 1993)used
echolocation call identifications from the automated software for the acoustic NMDS and the
stanardized number of captured bats for each species (mean captures per net) forribe mist
NMDS. | developed the acoustic covariate set which included: hour after civil sunset, Julian day
(the day of the year), year, forest fractal dimension index (with@ai buffer), developed area
(within 200-m buffer), slope (percent rise), elevation, standard deviation of TEI (withimb00
buffer), a binary value of whether the site was forested or not, amount of precipitation that night,
amount of precipitation the @vious night, and forest core area index (within-B0&nd 20km
buffers). The mishetting NMDS covariate set included: precipitation or fog (binary) during the
netting event, amount of precipitation that night, precipitation amount the previous engjtl, |
of netting event, minutes after civil sunset sampling began, forest core area index (within 500
and 20km buffers), standard deviation of TEI (within 560buffer), Julian day, and year.
conducted both NMDS analysegth 3 dimensions with 500 itations to reach convergence.

| expectecE. fuscusandLasiurus borealigo be present throughout the NCR both-pre
and postWNS; therefore, to determine how habitat associations for bats still occurring in
substantial numbers may have changed sincertbet of WNS, | used the R packaggcvto
develop and run generalized additive models (GAMs) on the number of each spptiesd
per net and proportion of juvenile to toEalfuscusaptured each nigli¥wood 2006, 2019) did
not have enough prand postWNS capture nights fguvenile Lasiurus borealigo run a
similaranalysis. In addition to the netting covariates listed above, | also includedtamioun
developed area (within 566 and 16km 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 GAMmoothed values for: Julian day, easting, noghnorthing and
developed area (within 58@ buffer), year and developed area (within B0®uffer), year and
forest core area index (within 500 buffer), year and Julian day.

Lastly, | developed species accumulation curves to determine the levelrofediared
to document a new species NS and postWNS (Colwell and Coddington 1994ising the R
packageveganwith randomly selected samples for both acoustid netting datase(®©ksanen
et al. 2015)| developed preand postWNS species accumulation curves for all 10 acoustically
detected species using all samples. For the species accumulation curves based on netting, |
selected the nights with at leaghdurs of netting and no precipitation within the netting event. |
created two curves for the netting data: one with the 6 species that were found baiid pre
postWNS and one for all 9 species captured MstS.

Results

Between 2003 and 2017, | recorded 4,967 echolocation calls (200 = 3,637; 2017
= 1,330), which the software identified to 10 spededuscugn = 1,568),Lasiurus borealign
= 255),Lasiurus cinereugn = 581),Lasionycteris noctivagan® = 1,129), M. leibii (n = 24),
M. lucifugus(n = 639),M. septentrionalign = 61), M. sodalis(n = 86), N. humeralign = 202),
andP. subflavugn = 422; Table 1.1). PFeVNS survey years had higher proportions of samples
with identified bat echolocation ca2003 = 80.0%, 2004 = 82.9%) than the pa8tiS sample
year (2017 = 69.4%). | recorded bat echolocation calls at 397ighis (2003 2004 = 295,
2017 = 102)E. fuscug20031 2004 = 139, 2017 = 60).asiurus borealig2003i 2004 = 77,
2017 = 39)Lasiurus cinereug2003i 2004 = 125, 2017 = 35)asionycteris noctivagan003
T 2004 =150, 2017 = 55). leibii (20037 2004 = 17, 2017 = 1M. lucifugus(2003i 2004 =

106, 2017 =29)M. septentrionalig20037 2004 = 28, 2017 = 1M. sodalis(20031 2004 = 28,
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2017 = 8)N. humeralig2003i 2004 = 54, 2017 = 34), aitl subflavug2003i 2004 = 81,
2017 = 14).

| 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 aphoth preand postWNS: E.
fuscug(n = 958),Lasiurus borealign = 181),Lasiurus cinereugn = 4), M. lucifugus(n = 108),
M. septentrionalign = 51), andP. subflavugn = 34).1 captured 3 species peatNS that were
not captured during pf&/NS samplingLasionycterisnoctivagangn = 13), M. leibii (n = 1),
andN. humeralign = 4). | retained postWNS netting nights with precipitation evenis% 33)
in thedataset fothe NMDS and GAM analyses.

From 165 netting samples wikh fuscusaptures (2003 = 17, 2004 = 20, 2016 = 10,
2017 = 38, 2018 = 80),documentedE. fuscuguveniles on 41 nights (20032004 = 8, 5.4%;
201671 2018 = 33, 4.1%). captured pregnari. fuscusandLasiurus borealisuntil Julian day
219 and 218, respectively, and juvertdefuscusandLasiurus borealistarting Julian day 190.
Higher proportions of juveniles occurring after Julian day 194 appeared to correspond to lower
overallE. fuscusandLasiurus boealis captures.

Both acoustic and netting data indicated significant-géNiS increases i&. fuscusand
significant distribution decreases @ lucifugusandP. subflavugP < 0.05; Tables 1.1, 1.2).
recorded a feuie. fuscuguveniles earlier postVNS than preN/VNS (Figure 1.3)I also observed
significant postWNS increases in the mean number of capturéssibnycteris noctivagarend
decreases in the recorded acoustic call$ffideibii andM. sodalis Despite these sHievel
changes, the acoustNMDS (stress = 0.114) indicated that sample y&ax (0.031) had little
impact on the bat communities recorded; measures of development, forest fragmentation, and

terrain influenced bat communities both+ared postWNS (Table 1.3). However, sample year
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had significant influence on the netting NMDS model (stress = 0r8630.263), followed by
the forest core area index (for-R buffer) surrounding the sample sité$ 0.065; Table 1.3,
Figure 1.4).

Both pre and postWNS netting results indicatetiat 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.-lR@88 | capturedM. lucifugusandP. subflavus
only in northwestern Maryland (CHQHand their absences from all other units were the
primary drivers to postVNS decreases in udivel species richness for both netting and
acoustics data (Table 1.4). HoweMedjd not determine a negative trend with regard to
urbanization, asalso recorded high species diversity in highly urban uh@aptured alM.
septentrionalisn ROCR, except for a single male in CATO; 76.9% a$ionycterimnoctivagans
in ROCR 6 =10); and all but N. humeralisn GWMP (Great Falls Parkpverall, cgtures of
Lasiurus cinereusvere rare, with captures in ROCR (Mé&NS = 1), CHOH (pre/NVNS = 2), and
in HAFE (postWNS =1).

Thetop GAM modelq a A4 X} predicting the meda. fuscusaptured per net all
contained the smoothed interaction between yeadaweloped 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 signifidart@.05), although like all top
models, it had a poor fit{= 0.15). GreateE. fuscusactivity was associated with lower
minimum temperatures, regardless of Julian &pyesicus fuscusere 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 tdp. fuscuguvenile models& A | <@) included smoothed
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Julian day, netting length, smoothed northing, precipitation the previous nighheasihoothed
interaction between year and forest core area index (withimmbb0ffer; Table 1.7). The most
parsimonious model contained these covariates, all of which were signifitan87; Table
1.6)

| captured mor&asiurusborealiswest of Great &lls 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 modetsX | <@) describind-asiurus borealis
habitat associations included smued northing, smoothed Julian day and the smoothed
interaction between year and developed area500able 1.8)The most parsimonious model
(r> = 0.25) included those four covariates, although only northing and Julian day were significant
(Tables 6, 8).

All three postWNS 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). FY&IS, 94 active acoustic sampl@sre required to
document a species richness of 10 (SD + 0), wheread\e$t, the species richness was 9.31
(SD + 0.68) for the same effort (Figure 1.6).- V&S netting required 65 netting nights for a
species richness of 6 (SD + 0), although that eftorthe same six species p&NS yielded a
species richness of 5.07 (SD + 0.76; Figure 1.6). For theVgbi§ 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] recorded significant declines in the highly WANSpactedM. lucifugus

andP. subflavusbundance and distribution. These results are similar to those of other summer
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surveys comparing préo postWNS activity within the northeastethS. (Ford et al. 2011;
Johnson et al. 2013; Nocera et al. 203)spite documented regional declines {WstS and
projections that the species will become regllynextirpatedAlves et al. 2014)neitherM.
septentrionaligecholocation calls nor capture rates declined significantly throughestudy
area. Howevel, noted that a considerable reduction in the distributidi.cfeptentrionalis
across the NCR and thidie lack of significant netting declines is an artifact of high-pghsiS
sampling frequency and density in ROCR areas with known presence.

Increases in poaWNS E. fuscusactivity aligned with documented stable populations in
New York summer habitat 20042010(Ford et al. 2011)43% increases in a New York
hibernaculum 2 3 years after WNS detectighrank et al. 2014)and 12% increases in captures
approximately I 3 yearsafter WNS detectionin IndiafaP et t i t an dEp@Réikie e f e
fuscuspopulations may have avoided Wh&ated declines based on hib&tion conditions
e.g., uninfectedhibernaculatemperature within hibernacula, gitorter hibernation periods, as
well as being physiologically less challenged by or resistant tiestructanglLangwig et al.
2012, 2016; Hoyt et al. 2015; Frick et al. 2Q1&lthough broad and firecale habitat
associations changed between years, annual variation did not appear to coincide purely with
WNS. Eptesicus fuscusas a broadiet (Hamilton 1933; Phillips 1966; Whitaker 1972, 1995;
Agosta and Morton 2003; Brack and Whitaker 2004; Long et al. 28d@3ts in a wide variety
of natural features, i.e., trees and snags, and more commonly in many settings, anthropogenic
structuregWhitaker and Gummer 1992, 200@nd occurs in both urban and rural landscapes
throughout its distributiofGehrt and Chelsvig 2004; Avialores and Fenton 2005; Loeb et al.
2009; Smith and Gehrt 2010)hese generalist behaviors likely contributed to poor model fit,

and maybe obscuring minor changes to habitat use.
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Lasiurusborealisactivity and habitat associations were similar betweengme post
WNS sampling periods, indicating no expansion into \A$ptied habitat nichgSachowski et
al. 2014)or potential windenergy driven population declinésrnett and Baerwald 2013\ly
results also are similar to those of NS versus postVNS comparisons of bat communities
in South Carolina and New Yo(Keets 2018; Nocera et al. 201Basiurusborealismodels had
no significant finescale habitat measures, which are congruent with the results of Loeb et al.
(2009) who determmed that there was no relationship between occurrencasairus borealis
and the amount of developed land within 5 km, although this differs from Limper{20@r.)
who found that.. borealisroost trees on the Delmarva Peninsula in Maryland were more likely
to be in areas with lower development (within 1 km).

Generallyal t hough urbanization i mpacted some
appeared to have exacerbated WNS declindsoamdtheonly evidence of recruitment among
highly WNSimpacted species in D.C. Some combination of disease resistance, summer habitat,
overwintering patterns, and a small NS population of WNSusceptible species may have
led to ROCR being a potentilsl. septentrionalisefugium within the mieAtlantic region. Pre
WNS, M. septentrionali@ndM. lucifuguscaptures were relatively rare in ROCR compared to
most other units, ye¥l. septentrionaligpopulations appear to be successfully reproducing only
within ROCR. Although\.. septentrionali® s ur vi v al mechani smsM.ar e
lucifuguspopulatons along the East Coast have exhibited genetically based resistance and
avoidance behavior that may reduce WNS impdatdony et al. 2011; Langwig et al. 201As
a mostlycontiguous unit with oldegrowth, latesuccessional foregMiller 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 conditisrconducive td. septentrionaliglay-roosting. Given the mature
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forest, yearround water sources, and surrounding established neighborhoods with numerous tree
and anthropogenic dayost 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 are@ahn et al. 2019)nay account foM. septentrionaligpersistence. Recent
overwinter detections d¥l. septentonalisalong 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 20J®pvide evidence that some individuals are not migrating to
Pseudogymnoascus destructamigcted hibernacula to the west in the Appalachian Mountains
during the overwintering period. The capture &f aseptentrionalisn ROCR on 1 November
2018, provides additional support for this hypoth€Siseley et alin review).

In the more easterly urban arebsbserved slightly highdt. fuscusactivity overall and
some of the lowest proportions of juverdlefuscusTheE. fuscugesults are similar to those of
a landscapscale survey in Georgia and the Carolinas finding highénscusabundance within
NPS units with high levels of develap&and within 5 km(Loeb et al. 2009)Still, within the
D.C. areal saw higher activity within larger forest patches, similar to observations in Mexico
City (Avila-Flores and Fenton 20Q5%)lthough it is not known whe#r 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 availéBdygt et al.
2014) predator distributions or succdsd. eski et@. 2009; Ancillotto et al. 201,3)hanges to
wildlife -pathogen relationshig8radley and Altizer 2007 )or competition for suitable dapost
and food resource8radley 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 ofsanluiiof the area or
higher use of the area as migratory stepr habitat.

| suggest caution regarding the interpretation of @nel postWNS sampling effort
comparisons in the NCR and other WAsffected regions. When comparing po$hNS
communities to pcWNS communities, it is necessary to be cognizant of how improved
sampling methods have potentially increased detection and capture rates, whether through
compliance with USFW®/. sodalissurvey guidelinegUnited States Fish and Wildlife &ce
2018b)or technological improvements (e.g., passive vs. active acoustics, use of automated
identification software, netting equipment). For example, the difference-iapdepostWNS
netting sample effort are greater than the species accumutatiees demonstrate, as they did
not take into account differences in netting effort on each sample nightMdStnetting often
had 33100% more nets per night (particularly in 2017 and 2018) thakMiN8& surveys.
Additionally, my postWNS survey methagllikely increased the likelihood of capture of rare
species, akhad 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 capéurates 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 astggarar demographic chang@®acey and
Swift 1981; Grindal et al. 1992; Patriquin et al. 2016¢ year with the most netting samples
also had higher levels gfecipitation than any other year.

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

species on the current landscaydg. species accumulation curves reflect decreases in the
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numbers and distributions of WN®pacted baspecies and correspondingly high variation in
detection. The small sampling window for active acoustic methods likely limited detection,
especially posWNS, and impactetheactive acoustic NMDS results due to omission of survey
sites with no echolocatmocalls. The limitations of active sampling are underscoradyy
recording of no postVNS M. septentrionali®cholocation calls in ROCR, despite mist-
netting results. Although active sampling techniques may continue to be options for comparing
community activity to historical dai@oleman etl. 2014; Ford et al. 2016Y for detecting
common bats, the methods are inadequate for fully documenting curreil/ N&st
communities. These findings are similar to those of studies which showed th&i [8st
sampling effort should be higher than {##NS efforts(Coleman et al. 2014; Niver et al. 2014)
Based orthedocumented decline in thtstributions and numbers df. lucifugusandP.
subflavugpopulations, it appears that these species are functionally extirpated throughout the
study area. Althoughobserved that habitat associationsEofuscusandLasiurus borealis
remained largelynchanged from preo postWNS years in the NCR, acoustic echolocation
calls and netting capture rates Erfuscusncreased significantly. Consequently, letegm
monitoring would be required in the region to determine whether population increasese;ont
and intensive future surveys would be required to assess possible habitat expansion of bats less
impacted by WNSE. fuscusaandL. borealig into vacant niches. Furthermore, additional
assessments in the midlantic region are needed to determineettter or howM.
septentrionaligersistence is linked to atypical overwintering activities, such as use of coastal
forests to the east and southeast of the NCR rather than cave hibernactdgaghtghmaternity
habitat conditions in residual NCR foresitghes, 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 2008 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 2008 2004.Pv al ues f r om PestaCaksove @entifipdaa speeias byt
using Kaleidoscope 4.5.0 Bats of North America 4.2.0 classifier (Wildlife Acoustigs
Concord, MA, USA) with the following species: Eptesicus fuscus (Big Brown bat; EPFU),
Lasiurus borealis (Eastern Red bat; LABO), Lasiwinsreus (Hoary bat; LACI), Lasionycteris
noctivagans (Silvehaired bat; LANO), Myotis leibii (Eastern Smétioted bat; MYLE), Myotis
lucifugus (Little Brown bat; MYLU), Myotis septentrionalis (Northern leegred bat; MYSE),
Myotis sodalis (Indiana balllYSO), Nycticeius humeralis (Evening bat; NYHU) and
Perimyotis subflavus (T4tolored bat; PESU).

200371 2004 2017 Mean
Species Total Mean (SE) Total Mean (SE) change
EPFU 889 2.46(0.40) 679 4.62(0.96) 216 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 77 021(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

P-value
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Table 1.2.Total, mean, and standard error (SE) for bat captures per net for each sample night
20037 2004 and 2016 2018 sampling periods in the National Park Service National Capital
Region. Mean change is the difference between the mean bats recordediir2208 Gninus the
mean number recorded 2002004.P-v a | ue s f r ¢test. Bat speacissamEgesicus
fuscugBig Brown bat; EPFU)l.asiurus borealigEastern Red bat; LABO),asiurus cinereus
(Hoary bat; LACI),Lasionycteris noctivagan$Silver-hairedbat; LANO), Myotis leibii (Eastern
smaltfooted bat; MYLE) Myotis lucifuguqLittle Brown bat; MYLU), Myotis septentrionalis
(Northern longeared bat; MY SE)Nycticeius humerali§Evening bat; NYHU) anéerimyotis
subflavuqTri-colored bat; PESU).

201 2004 201671 2018 Mean

Total Mean (SE) Total Mean (SE) change
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) o0.01 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

P-value
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Table 1.3.Non-metric multidimensional scaling (NMDS) ordination vectors afdalues

covariates for models describing bat communities of the National Park Service National Capital
Region using both active acoustic and mist net sampling methodsi(2008 and 2016

2018). Abbreviations include: FDI = fractal dimension index ant=Tt&pographic exposure

index

Sampling Covariate NMDS1 NMDS2 r?
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
S Forest FDI (100 m) -0.93 -0.38 0.06
g TEI 500 m (Standard Deviatior -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

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
g Weather (During Event) 1.00  -0.08 0.01

TEI 500 m (Standard Deviatior -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 parkRe8@0a8d
201671 2018. Species lost indicate species that were documented 200&, but not 2016 2018, and species gained are those
species doumented in 2016 2018, but not 200B 2004. Note that sample effort by park was not equal betweerZiiBand
20162018 sample periods. Park abbreviations are: Antietam National Battlefield (ANTI), Catoctin Mountain Park (CATO),
Chesapeake and Ohio GamNational 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 ParksCentral [now National Maldnd Memorial Parks (NAMA)], National Capital PafEast (NACE), Rock Creek Park
(ROCR), and Wolf Trap National Park for the Performing Arts (WOTR). Species abbreviatiokpt@scus fuscudig Brown bat;
EPFU),Lasiurus borealigEastern Red bat; LABQLasiurus cinereugHoary bat; LACI),Lasionycteris noctivagan$Silver-haired
bat; LANO), Myotis leibii (Eastern smatfooted bat; MYLE) Myotis lucifugugqLittle Brown bat; MYLU), Myotis septentrionalis
(Northern longeared bat; MY SE)Nycticeiushumeralis(Evening bat; NYHU) anéerimyotis subflavuéTri-colored bat; PESU).
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I\S/lirtrr]gg Park 22%%:2 22%11% Species lost Species gained

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
3 HAFE 8 2 EPFU, LACI, LANO, MYLU, MYSO, PESU
@ MANA 10 8 MYSE, MYSO
S MONO 7 N/A N/A N/A
< NAMA 6 5 PESU

NACE 8 8 MYSO MYSE

ROCR 8 7 MYSE

WOTR 3 1 EPFU, LABO, LANO, MYLU, MYSE,NYHU,

PESU
ANTI 3 2 MYLU
CATO 4 3 MYLU
MYLE, NYHU,

CHOH 6 7 MYSE, LACI LANO
o GWMP 4 3 MYLU, PESU NYHU
= HAFE 3 3 MYSE LACI
g 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 modegsults for the erageEptesicus fuscudig 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, lengthumber of hours of the netting event sample, precip =
whether there was precipitation during the netting sample, ppt = amount of precipitation on the
sample night, pptl = amount of precipitation the previous night, s(E) = smoothed easting, s(Jul)
= smootled value for Julian day, tmin = minimum temperature for the netting night, s(y*d)=
smoothed interaction between year and developed area (withim B@@er) and TEI = standard
deviation of topographic exposure index (within 58Muffer).

Model Formula UBRE* AIC* &AIC
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 pptl + s(E) + s(Jul) + elev + s(y*d) + tmii  1.47 758.01 0.76
5 civil + s(E) + s(Jul) + elev + s(y*d) + tmir 1.47 758.24 0.98
6 length + s(E) + s(Jul) + elev + s(y*d) +tm 1.47 758.36 1.10
7 pptl + 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) 4TEI + 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) +tm 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 mosparsimoniousnodels within theyeneralized additive model
candidate sets of models for the avergageesicus fuscudig Brown bat; EPFU), average
Lasiurus borealigEastern Red bat; LABO), and proportion of juvemldéuscus Models were
developed based on samplingtddnal Park Service National Capital Region bat communities
with acoustics and mist netting 2002004 and 2016 2018.Abbreviations includelength =
number of hours of the netting event sampfel = amount of rain received the night before
sampling,s(Jul)= a smoothed value for Julian dsfE) = smoothed easting, s(N) = smoothed
northing, s(y*d¥ smoothed value for year and developed area (within arbb0ffer),
s(y*FCAI)= smoothed value for year and forest core area index (within-an3\@ffer) and tmin
= minimum temperature on netting nigBimoothed covariates hakevalues and unsmoothed
covariates havevalues.

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

Intercept 2.007 0.510 3.901 <0.001

% 5 s(E) - - 4503  <0.001
S o s(Jul) - - 3.357 0.002
< s(y*d) - - 3.269 0.033
tmin -0.600 0.029 -2.088 0.038

o Intercept  0.170 0.023 7.459 <0.001
g9 s(Jul) - - 2.954 0.006
:>E’ < s(N) - - 6.260  <0.001
s(y*d) - - 1.304 0.261

. o Intercept  0.210 0.069 3.034 0.003
o2 jength  -0.029 0.014 -2.050  0.042
gk pptl 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 juvenild&ptesicus fuscuBig 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 sampl@ptl = amount of precipitation the previous night, s(Jul) = smoothed value

for Julian day, s(N) = smoothed northing and s(y*FICAsmoothed value for year and forest
core area index (within a 508 buffer)

Model Formula UBRE AIC* a&AIC
1 civil + length +pptl + s(N) + s(Jul) + s(y*FCA 0.03 -97.22 0.00
2 length +pptl + s(N) + s(Jul) + TEI + s(y*FCAI  0.03 -96.86 0.36
3 length +pptl + 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 theragel asiurus borealifEastern 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 misiuiess civil

sunset at which sampling began, length = number of hours of the netting event sample, precip =
whether there was precipitation during the netting sample, pptl = amount of precipitation the
previous night, s(Jur smoothed value for Julian dafN) = smoothed northing, tmin =

minimum temperature for the netting night, s(y*d) = smoothed interaction between year and
developed area (within 5a@ buffer),and TEI = standard deviation of topographic exposure

index (within 500m buffer).

Averagecaptures per net for adult LABO 202818

Model Formula UBRE  AIC* &AIC
1 S(N) + s(Jul) + s(y*d) 0.12 160.74 0.00
2 pptl + 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 16245 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, “"Akaikeformation Criterion
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Figure 1.1.National Park Service National Capital Region bat survey study areas-for pre
White-nose Syndrome (20032004) and posWhite-nose Syndrome (20162018)

periods. Park abbreviations are: Antietam Nationall&&ld (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 Naltiona
Battlefield (MONO), National Capital Park3entral [now National Mall and Memorial
Parks (NAMA)], National Capital Parksast (NACE), Rock Creek Park (ROCR), and
Wolf Trap National Park for the Performing Arts (WOTR). CHOH follows the Maryland
border wih Virginia and West Virginia from the westemmost part of the study area to
downtown District of Columbia (D.C.) between the two CHOH points. NACE and
GWMP points indicate the southemmost and northermost parks within those units.

Parks partially or eirely 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 (20032004) and postVhite-nose Syndrome (20162018)

periods. Black stars indicatées surveyed 20082004, and open stars indicate sites
surveyed in both 20082004 and 2017 survey sites.
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during mist netting in 2008 2004 (solid circlesand 2016 2018 (open triangles) within
the National Park Service National Capital Region.

43



0|
— a b
0 |
Q
2 - MYSE PESU
MYSO o
0 | MYLE J LACI o ]
a ° o
: 8 .
4 8 . ; (=}
0 o |
< ‘ MYLU
o | @ MYSE
[ T T | T I T T
3 2 -1 0 1 ) 1 o ]

NMDS1 NMDS1

Figure 1.4.Nonr-metric multtdimensional scaling (NMDS)rdination for sampling (20082004 and 2016 2018) in the National

Park Service National Capital Region. Arrow directionality indicates increases in variable Vakiesgion was sampled for the
following speciesEptesicus fuscuBig Brown bat; EPFU)Lasiurus borealigEastern Red bat; LABO)asiurus cinereugHoary

bat; LACI), Lasionycteris noctivagan&ilver-haired bat; LANO)Myotis leibii (Eastern smaffooted bat; MYLE) Myotis lucifugus

(Little Brown bat; MYLU), Myotis s@tentrionalis(Northern longeared bat; MYSE)Myotis sodaligIndiana bat; MYSO)Nycticeius
humeralis(Evening bat; NYHU) anéerimyotis subflavuélri-colored bat; PESU). a) Bat acoustic calls identified to species by using
Kaleidoscope 4.5.0 Bats of Kb America 4.2.0 classifier (Wildlife Acoustitsc., Concord, MA, USA). b) Bat captures from raist
netting. Abbreviated variables age= developed area (within 100 buffer), b = whether a site was forested of not, ¢ = forest core area
index (within 20 kmbuffer), d= forest core area index (within 500buffer), e = forest fractal dimension index (within 200 m buffer),

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

before sample night, j = slope, k = elevation, | = standard deviation of topographic exposure index (wihibh&@€), m = year, n

= whether there was precipitation or fog during netting, o = minutes after civil sunrise that sampling began and p % hoorser o
netted.
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Figure 1.5.Relationships between captured bat species (R@W®4 and 2016 2018) in the National Park Service National Capital
Region based ogeneralized additive models. Julian day ranges from 110 to 240. Naatiingasting were positively correlated, and
higher easting values were correlated with higher measures of development and forest fragmentatimoraatdd1®km scalesa)
averageEptesicus fuscudig Brown bat) caught per net by easting and Julian day b) aveaageus borealigEastern Red bat)
caught per net by northing and Julian day c) proportion of juvenile tcBoftascudy northing and Julian day d) averdgefuscus
caught per net bgasting and year e) averdgeborealiscaught per net by northing and year, and f) aveEadascusaught per net

by amount of developed area (500 m) and year.
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Chapter 2: Relationship betweeracoustic echolocation and reproduction data in mig
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 andhetistg data related,sampled
big brown batsEptesicus fuscysnd eastern red batsaGiurus borealison 482 misetting
and 35,410 passive acoustic sampling recorder nights within the District of Columbia, Maryland,
Pennsylvania, Virginia, and West Virginladocumentedhe 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 ddtdsen calculated LOESS
lines for the mean echolation calls recorded by Julian day. By reviewing the patterns and
inflection points for each lind,determined that the highest levels of acoustic activity within the
maternity season was most associated with the period wheagtured the highest progions
of lactating batsl also identified thatewernetting nights with captures of pregnant, lactating,
and juvenile bats missed documenting the full temporal range of reprodikattbermoreas
peaks in acoustic call data appear to represent seséa female bat activitather than
increases in batumbersusing 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 differeeriods of the maternity season. Since acoustic activity patterns varied
greatly based on spatial extentigration activity to, from, or through a study area and how
different temporal and spatial sampling scales may impact obsactieity 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 sifg&irta and Murray 2002, McGuire et al. 2012)
Specifcally, big brown batsEptesicus fuscisibernate in caves or anthropogenic structures
(e.g., mines and tunnels), and in the summer, groupsio733emales form maternity colonies,
usually in tree cavities or anthropogenic structyBeser 1955, Kurta and Baker 1990, Whitaker
and Gummer 1992 astern red batsdsiurus borealistypically migrate from southern
overwintering areas withithe Potomac and Ohio river valleys to summer hafitatbour and
Davis 1969 Shump and Shump 1982, Menzel et al. 2008jhe maternity season, they
normally day roost in deciduous tree foliage singly or in small nunfBarbaur and Davis

1969, Shump and Shump 1982)

Early summer parturition provides juveniles development time before engaging in
migration and hibernatiofAltringham 2011) Bats in the family Vespertilionidae typically
become volant within B 4 weeks of birth, with the range between 2 weeks and 2 m@hitite
and Steenson 1982)Adult female hibernation emergence timing,-podancy 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 b&srimyotis subflavyobserved
that temperatures ofi510°C over an extended period (> 10 days) halted fetala@ment
during torpor; whereas temperatures off &b °C significantly accelerated fetal growRacey
and Swift 1981)In Washington, D.C., Maryland, Virginia and West Virginia, the latest big
brown bat pregnancies were documented Julian dday 289 and earliest juvenile big brown
bat captures occurred between Julian dayil890(Timpone et al. 2011, Francl et al. 2012

Deeley et alin review ). The latest pregnant eastern bats were documented Julian day 159
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218 and earliest juvenile big brown bat captures occurred between Julian dayA¥5

(Timpone et al. 2011, Francl et al. 20®eleyet al.in review ). In southwestern Virginia on

the Cumberland Plateau and Appalachian Mountains of West Virginia, lactating big brown bats
were observed on Julian days 15220 and eastern red bats on daysi1207 (Timpone et al.

2011, Francl et al. 2012)

Acoustic moniteing records echolocation call sequences that represent foraging or
commuting activities. Passive acoustic monitoring has higher probability of detecting rare
species than mikhetting surveys, which generally have low capture rates relative to batyactivit
(Larsen et al. 2007, Niver et al. 201Aroustic monitoring is often used to describe whibse
syndrome (WNS) impacts, habitat use, withight activity pattens 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 (NABatiggests that
acoustic surveys be conducted from 1 June (Julian day IE2)uly (Julian day 211) to
document maternity season presefiab et al. 2015)The United States Fish and Wildlife
Service (USFWS2019)requires that mishetting or passive acoustics surveys for detection of
the endangered Indianklyotis sodali¥ occur during the maternity season, which they define as
between 15 May (Julian day 135) and 15 Auddstian 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 evaluateshmistnetting reproductive capture data
was related to acousticallgcorded echolocation call data across a heterogeneou#\thaundic
landscape. Additionally, | wanted to identify changes in relationships between acoustic and

capture data based on sdimg extent. | 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, somewhaiMfésSted and
unaffected specg cavity and foliage rooster, and colonial and solitary rooster. | hypothesized
that big brown and eastern red bats would have different capture and acoustic patterns based on
life history and previous studi€¢Shump and Shump 1982, Kurta and Baker 1996eley et al.
in review g. | predicted that peaks in acoustic calls would be coincident with juvenile capture.
Furthermore, | predicted the firseale decreases in adult captures and acoustic activity would
occu after the highest period of juvenile captures, coincident with migration towards
overwintering habitat. | predicted that migration activity would not be evident on the-$rakx
due to movement occurring within the study area.

Study Area
The study ara 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 degys€or
days over 10 °C) for 19802010 ranged between <67 in Pennsylvania and westest
portions of Maryland and Virginia, 67100 for most of the study area and 10083 within a
small southeastern portion of VirginfldSFS Mapsand Apps 2018)The 30year normal mean
annual temperature ranged from 10.00 °3.89 °C, with normal mean minima between 4.44 °C
and 9.44 °C, and 3gear normal annual mean precipitation is 91.427.00 cm(PRISM
Climate Group 2019)Typically, temperatures were negatively related to distahnoethe
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 fragmentstigtards within agricultural and
developed areas than the southern sites.
Methods

To collect physiological and reproductive status of big brown bats and eastern red bats, |
mist netted between 2 May and 15 August 202518 (Julian days 122227; Figue 2.1).
Because sampling occurred relative to the particular needs of several independenti<sleaties
et al. 2015, Silvis et al. 2017t.$ermain et al. 2017, Barr 2018, Deeley and Gorman 2018,
Muthersbaugh 201®eeley et alin review g, sample location selection and the distribution of
repeated surveys varied greatly across the study area both within and between years. Regardless
of study,| placed nets along possible flight corridors or near water and avoided netting in heavy
rain or temperatures below 100(eb et al. 2015) captured and handled bats in accordance
with Virginia Tech Institutional Animal Care and Use protocol#®, and identified bats to
species using appropriate dichotomous K&jsnzel et al. 2002)For each netting everit,
documented the age class (juvenile or adult), reproductive condition, sex, weight, and forearm
length of each bagndlI calculated the proportion of pregnant, lactating, and juvenile big brown
and eastern red bats captu(®tbnzel et al. 2002, Francl et al. 201R)letermined age class
through inspection of epiphyseal ossification and reproductive conditi@males through
palpitation of the abdomen and condition of mammary gléadthony 1988, Racey 1988)
Nights with no captures of the species of interest were excludedfmnal yses of that
reproduction.

| collected passive acoustic data from Julian days 100 to 250 fronmi ZI¥B. | used
zeracrossing SongMeter (ZC, 2+, 3, and 4) and-$plectrum SongMeter 4 acoustic recorders

(Wildlife Acoustics, Inc., ConcordylA, 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, | also surveyed open and developed areas. Where
possible, | phced 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, | used the
Kaleidoscope Bats of North America 4.2.0 classifier (Wildlife Acoustics, Inc.c@dnMA,
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).

Therdore, | wanted to evaluate wheth&ample sizend extenimpactedreproductive
and acoustic activitpatterns. determinedhe impact ofvarying capturesample size on
reproductive trends by simulating the capture of 1 to 100 bats of each reprodantitéon.
Thesimulation randomly sampleith replacementetting nights during which each condition
was preseraind identified the earliest and latest Julian, @ag., randomly selectirp netting
samplesout of the total number in whidhctating lats were captureahd documenting the
earliest and latest Julian day within those 10 samplash simulation had 1,000 iterations for
which | calculated the mean and standard error of the earliest and latest Julian days.
Additionally, | used spatial buffe to determine whether the relationship between capture and
acoustic data varied with expanding spatial sdadeveloped buffers expanding out from an
area with intensive netting and acoustic activity. | developekii,0l5 km, 26km, 30km, 40
km, 50km, 60km, 80km, 90km, 100km, 118km, 156km, 20Gkm, 250km, 356km 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 providetklitt|
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acoustic or capture data to the buffer sample. With distance from urban D.C., agricultural and
unfragmented forested areas increasdabttfine and broad scade

Because | 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, | evaluated the reproduction data with weather, urbanization, and
location covariates to assess whether those factors influenceduefive timing. As weather
may have influenced activity, | recorded ambient conditions during netting events and
determined minimum temperature and amount of rain on each sample night from PRISM
(PRISM Climate Group 201970 investigate heasland effects that might have been present in
the more dveloped or urbanized sites, | used national land cover database (NLCD) 2011 data
and ESRI ArcMap 10.5 (ESRic., Redlands, CA) maps to calculate the amount of developed
land and forest core area index (with lower values indicating more edge relatore forested
area) around each misetting site at various scales (500 m, 5 km, 10 km, 20Homer et al.
2015) To account for natural temperature differente¢so calculated elevation, northing and
easting at each site and the sample year. | used R paokagt fit generalized additive
models (GAMSs) for the proportions of juveniles and pregnant females present for big brown and
eastern red bat$Vood 2006, R Core Team 2019)ncluded centered and scaled interactive
effects baween 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 tigereeof

juvenile or the reduction in pregnant bats.

Information Criterion AIC) I revi ewed aAC<xzAM model s with
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Similar to Francl et a2012) | 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, lactatiexgnead bats, juvenile
eastern red bats captured each Julian(@a@ore Team 2019) 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, | identified the inflection
point, or the Julian day whetlee trend curve was highest, for each regression line. For the
acoustic LOESS lines, | 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 peakcgregnan
periods. | developed LOESS lines and identified the inflection points for each buffer size and for
the entire study area. Lastly, | compared both the lines and inflection points of acoustic and mist
netting captures for the entire study area and wihth buffer size.

Results

From 2015 2018, | collected bat capture data on 482 méitnights (2015 = 76, 2016 = 106,
2017 = 118, 2018 = 182), between Julian days 122 and 227 (2015121272016 = 129
225, 2017 = 122 222, 2018 = 125 227; Table2.1). | 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. | captured lactating
big brown lats 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 ntgteeason corresponded
with fewer adults being captured (Figure 2.3). | captured lactating big brown and eastern red bats

in conjunction with pregnant and juvenile bats of both species, although pregnant eastern red bat

55



captures were rare after juvenileengence (Figures 2.4, 2.5). | 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, | started catching juvenile big brown bats almost daily. | captured the first
juvenile red bat on Julian day 188 (2015 = 188, 2016 = 189, 2099,-2018 = 193) and last
pregnant female on day 218, which was 13 nights after the previous capture.

Between 2016 and 2018, | gathered acoustic data from 35,440gdite from Julian day
100 to 250. Individual detector sites were sampled between 232ndiays (mean = 39.70 £
45.93). Over the entire study, | 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 recordghts (Table 2.2).

Based on the GAM model resultgjetermined 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 fomse 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, | determinedidhat
need to limit comparisorsf data to particular areas.

For the sample simulationisysed all misinet sampling nights with presence of each
reproductive type, except for juvenile big brown bat captures, in whagbluded the two
earliest capturesi(= 80; Table 2.4). As sampteze 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 latating 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 nathpigs 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). ThereforegsultingLOESS 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 mmights (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 lire patterns were consistent (Figuresi22811). | noted a decrease of mean nightly big
brown bat calls at the 8km buffer, with the inclusion of significant acoustic sampling at the
forested Prince William Forest Park (Table 2.2, Figure 2.12). Eastébatealls were more
consistent between buffers, although the-R@0buffer 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 2iguFe 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 baptures (Julian days 142 and
143), the first juvenile capture did not occur until four days after the big brown bat acoustic

inflection point, and | did not routinely begin capturing juveniles until 12 nights after the
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acoustic inflection point. The diffence 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 (8night difference for big brown bats aneh@jht difference for eastern red bats)
and furthest from the juvenile inflection points {8ight difference for big brown bat; 4tight
difference for eastern red bat; Table 2.6). At smaller buffer sizes (< 40 km), the acoustic
inflection point was often betwea 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 bufasar 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 matetyseason 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 b®veen lactation and juvenile inflection points (big brown bats = 29 days,
eastern red bats = 38 days) were comparable to periods between parturition and volancy
documented previousiBhump and Shump 1982, Kurta and Baker 1980¢ big brown bat

lactation inflection point was similar to that found by Francl et2€112)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 | began
consistently documenting juvenile bats (Julian day 187). The eastern red bat reproduction
inflection pointswere very close to those found p&8NS 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 filactating eastern red bats were captured close to those
documented by Timpone et §2011) although | also documented lactating females later than
they documented them. Basedrog simulation and buffer results, differences in inflection
points and earliest and latest captures between studies likely partially reflect sampid size a
distribution.

Increasing sample size did not necessarily chamgebserved trends in peak
reproduction, but did greatly impact observationsxifemesn reproductive condition. For
example, the simulation results for pregnant bats indicated mugghr Ehifts in the latest Julian
day observed than earliest Julian day observed, but the inflection point moves earlier with
expanded buffers and LOESS lines were relatigatyilar regardless of buffer size. Therefore, if
attempting to compare the earliestd latest bats at particular reproductive conditions, additional
netting effort may be needed since the ease of catching bats of a particular reproductive
conditionchanges over the course of the maternity period

A small spatial extent of reproductivats and acoustic data may not adequately reflect
the highly plasticity of bats reproductive patterns, particularly big brown bats. The Julian day
range in which | documented batsd reproductio

and spatial extenColder temperatures can increase gestation length due to a decrease in food
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resources and/ or increase the motherdés and |
(Racey and Swift 1981, Altringham 201&and although average piteght survival rates are
high, mothers may abandon young under poor environmental condiibmsgham 2011)
Therefore, bats captured from a limited number of colonies exposed to similar maternity colony
and ambient conditions would display a smaller rarfgedurition 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 samghigtribution.

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 captureg haae been juveniles from the
previous year, as found in Canggéamilton and Barclay 1998dr they may reflect accelerated
volancy caused by urbarétisland or human dwelling thermoregulatory bendlisusen and
Barclay 2006, Imhoff et al. 201.0lowever, as$ did not document similarkgarly juvenile
captures in other highlyrban sditngs, 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 hésland effect, buffers incorporating more rural areas hadearl
inflection points for pregnant and lactating bats. | had higher sample effort and capture success in
larger contiguous forest stands within highlpan 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 landscap@-ord et al. 2011, Nocera et al. 2019pwever my data indicated that acoustic

peaks irmaternity 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 fenthke$eanpregnant
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 morgueant foraging bout@Barclay 1989, Clark et
al. 1993, Rydell 1993, Altringham 2011, Rintoul and Brigham 20A#hough 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 aréaw@tquality (Wilkinson and
Barcl ay 1997,.Tl@delrwonshigHetiveer2 g@dk 2cpustic 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 1990Lanada, female hoary bats
(Lasiurus cinereushad longer foraging bouts when they had two offspringeseongBarclay
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 hibergationgham
2011) Correspondinglyl observed exponential decreases in acoustic activity as the proportions
of lactating bats decreased. Theqgipéous declines in both adult captures and acoustic
recordings likely indicate the beginning of mAdlantic migration, commencing quickly after
juvenile volancyTheobservation that adults vacated the area prior to juveniles coincides with
observation®f eastern red bat populations in Indigalters et al. 2006} atesummer
migration dos 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 saaserbi@ brown
bats often roost in large coloni€Shump and Shump 82, Kurta and Baker 199elatively
larger declines in fine scale activity (e.g., smaller buffers) may reflect maternity colony roosts
dissolving at similar times. Within smaller buffers, | 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.

| observed laver 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 &iiloerfJonasson
and Guglielmo 2016)t is unlikely that my enaf-season days were too earlydietect
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 easted bat acoustic activity from
September through midovemberMuthersbagh et al. 2019)perhaps because bats had largely
ceased migration by this time. However, Muthersbaugh €@l19)observed spring acoustic
call activity decreasing at a consistent rate between early March and late April, supgperting
interpretation that declining May activity was related to spring migration. Further analysis to
determine largescale patterns and habitat use of eastern red and big brown bats during these
migration periods is heeded, specifically in regard to climatierénces 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 materniggason 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, slonghacostic
recordings could be used to identify reproductive patterns within an area.

Using acoustic data from different shtetm sampling periods, even within the maternity
season, or comparing acoustic data collected on &falke over a broad spatial aedhporal
scale may result in community, habitat association or reproduction mischaracteriaiions.
example the big brown bat acoustic data indicated exponential decreases-iaghaisbn
activity, regardless of sample extent, within periods that tiet NABat and USFWS Indiana bat
survey guidance suggest as appropriate for matesadgon surveysoeb et al. 2015, U.S. Fish
and Wildlife Service 2019)Unknowingly using migration data to assess summer communities
may biasnferencesabout population trends. Additionally, if the observed relationships between
acoustic and capture ddta these common speciage similar to those foetlerallylisted bats,
then the current USFWS sampling guidelimedudemigration periodsvithin the midAtlantic.
As a result, sampling during this period would possibly have higher false absences due to

migration away from a maternity area or false poss based on bat migrating through an area.

63



Literature Cited

Altringham, J. D. 2011. Bats: From Evolution to Conservation. Oxford University Press.

Anthony, E. L. P. 1988. Age determination in bats. PageS&in T. H. Kunz, editor.

Ecological and Behavioral Methods for the Study of Bats. Smithsonian Institution Press,
Washington DC.

Barbour, R. W., and W. H. Davis. 1969. Bats of America. Volume 7. University Press of
Kentucky, Lexington.

Barclay, R. M. R. 1989. e effect of reproductive condition on the foraging behavior of female
hoary batsl.asiurus cinereusBehavioral Ecology and Sociobiology 24i3¥.

Barr, E. 2018. PostVNS survey of bats at NASA Wallops Island Flight Facility: Contract/Grant
G16AC00327, 208 Final Report. Final Report, U.S. Geological Survey Cooperative
Research Units Program, Reston, VA.

Beer, J. R. 1955. Survival and movements of banded big brown bats. Journal of Mammalogy
36:244 248.

Clark, B. S., D. M. Leslie, and T. S. Carter. 1993dging activity of adult female Ozark big
eared batsRlecotus townsendii ingenm summer. Journal of Mammalogy 74:4227.

DEELEY, S.,S.FREEZE AND L. ROHRBAUGH. in reviewa. PostWhite nose syndrome national
capital region bat communitieginal project report to the national capital region,
Washington, D.C. Natural Resource Report, National Park Service, Fort Collins,
Colorado.

Deeley, S., and K. Gorman. 2018. 2018 R&SS Bat Surveys in Gettysburg National Military

Park Interim Report, Contract ##APAC01524. Interim, Blacksburg, VA, USA.

64



Deeley, S., J. B. Johnson, J. E. Gates, and W. M. kordview b White-nose syndromeelated
changes to midtlantic bat communities across an urkdafrural gradient. Urban
Ecosystems.

Ford, W. M., E. R. Britzk, C. A. Dobony, J. L. Rodrigue, and J. B. Johnson. 2011. Patterns of
acoustical activity of bats prior to and following whitese syndrome occurrence.
Journal of Fish and Wildlife Management 2:1234.

Francl, K. E., W. M. Ford, D. W. Sparks, and V. Bta2012. Capture and reproductive trends in
summer bat communities in West Virginia: Assessing the impact of wbge
syndrome. Journal of Fish and Wildlife Management 13423

Hamilton, I. M., and R. M. R. Barclay. 1998. Diets of juvenile, yearling,ahdt big brown
bats Eptesicus fuscisn southeastern Alberta. Journal of Mammalogy 79:764.

Homer, C. G., J. A. Dewitz, L. Yang, S. Jin, P. Danielson, G. Xian, J. Coulston, N. D. Herold, J.
D. Wickham, and K. Megown. 2015. Completion of the 201Jidvat Land Cover
Database for the conterminous United Stateepresenting a decade of land cover
change information. Photogrammetric Engineering and Remote Sensingi®6345

Imhoff, M. L., P. Zhang, R. E. Wolfe, and L. Bounoua. 2010. Remote sensihg ofban heat
island effect across biomes in the continental USA. Remote Sensing of Environment
114:504 513.

Jonasson, K. A., and C. G. Guglielmo. 2016. Sex differences in spring migration timing and
body composition of silvehaired batd asionycteris notivagans Journal of

Mammalogy 97:15351542.

65



Kalen, N., W. M. Ford, A. Silvis, K. E. Powers, and T. Keifer. 2015. Rtste-nose syndrome
assessment of bat species occupancy at Catoctin Mountain Park and Harpers Ferry
National Historical Park Interim Report.

Kurta, A., and R. H. Baker. 1998ptesicus fuscudlammalian Species 10.

Kurta, A., and S. W. Murray. 2002. Philopatry and migration of banded Indianavbaitg
sodalig and effects of radio transmitters. Journal of Mammalogy 83 %8

Larsen, R. J., K. A. Boegler, H. H. Genoways, W. P. Masefield, R. A. Kirsch, and S. C.
Pedersen. 2007. Mist netting bias, species accumulation curves, and the rediscovery of
two bats on Montserrat (Lesser Antilles). Acta Chiropterologica 94123

LausenC. L., and R. M. R. Barclay. 2006. Benefits of living in a building: big brown bats
(Eptesicus fuscisn rocks versus buildings. Journal of Mammalogy 87i3GD.

Loeb, S. C., T. J. Rodhouse, L. E. Ellison, C. L. Lausen, J. D. Reichard, K. M. Irving{J. T
Coleman, W. E. Thogmartin, J. R. Sauer, C. M. Francis, M. L. Bayless, T. R. Stanley,
and D. H. Johnson. 2015. A plan for the North American Bat Monitoring Program
(NABat). U.S. Department of Agriculture Forest Service, Southern Research Station,
Asheulle, NC, USA. <https://www.fs.usda.gov/treesearch/pubs/48442>.

McGuire, L. P., C. G. Guglielmo, S. A. Mackenzie, and P. D. Taylor. 2012. Migratory stopover
in the longdistance migrant silvelnaired batl.asionycteris noctivagan8at migration

stopoverJournal of Animal Ecology 81:37385.

Menzel, M. A., J. M. Menzel, S. B. Castleberry, J. Ozier, W. M. Ford, and J. W. Edwards. 2002.
lllustrated key to skins and skulls of bats in the southeastern arétlardic states.

USDA Forest Service, NortheastdResearch Station, Newton Square, PA.

66



Menzel, M. A., J. M. Menzel, J. C. Kilgo, W. M. Ford, T. C. Carter, and J. W. Edwards. 2003.
Bats of the Savannah River Site and Vicinity. 80.

Muthersbaugh, M. S. 2018. Seasonal activity patterns of bats in the éguedhchians. M.S.
Thesis, Virginia Polytechnic Institute and State University, Blacksburg, Blacksburg, VA,
USA.

Muthersbaugh, M. S., W. M. Ford, K. E. Powers, and A. Silvis. 2019. Activity patterns of bats
during the fall and spring along ridgelines ie ttentral Appalachians. Journal of Fish
and Wildlife Management 10:18095.

Niver, R. A., R. A. King, M. P. Armstrong, and W. M. Ford. 2014. Methods to evaluate and
develop minimum recommended summer survey effort for Indiana bats: White paper.
<https://www.fws.gov/midwest/Endangered/mammals/inba/surveys/pdf/\WhitePaperiBat
SurveyEffort13Jan2014.pdf>.

Nocera, T., W. M. Ford, A. Silvis, and C. A. Dobony. 2019. Patterns of acoustical activity of
bats prior to and 10 years after WNS on Fort Drum Army Instatiahiew York. Global
Ecology and Conservation 18:e00633.

o6bonnell, C. F. J. 2002. Influence of-sex
tailed bats Chalinolobus tuberculatysJournal of Mammalogy 83:79803.

PRISM Climate Group. 2019. P&V spatial climate datasets. Oregon State University, Covallis.

<http://prism.oregonstate.edu>.

R Core Team. 2019. R: A language and environment for statistical computing. Vienna, Austria.

<http://www.R-project.org/>.

67

an



Racey, P. A. 1988. Reproductive assesnt in bats. Pagesi3Bin T. H. Kunz, editor.

Ecological and Behavioral Methods for the Study of Bats. Smithsonian Institution Press,
Washington, D.C.

Racey, P. A., and S. M. Swift. 1981. Variations in gestation length in a colony of pipistrelle bats
(Pipistrellus pipistrelluy from year to year. Journal of Reproduction and Fertility
61:123129.

Rintoul, J. L. P., and R. M. Brigham. 2014. The influence of reproductive condition and
concurrent environmental factors on torpor and foraging patterns imefémgebrown
bats Eptesicus fuscisJournal of Comparative Physiology B 184:7787.

Rydell, J. 1993. Variation in foraging activity of an aerial insectivorous bat during reproduction.
Journal of Mammalogy 74:503009.

Shump, K. A., and A. U. Shump. 1982asiurus borealisMammalian Species 6.

Silvis, A., A. B. Kniowski, and W. M. Ford. 2017. Distribution of Indiana b&tgdtis sodali¥
and northern longared batsM. septentrionalisin Virginia. Final Project Report to the
U.S. Fish and Wildlife Seice, Virginia Field Office, Glouchester.

St. Germain, M. J., A. B. Kniowski, A. Silvis, and W. M. Ford. 2017. Who knew? First Myotis
sodalis (hdiana baj maternity colony in the coastal plain of Virginia. Northeastern
Naturalist 24. <https://doi.org/16%6/045.024.0110>.

Teets, K. D. 2018. Assessment of data collection techniques andnebesyndrome effects on
bat communities of South Carolina. Thesis, Clemson University, Clemson, South
Carolina.

<https://tigerprints.clemson.edu/cgi/viewcontent.cgi@e=4027 &context=all_theses>.

68



Timpone, J., K. E. Francl, D. Sparks, V. Brack, and J. Beverly. 2011. Bats of the Cumberland
Plateau and Ridge and Valley Provinces, Virginia. Southeastern NaturalistilZ2B15

Tuttle, M. D., and D. Stevenson. 1982. Grbwand structure of bats. Pagesill&in T. H.

Kunz, editor. Ecology of Bats. Plenum Publishing Corporation, New York, NY, USA.

U.S. Fish and Wildlife Service. 2019. Indiana bat summer survey guidantemated acoustic
bat ID software programs.
<http:/www.fws.gov/midwest/Endangered/mammals/inba/surveys/inbaAcousticSoftware
.html>. Accessed 18 Aug 2019.

USFS Maps and Apps. 2018. Growing degree days throughout this century, in the conterminous
U.S. Web Map.
<https://usfs.maps.arcgis.com/home/item.htmlaci4ec91219c4bfa93b627b1c0dc9800
>. Accessed 30 Sep 2019.

Walters, B. L., D. W. Sparks, J. O. Whitaker Jr., and C. M. Ritzi. 2006. Timing of migration by
eastern red bats gsiurus borealisthrough Central Indiana. Acta Chiropterologica
8:259 263.

Whitaker, J. O., Jr., and S. L. Gummer. 1992. Hibernation of the big browkpi&sicus fuscus
in buildings. Journal of Mammalogy 73:31216.

White, J. A., P. Freeman, and C. A. Lemen. 2017. Habitat selection by the Northeradredg
Myotis (Myotis septentrinalis) in the Midwestern United States: Life in a shredded
farmscape. <http://digitalcommons.unl.edu/tnas/505/>. Accessed 26 Aug 2017.

Wilkinson, L. C., and R. M. R. Barclay. 1997. Differences in the foraging behaviour of male and
female big brown batEftesicus fusc)gduring the reproductive period. Ecoscience

4:279 285.

69



Wood, S. N. 2006. Generalized additive models: An introduction with R. Chapman & Hall/CRC:

Taylor and Francis Group, Boca Raton, Florida.

70



Table 2.1.Number of misinet sampling nights (201%018) and passive acoustic surveys (2016
2018) conducted throughout the mfdlantic. Sites are the number of unique locations sampled,
nights are the number of unique nights sampled anchigjtes are the total maber of unique
combinations of sites and nights sampled. Values were calculatedliple 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
100 186 182 274 506 391 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 meart SE of the number of calls fropassive acoustic surveys (262618)
conducted throughout the métlantic. Values were calculated forultiple buffers (in km),
which were based around Rock Creek Park in D.C. The 350+ km buffer includes adsampl

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 withingbeeralized additive model
candidate sets for the proportion of juvenile big brown Bptdsicus fuscu&PFU), proportion
of juvenile eastern red bdtgsiurus borealisLABO), proportion of pregnat big brown bat, and
proportion of pregnant female eastern red.bdtslels were developed based on sampling bat
communities within the midtlantic by mist netting from 2016 2018. Abbreviations include:
ppt = amount of rain received the night of samgplandFCAI (500 m)= forest core area index,
or the ratio of forest interior to edge. Smoothed covariates (indicated with s()) wvakgeBE and
unsmoothed covariates havealues.

Model RZ?(adj.) Coefficients Estimate Standard erroi t- or F-value P-value

Intercept 0.282 0.019 14.98 <0.001

PlrEeF?F”Sm 0.544  s(Northing) <0.001
s(Julian) <0.001

Intercept 0.017 56.53 3.054 0.002

ppt 0.007 0.003 2.678 0.008

Pregnant 0.492 Elevation  <-0.001 <-0.001 -2.785 0.006
LABO ' Year -0.085 -0.028 -3.05 0.003
s(Northing) 2.483 0.026

s(Julian) 16.219 <0.001

Intercept 0.1636 0.036 4.526 <0.001

Juvenile 0312 FCAI (500 m) -0.1314 0.057 -2.295 0.022
EPFU ' s(Northing) 6.547 <0.001
s(Julian) 11.318 <0.001

Intercept 0.2848 0.065 4.396 <0.001

_ FCAI (500 m) -0.24186 0.099 -2.436 0.012
foggm 0413  s(Northing) 2585  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 (201%018) with presence of each reproductive typdoigr
brown bat Eptesicus fuscy&EPFU) and eastern red baagiurus borealisLABO) within

multiple buffers (in km), which were based around Rock Creek Park in D.C. Thekb®@tffer
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 (201%018) with presence of each reproductive typeigrrown bat Eptesicus fuscyu&PFU)
and eastern red bdtgsiurus borealisLABO) 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 Lactatng Juvenile
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)
o5 20 134.47 (£ 0.14) 208.47 (x0.30) 150.93 (+ 0.26) 200.39 (£ 0.07) 187.00 (£ 0.14) 221.33 (+ 0.12)
B 40 132.03 (£ 0.10) 213.81 (+ 0.18) 146.53 (+ 0.16) 201.49 (£ 0.05) 184.43 (+ 0.15) 223.36 (x 0.09)
W 60 131.13 (£ 0.08) 215.50 (+ 0.14) 144.77 (£0.11) 202.05 (+0.04) 183.19(x 0.14) 224.28 (+ 0.07)
80 130.57 (£ 0.07) 216.20 (x0.12) 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 (x 0.05)
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 (x 0.71) 161.35 (£ 0.24)197.11 (£ 0.19) 192.01 (£ 0.12) 220.40 (x 0.12)
o 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)
2 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)
-1 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 (x 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, indicatingghere the locally estimated scatterplot smoothing
line values werdighest. Locally estimated scatterplot smootHing were developed for mist
net sampling (2016 2018) with presence of each reproductive type and passive acoustic
sampling (2016 2018) forbig brown bat Eptesicus fuscug&£PFU) and eastern red bat
(Lasiurus borealisLABO). Values were calculated fonultiple buffers (in km), which were
based around Rock Creek Park, D.C. The 500+ km buffer includes all sampling data. The
&Acoustic
derh lufler values are thefférence between the buffer and the inflection point for the
entire study area (500+).
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Figure 2.1.Mist-net sampling sitegsed to survey bat communities within the rAitantic
region20151 2018 (black dots) anbuffers (shaded concentric circles) based around the area of
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Figure 2.3.The Julian day mean of mieetting captures for adults (open circles, yefixis) and
proporiton of juvenile captures (closed diamonds, nygixis) forbig brown bat Eptesicus
fuscus EPFU) and eastern red bhagiurus borealisLABO). Mist-net sampng was conducted
within the midAtlantic region between 2015 and 2018.
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brown bat Eptesicus fuscy&EPFU) and eastern red baasgiurus borealisLABO) captured
with mist netting within the midhtlantic region 2015 2018.
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Figure 2.5.Thelocally estimated scatterplot smoothilivges for the proportion of juvenile,
pregnant, and lactatingg brown batsEptesicus fuscu&PFU) and eastern red batsigiurus
borealis LABO) capturedMist-net sampling was conductadthin the midAtlantic 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 batdiurus borealis; LABO) juveniles. Graphs include the
proportions of core forest area (within 500 m of a sample site), Northing, and EastingeMist
sampling was conducted within the rdantic region between 2015 and 2018.
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for each simulationSolid lines indicate big brown bgiSptesicus facug and dashed lines

indicate eastern red batsagiurus borealis Sampling was conducted withist-net sampling

within the midAtlantic regionJulian days 122 227 between 2015 and 2018.
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Figure 2.8.Locally estimated scatterplot smoothilivies developed for the proportion of
femalebig brown batsKEptesicus fuscy&EPFU) and eastern red batsgiurus borealis
LABO) captured. Sampling was conducted witlst-net samplingvithin the mid

Atlantic region between 2015 and 2018. Mistitingdata were collected from Julian
days 122 227. Buffers (km)vere based arourf@iock Creek Park in D.C. The 5@@n
buffer includes all sampling data.
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Figure 2.9.Locally estimated scatterplot smoothilivies developed for the proportion of
pregnanbig brown batsKEptesicus fuscyug€£PFU) and eastern red batagiurus

borealis LABO) captured. Sampling was conducted wiilst-net samplingvithin the
mid-Atlantic region between 2015 and 2018. Mistting data were collected from Julian
days 122 227. Buffers (km)were based arourfi@ock Creek Park in D.C. The 56@n
buffer includes all sampling data.

86



Lactating EPFU
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Figure 2.10.Locally estimated scatterplot smoothinges developed for the proportion
of lactatingbig brown batsEptesicus fuscyu&€PFU) and easrn red batsl(asiurus
borealis LABO) captured. Sampling was conducted wiilst-net samplingvithin the
mid-Atlantic region between 2015 and 2018. Mistting data were collected from Julian
days 122 227. Buffers (km)vere based around Rock CreekkiarD.C. The 50km
buffer includes all sampling data.
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Figure 2.11.Locally estimated scatterplot smoothiinges developed for the proportion
of juvenilebig brown batsEptesicus fuscy&EPFU) and eastern red batsgiurus

borealis LABO) captured. Sampling was conducted witlst-net samplingvithin the
mid-Atlantic region between 2015 and 2018. vhstting data were collected from Julian
days 122 227. Buffers (km)wvere based around Rock Creek Park in D.C. Theks®0
buffer includes all sampling data.
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Acoustic EPFU
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Figure 2.12.Locally estimated scatterplot smoothinges developed for passive acoustic
sampling echolocation call data from big bropats Eptesicus fuscu&PFU) and

eastern red bats gsiurus borealisLABO). Samplingwas conducted within the mid
Atlantic region between 2015 and 2018. Acoustic data were collected from Julian days
10071 250. Buffers (km)vere based around Rock Creek Park in D.C. The 350+ km
buffer includes all sampling data. Mean calls were the meanhmailsitenight sample.
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Figure 2.13.The proportion of juveniles and lactating females (black dots, right axis) and
locally estimated scatterplot smoothilifgesbased on mean acoustic calls by Julian day
(line, left axis) for big brown bat&Eptesics fuscusEPFU)within the midAtlantic
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Figure 2.14.Comparison of inflection points from localized regression lines (LOESS)
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Chapter 3: PostWNS 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 bbfofis sodali
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
detecing presence of extant species following the impact of wiotesyndromen the
mid-Atlantic region. | acoustically sampled 30,494 nights of effort across 849 sites from
201671 2018 within the District of Columbia, and portionshMéryland, Pennsylvanja
Virginia, and West Virginia. Subsequently, | 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. | ran these simulations with land cover,
physiographic region, and different time periods based on USFWS and NABat sampling
guidance. | found that increasing the number of sample sites increased detection more
quickly than increasing the number of nights at each site. | also observed that sampling
efforts required to detect a species varied with species, as well alagrdtype and
physiographic region designation. My results suggest that, within thé&taidtic,
neither USFWS nor NABat minimum sitevel requirements are adequate for accurately
detecting northern longared KMyotis septentrionaljsin locations with known or highly

probable presence.
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Introduction
Since whitenose syndrome (WNS) was first observed in New York in 2006, it has spread
to 33 U.S. states and 7 Canadian provirfteS. Fish and Wildlife Service 204p In the
District of Columbia (D.C.), Maryland, Virginia and West Virginia, WNS has reduced or
locally extirpated IndianaMyotis sodali, little brown(Myotis lucifugu}, northern long
eared(M. septentrionali}y and tricolored Perimyotis subflavysat populationgFrancl
et al. 2012, Pows et al. 2015Deeley et alin reviewh). Al t hough t he I ndi an
Fish and Wildlife Service (USFWS) Endangered status predates WNS, the USFWS listed
northern longeared bats as Threatened based on WaiSed declined).S. Fish and
Wildlife Service 2011)and the little brown and tdolored bats currently are under a
listing review proces@U.S. Fish and Wildlife Service n.d.)

With WNS-caused population reductions increasing the-masting survey effort
required to capture bats, research, survey and monitoring efforts increasingly have moved
from mistnetting approaches to use of passive acoustic techniGosman et al. 2014,

Loeb et al. 2015, U.S. Fish and Wildlife Service 2618 postWNS bat communities,
determining occupancy of rare species requires dmogistic detector deployments and
multiple siteqColeman et al. 2014Because landscape structure affects bat occupancy

and activity in an are@lills et al. 1996, Gehrt and Chelsvig 200Babitat could impact

the number of sites required to reach the asymptote of bat species ri¢hmasgan et

al. 2010) whether in WNSmpacted or WNSree landscapes. Largeeale bat surveys

have identified some influence of urbanization and habitat fragmentation on community
structurf Loeb and O06Keef €008 Qoelbet al. 200Derlsy@traline t  a |

review b, and in some cases, breschle habitat features influence roosting
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characteristics more than fiseale habitat featurdsO 6 K e e f. 8evezabstudies have
found higher numbers of echolocation calls along forest edges or within uncluttered or
openenviromentyf Loeb and OO06Keefe 2006, Bromks 2008,
particular, big brownEptesicus fuscushoary (asiurus cinereus)and little brown bat
echolocation calls have been positively associated with ¢dgetzen and Fenton 2013)
Similarly, echolocation calls from lardeodied bat species (big brown, hoary, and eastern
red batsl[asiurus borealif also have been noted more frequently in open than in
cluttered habitats (Brook&D08). Conversely, cluttexdapted species such as the northern
long-eared bat calls were recorded more often in clesedpy forest¢Ford & al. 2005,
Starbuck et al. 2015)

In the midAtlantic United States, the USFWS Indiana bat survey guide(ihés
Fish and Wildlife Service 2019 and the North American Bat (NABat) monitoring
program(Loeb et al. 2015provide guidance on passive acoustic sampling
methodologies. Both protocols provide a recommended number of sampling sites and
nights for bat surveyd_oeb et al. 2015, U.S. st and Wildlife Service 201%).
Managers impacting possible Indiana and northern-&argd bat habitat use UFWS
survey methodsdé guidance for determining pre
activities, i.e., forestry, burning, highway constraistor mining where regulatory issues
under the Endangered Species Act are oper@th&@. Fish and Wildlife Service 20tp

The USFWS201%) recognizes that acoustic sampling effortsigt be higher
within areas more heavily impacted by WNS. Within the most impacted areas, current
guidance requires that per 0.5%af a study area, 8 sample nights would be distributed

on O 2 s-Hineae wojettoand 2rdetettor nights per 1 Kdinear habita{U.S.
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Fish and Wildlife Service 2019. Sample sites should be in forest canopy openings, near
water, along wooded fence lines, road/stream corridors and edge fat8taEish and
Wildlife Service 2019). Similarly, many federal and state agencies use NABAT
protocols to collectlong er m moni t oring data to assess
abundance across large landscapes, with the goal of being able to track population indices
and trends over tim@.oeb ¢ al. 2015) The NABat program recommends thdt 2 sites
be sampled for 4 nights each within areas of up to 18{lkmeb et al. 2015)Under
these guidelines, surveys are not conducted wdraperatures 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 20p Temperature, wind and precipitation can impact
acoustic detection, whether based on equipmergsssureduced bat activity possibly
due to higher energy expenditufésickson 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
doaument the presence of bat species in theAtlantic region, with a focus on Indiana
and northern longared bats, and to identify how coarse sampling categories impact
survey efforts. The intent was to provide insight on how sampling duration and tscatio
impact detection. | predicted that physiographic region and land cover types would
impact detection of bat species based on habitat associations. | expected that sample
effort for the northerdong eared bat would be lower in areas with recent captoceds

than in the study area overall, especially areas with more captures.
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Methods

| acoustically surveyed for bats across 41 counties in 4A\ahtic States and
D.C. on National Park Service (NPS), Department of Defense, and National Aeronautics
and Sace 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 Parkvay, Harpers Ferry National Historical Park, Manassas National
Battlefield Park, Monocacy National Battlefield, National Mall and Memorial Parks,
National Capital Parkkast, Prince William Forest Park (PRWI), Rock Creek Park
(ROCR), and Wolf Trap Nation&ark 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 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 Vinia; 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 Battlefielj &ichmond
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. Meadeaimhiyla

fragmented, largely suburban landscape between D.C. and Baltimore, Maryland (Figure
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3.1). Female northern lorgared bats were captured within PRWI, ROCR, SHEN, and
GETT (Deeley and Gorman 201RBalen 2018 Deeley et alin review g unpublished
data), and based on acoustic sampling size, | focused on northeredoed bat
sampling effort in PRWIROCR, and SHEN (Figure 3.2). Both SHEN and PRW!I had
more adult male captures than RO®Rlen 2018Deeley et alin review g unpublished
data), and Kalen(2018)failed to capture northern lorgared bats in 2017.

| used zerecrossing SongMeters (ZC, 2+, 3, and 4) andg$pkctrum SongMeter
4 acoustic recorders (Wildlife Acoustics, Inc., Concord, MA, USA) programed to record
from at least sured to sunrise to collect bat echolocation call data. To identify
echolocation pulses to species, | used the Kaleidoscope 4.5.0 Bats of North America 4.2.0
classifier (Wildlife Acoustics, Inc., Concord, MA, USA). Though aafissification
software is impdect, it provides a repeatability of analysis that visual verification does
not (Nocera et al. 2019Additionally, the USFWS Indiana bat surv@gy.S. Fish and
Wildlife Service 2018) and NABat(Loeb et al. 2015yuidelines both allow use
softwarebaseddentifications without visual reviews. | then used the softvpaoided
nightly maximum likelihood Estimate (MLE) values < 0.05 to determine nightly presence
of given bat specied).S. Fish and Wildlife Service 20tp

| gathered acoustic data from Julian days (UEY) (nonleap year 1 May) to
JD228 (norleap year 16 Aug) from 201162018. 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 witbiested, forest edge, and wetland

habitat, but | also surveyed open area (e.g., agricultural fields). To improve detection, |
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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, | used nightly precipitation
accumulation values to determine whether or not a site received precipitation and the
minimum temperature overnig(PRISM Climate Group 2019Because these nightly
weather data included data from the afternoon poidihe morning after a sample event, |
likely excluded more nights than required by USFWS standards. To assess whether
communitywide trends would indicate a period of high detections for all species, |
calculated locally estimated scatterplot smoothltf@ESS) lines for each species. Since
guidelines stipulate that sampling should not occur during precipitgli& Fish and
Wildlife Service 2018), but Deeley et alin review g captured species of interest, such
as northern longared bats, during precipitation, LOESS lines were calculated both with
the entire dataset and witbmprecipitation nights for mean nightly presence for each
species. | then selected samples between JD1389€apryear 15 May) and JD227 (ron
leap year 15 August), in accordance with USFWS timing recommendations for Indiana
and Northern longeared bat sweys for use in simulatior(®).S. Fish and Wildlife
Service 2018)

To determine whether a broaat fine-scale categorization would influence the
sample effort required to detect speclesssociated sites with physiographic region and
land-cover type (J.S. Geological Survey 200&igure 3.1)l selected physiographic
region and langatover type as examples of rough, etsidentify categories on which
reseachers or government agencies could base sample effort. In this area, physiographic

region was also surrogate for urbanization, fragmentation, and landscape features (e.qg.,
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elevation, karst). Based on field observations at each site, | determined wistbevas
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). | categorized sitesdna both wetland
and any another lancbver type as being wetland. Additionally, within PRWI, ROCR
and SHEN, | identified samples as falling between or outside of JDIB227, before
or after JD135, or before or after JD227.

| identified the speciesitih known distribution throughout the study area: big
brown bat, eastern red bat, hoary bat, silared batl(asionycteris noctivagapgslittle
brown bat, northern longared bat, Indiana bat, evening béy¢ticeius humeral)sand
tri-colored bat. To étermine the sample effort required to document each species, |
developed simulations based on species accumulation curves (Figure 3.3). | used nightly
presence data to calculate species accumulation curves (SACs) usiagahpackage
within Program ROksanen et al. 2015jsing random sampling and 100 permutations.
As SACs require the presence of at least two species within a sample community to run,
added two fAidummyo species that were present
of a speciesfanterest was indicated by the accumulation of 3 species. | 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 steangled for

di fferent number of nightsno(hrgmtg wot BEDh, eh

and combnonedgalkl yfndet ect-deeeldstectioo (Figured.8)t e a nev

us ed moh eslavdl @ésence and absence datata¢ree S ACs .no For each 0
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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, | calculated
the mean number of species, standard deviation andastherror at each site sampled
(Figure 3.n8)si moratmnoh, il determined the eff
detect the species of interest for each additional site sampled. | used minimum effort to
detection (mean species = 3) as a sutegeasure of sampling effort across categories.
Mi ni mum sample effort was the | owacst effort
simul ati onm, sexall awadiioqpmsi where detection was
simulation (mean species <3).

The simuations provided information about the number of sites required for
detection of the northern lorgpred and Indiana bats if each site were sampled for
different numbers of nights. | 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-nearesearch
(Brooks 2008, Adams et al. 2012, Jantzen and Fentb®, Zarbuck et al. 2015, U.S.
Fish and Wildlife Service 2019; 4 nights is the maximum number of nights that a
USFWScompliant surveyor would sample if conducting a4iaear survey with
minimum sites and it is the number of nights NABat recommendsurveygLoeb et al.
2015, U.S. Fish and Wildlife Service 2@39and 8 is the minimum number of detector
nights that USFWS requirds.S. Fish and Wildlife Service 20tbp

| ran these simulations foné entire study area, each physiographic region and
land-cover type. Subsequently, | also ran spel@gsl 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, incigdareas of northern lorgared bat captures and
roosts(Deeley et alin reviewa; Figure 3.2) Sites in ROCR were all within 10 km of
each other, with most acoustic sites withinlariarea where northern lorggred bats
were captured and tracked to rodfeeley et alin reviewa; Figure 3.2) The SHEN
sites spanned almost 80 km, including areas with 2016 cagkaks 2018 Figure 3.2).
| 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 JD1H2213, before and after JD152,
and before and after JD213.

Finally, | used theinmarkedoackage in R to run singkeason occupag models
in PRWI, ROCR and SHEN for northern leegred bat§Fiske and Chandler 201Xpne
model included all nights within the USFWS weather conditions and the other all nights
regardess of precipitation and temperature. | used null models to calculate detection and
occupancy. | identified the probability of occupan€)y,(which is the likelihood that a
site was occupied by northern leegred bats; probability of detectign),(whichwas the
ability of the survey to detect the true presence of a species, and then usgabdgh
to calculate the level of effort required to determine true absence of northemalmty
bats from a site with 95% and 90% certaifWyintle et al. 2012)

Results

Between JD121 and JD228 in 2018018, | totaled 30,494 sample nights (JDs =
108, sites = 853) of effort, 15,354 which were within the USFaliSroved weather
conditions (JDs = 106, sites = 849). | 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 trcolored bats (USFWS = 2,411). Each species had a unique activity
patern, from which | 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 | eliminated nights with possibleepc i pi t ati on and/ or tempe
14,429 sample nights remained (2016 = 2,657; 2017 = 5,573; 2018 = 6,199). | recorded
6,834 nights with acoustic observations of big brown bats; 4,038 nights with eastern red
bats; 3,131 nights with hoary bats; 2,27¢hts with silverhaired bats; 2,088 nights with
little brown bats; 1,513 nights with northern leegred bats; 654 nights with Indiana
bats; and 2,287 nights with-tolored bats. | sampled 92 Julian days and 845 sites (mean
nights per site = 17.1 + 0,600,972 nights of those nights between JD152 and JD213. |
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. | sampled
523 sites in forest80 sites along edges, 170 within wetlands, and 72 sites in open areas
(Table 3.1).

At PRWI, | sampled 36 sites on 68 USFW@&mpliant JDs (mean nights per site
=37.3+£1.7; Table 3.2). | sampled 29 nights along edges; 1,101 nights in forests; and 214
nights in wetlands. Northern lorgared bats were present in 114 samples (8.5%). Within
ROCR, | sampled 119 sites on 71 USR&npliant JDs, with a mean of 37.5 + 1.3

nights per site (Table 3.2). | 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 USFW&ompliant JDs, with a mean of 29.9 £ 3.3 nights per site (Tablel 3.2).
samped for 341 nights in or near wetlands; 102 nights along edges; 1,374 nights in
forest; and 275 nights in open areas. Northern-lsrgd bats were present in 598

samples (28.6%).

Most regionwide 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), | determined that including
simulations O 15 night s -widetsimoalians Haveverp at i al b
since longterm sampling occurred in PRWI, ROCR and SHEN, | included all values of
sampling effort from 1 to 60 nights. However, | note that with the exclusion of
precipitation nights, some temporal simulations had fewer nights per period.

Minimum effort requied for detection varied by species and grouping category
(Figures 3.6 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 require (Figures 3.5 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
sanple 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, silverhaired, little brown, and titolored bats (Figure 3.7). Physiographic regio
as a binning category had little influence on the minimum effort required for detecting
big brown, eastern red, hoary, and sitaired bats (Figure 3.7). For many species,
including the Indiana and northern leegred bats, the least effort neededdigection
was within the Blue Ridge Mountains (Figures 3.5, 3.7; Table 3.4).

Sample effort for northern lopgared 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). Additionally, SHEN required far less sample effort to detect
northern longeared 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 isattributable 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 northerfong-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 longeared bats within 8 nights of sampling per site (Figure 3.11).

The PRWI USFW&ompliart occupancy model had a level of effort of 28.4
nights for 95% probability and 22.7 nights for 90% probabilijy=(0.68,p = 0.12), but
the allweather model required 259.4 nights for 95% probability and 250 nights for 90%
probability, as it had occupanoy nearly 1 but low detectiorq(= 1, p = 0.08). Both

occupancy models in ROCR indicated that northern-eargd bats were present
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throughout the park] = 1) and the detection estimates were similar (all weather = 0.10;
USFWS = 0.12). Because occupam@s 1,1 could not calculate the levef-effort
required. In SHEN, the aleather model@ = 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
(Q=10.91,p=0.30) had a level d@dffort 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 @ffior$t
species may be due to issues with forest clutter impacting det@obieb et al. 2015pr
due to the breadth of this habitat category. Forested sites were the most common land
cover thraighout the region, though the stand size and terrain of forested sites varied
greatly. The lower effort required to document Indiana and northerrelaregl bats in
open areas was also unexpected, as they have been typically found in forests or along
edgegThomson 1982, Caceres and Barclay 2000, Owen et al. 2003, 2004, Ford et al.
2005, Menzel et al. 20050Ithough Brookg2008)did not find a significant difference
between the number dyotisspp.echolocation calls between habitat types, that author
had sorted open areas with water into the open category, whereas | placed such sites into
the wetland category. Hence, my findings may be influenced by the low number of open
sites relative to forestegites. Additionally, given the imprecise nature of automatic
software species identification, particularly in settings with potential presence of multiple

Myotisspecies and eastern red bdtsmen et al. 2015, Russo and Voigt 2016, Ford
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2017, Austin et al. 2019, Nocera et al. 205®me falsgositive 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 mmstting, i.e., at Fort A.P. Hill in
Caroline County, Virginia on the Piedme@bastal Plain Fall Lin€Kalen et al. 2015, St.
Germain et al. 2017, Barr 2018, Deeley and Gorman 2018, Kalen Rég&y et alin
review . 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 | identified in order to detect Indiana bats appears
unrealstic, particularly within much of the Piedmont where the species is largely
assumed to be absdfilvis et al. 2017)

Even within areas of known northern leagred 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 numbetesf &$
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 northeradealgoat
captures than SHEN in terms of both absolute numbers and reproduction, but comparable
captures per netting evefitalen 2018 Deeley et alin reviewa). Perhaps disconnects
between acoustic and netting results regard their spatial context: PRWI and ROCR are
smaller, mostlycontiguous forests surrounded by urban and suburban landscape, whereas
SHEN has larger diversity of terrain and is surroundedtbgr contiguous forests. If

northernlonge ar ed batsé roosting and foraging
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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. Relatedlgnnot discount sampling

bias, as PRWI and ROCR sites were much closer injyaria proximity than sites at

SHEN, which may have impacted detection. Again, regional bat communities as shaped
by the vagaries of contrasting surrounding landscapes, andrbatwoty 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 nuber 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 docunented in other evaluations of survey deglgackenzie and Royle 2005,

Fischer et al. 2009, Froidevaux et al. 2014, Andersen and Steidl 2019, Luymes and
ChowFraser 2019)l suggest that surveyors optimize effort by adding survey sites versus
adding additional niglstat individual sites. Financial calculations for increases in sites
versus nights can be used to determine optimal survey @ffoitievaux et al. 2014,
Tarugara et al. 2019although impacts upon detection within naive surveys would be
unknown, power estimates based on variable detection may aid in survey design
(Guillera-Arroita and LahozMonfort 2012)

| note that my simulations do not identify the amount of effort required to
determine habitat associations or parameterize occupancy models basedewel|silata
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 biasd based on sample location choice (e.g., not sampling within open areas,
assuming that equal effort within laiedver types will have equal detection) or against
rare species (e.g., by not sampling enough sites within an area). Monitoring programs
often utlize 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 questiiiadenmayer and Likens 2010)hen
designing a survey or monitoring program, detectability should be accountedtfor wi
survey methods intended to eveut differential detection, taking detection covariates
into account or estimating detectabil{®ollock et al. 2002, Meyer et al. 2011pcation
specific detectability must be calculated, especially for rare species; otherwise,
combining data acrossl@ge geographic range could cause large biddeger et al.
2011, Meyer 2015)

The large differences in minimum effort among species highlight the importance
of researchers developimagpriori determination of relative detectability with the
intended survey methods ancespi es of i nterestds rarity and
Comparing acoustics with mistetting and dayoost observationis West Virginig Ford
et al.(2016)found that modeled bditabitat associations greatliffdred based on the
presencenly data collection techniques. In Australia, combination of survey designs
would work best to document bat communitigkeyer et al. 201). European bat
monitoring guidelines provide specisgecific sampling methodologBattersby 2010)
Considering experiences in other taxa, for arthropods, including bee communities, habitat

type influenced the sampg effort required to document divers{iMissa 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 eggsegWilcox et al. 2017)Additionally,
surveys with sample sizes too small to detect smaller populations use can lead to
incorrect coclusions about habitat associatigsinin and Gaston 20123s found in a
survey of pine martendfartes martekin Scotland oll et al. 2016)

My analyses indicate that current guidelines with either USHvdS8dated
Indiana bat surveys or NABAT efforts may not require enough sample sites under all
survey conditions, and my occupancy model results indibate8tsampling 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 #)ksurveyors would need to
sample 112 nights under USFWS northern {eaged bat gidelines. According tony
simulations, this sampling effort may be adequate if each site were sampled for < 3
nights. However, if accounting féieintensive survey of an area of known presence
(Deeley et alin review g, a naive survey would likely require more sites. Althoudiul
not assess NABat protocol explicitiynote that sampling for 4 nights at 4 sites be
inadequate for detecting northern leeared bats withithe NPS parks with known
presence. Because NABat is intended to track bat population trends over broad spatial
and temporal scales, sampling effort musthigh 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 abundamceret aredevel 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 Juliani&fysnd 22720167 2018

wherein bat echolocation data was recorded. Samples were collected in the District of Columbia,
Maryland, Pennsylvania, Virginia, and West Virgiatadincluded nights with no preipitaiton

and minimum nightly temperatures L@

Samples Land cover Sites
P 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 Juliah3fagsd 22720161

2018 wherein bat echolocation data was recordédentified samples as falling between or
outside of Julian days 135227, before or after Julian day 135, or before or after Julian day 227.
Samplesnclude nights with no precipitaiton and minimum nightly temperatureg >a6d

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
Between 36 1,122

— Jblsar 213 Outside 31 292
? JD 152 Effge 2(15 11’22;)4
JD 213 E";‘;Z:e ig 11%;2
e T 3
o w2 S0 o g0
JD 213 Eff‘;‘;:e 133 34,197817
Z JD152i 213 %Be‘i%id? gg 141,%%7
t'% pisz  See el
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 b5 digints, to detediorthern longeared bat

(Myotis septentrionalishased on simulated species accumulation curves. Simulations were based on passive acoustic data collected in
the District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia, R@IHE.8. Simulationgn whichnot all

rundetecednorthern lomg-eared bats include the mean and standard deviation (SD).

Nights PRWI m;’;\’\(’ém ROCR SHEN All Forest Open Wetland Edge mffr?‘(eSD)
1 36 297 (x0.17) 68 24 203 132 49 87 80 2.7 (x0.05)
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 (x0.03)
14 12 9 6 13 13 12 13 12 2.96 (+0.01)
15 14 8 6 14 12 12 11 11 2.95 (x0.02)
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Table 3.4.The number of sample sites required, when each site is sampled b5 digints, to detect the Indiana bMyotis sodali}
based on simulated species accumulation curves. Simulations were based on passive acoustic data collected in imthe District
Cdumbia, Maryland, Pennsylvania, Virginia, and West Virginia, 202618.

Nights All Edge Forest Open Wetland Coastal plain Piedmont Blue Ridge Ridge andvalley

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 4 9 45 13 27 30 62 20 13
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Figure 3.1.Passive bat acoustic survey sigthin 41 counties oin the District of Columbia,
Maryland, Pennsylvania, Virginia, and West Virgi@@161 2018. Sample areas include 21
National Park Service, U.S. Fish and Wildlife Service, Department of Defense, and National
Aeronautics and Space Administration landgsuand four physiographic regions (Coastal Plain,
Piedmont, Blue Ridge, and Ridge and Valley).

124



* Sites

Counties

NPS

Blue Ridge
Coastal Plain
Ridge and Valley
Piedmont

VIR G/IIN IFA

Figure 3.2.Passive bat acoustic sites surveg8d6i 2018within four physiographic regions
125



(Coastal Plain, Piedmont, Blue Ridge, and Ridge Valley). Sites are located on National Park
Service (NPS) parks) 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
127



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 smoothilESS) lines developed based on bat
speciedevel mean presence and absence by Julian day passsyealhweather conditiorsnd

b) no precipitation and >¥0@egrees. Data were collected with passive acoustic sampling from
20167 2018within the Distict of Columbia, Maryland, Pennsylvania, Virginia, and West
Virginia. Calls were identified to species by usthgKaleidoscope 4.5.0 Bats of North America
4.2.0 classifier (Wildlife Acoustickic., Concord, MA, USA) with the following species: big
brownbat Eptesicus fuscyEPFU), eastern red batgsiurus borealisLABO), hoary bat
(Lasiurus cinereusLACI), silver-haired ba(Lasionycteris noctivagan& ANO), little brown bat
(Myotis lucifugusMYLU), northern longeared batNlyotis septentrionalisMYSE), Indiana bat
(Myotis sodalisMYSO), evening batNycticeius humeraligfNYHU) and tricolored bat
(Perimyotis subflavysPESU).
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Figure 3.5.The minimumnumber ofacoustic sampling sites required to detect northernlong
earedbat (Myotis septentrionalisat 1 to 60 nights in th@) Coastal Plairb) Piedmontc) Blue
Ridge Mountainsand d) Ridge and Valley physiographic regions. Data were collected with
passive acoustic sampling from 2018018within the District of Columka, Maryland,
Pennsylvania, Virginia, and West Virgini@pecies accumlation curves included two dummy
species and nothern lomgred bats, therefore detection of the species is at mean = 3. Three
dimensional plots are drawn for simulations where the mgaties < 3 for a particular night
simulation. All samples occurred on nights without precipitaiton and temperaturgsC>10
degreesCalls were identified to species by usthg Kaleidoscope 4.5.0 Bats of North America
4.2.0 classifier (Wildlife Acousticak., 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 laodver types. Data were collected with passive
acoustic sampling from 20162018within the District of Columbia, Maryland, Pennsylvania,
Virginia, and West VirginiaY-axes are the total effort (sites x nights) arakes are the total
number of sites needed to achieve the mimimum effort for each simulation of 1 to 15 nights.
Calls wee identified to species by usitige Kaleidoscope 4.5.0 Bats of North America 4.2.0
classifier (Wildlife Acousticdnc., Concord, MA, USA) with the following species: big brown
bat Eptesicus fuscu&PFU), eastern red batgsiurus borealisLABO), hoarybat(Lasiurus
cinereus LACI), silver-haired batilasionycteris noctivagand ANO), little brown bat Myotis
lucifugus MYLU), northern longeared batNlyotis septentrionalisMY SE), Indiana batNlyotis
sodalis MYSO), evening batNycticeius humeraligfNYHU) and tricolored batRerimyotis
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
201671 2018within the District of Columbia, Maryland, Pennsylvania, Virgirand West

Virginia. Y-axes are the total effort (sites x nights) arakes are the total number of sites

needed to achieve the mimimum effort for each simulation of 1 tGdl& were identified to

species by usinthe Kaleidoscope 4.5.0 Bats of Nortmerica 4.2.0 classifier (Wildlife
Acousticsinc., Concord, MA, USA) with the following species: big brown lgptesicus fuscus
EPFU), eastern red batgsiurus borealisLABO), hoary ba{Lasiurus cinereusLACI), silver-

haired bat(asionycteris noctivgans LANO), little brown bat Myotis lucifugusMYLU),

northern longeared batNlyotis septentrionalisMYSE), Indiana batNlyotis sodalisMYSO),

evening batNycticeius humeralidNYHU) and tricolored batRerimyotis subflavysPESU).
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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 witle passistic
sampling from 2016 2018within the District of Columbia, Maryland, Pennsylvania, Virginia,
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and West VirginiaY-axes are the total effort (sites x nights) arakes are the total number of
sites needed to achieve the mimimum effort for esctulation of 1 to 15 nights for the entire
study area and 1 to 60 nights fRWI,ROCR and SHENCalls were identified to species by
usingthe Kaleidoscope 4.5.0 Bats of North America 4.2.0 classifier (Wildlife Acoubtizs
Concord, MA, USA) with thdollowing species: big brown baEptesicus fuscyg&EPFU),
eastern red bat.&siurus borealisLABO), hoary ba{Lasiurus cinereusLACI), silver-haired
batlasionycteris noctivagant ANO), little brown bat Myotis lucifugusMYLU), northern
long-eared lat (Myotis septentrionalisMYSE), Indiana batNlyotis sodalisMYSO), evening
bat (Nycticeius humeraligfNYHU) and tricolored batRerimyotis subflavyPESU).
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Figure 3.9.The minimum sampling effort and number of sites required to detettternlong-

eared batsMyotis septentrionaljswithin Prince William Forest Park (PRWI), VirginRock

Creek Park (ROCR), District of Columbia; and Shenandoah National Park (SHEN), Virginia.
identified samples as falling between or outside of Julian days 233, before or after Julian

day 135, or before or after Julian day 22-axes are the total effort (sites x nights) arakes

are the total number of sites needed to achieve the mimimum effort for each simulation 1 to 60
nights for ROCR and SHEN. Samgleere collected Julian da$85 to 227, 2016 2018 and
include nights with no precipitation and minimum nightly temperatureg XD = Julian day
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sampling per siteSamples were collected Julian d4yas to 227 irR0161 2018within the District of Columbia, Maryland,
Pennsylvania, Virginia, and West Virgini@alls were identified to species by usthg Kaleidoscope 4.5.0 Bats of North America
4.2.0 classifier (Wildlife Acoustickic., Concord, MA, USA) with the following species: big brown ligptesicus fuscyEPFU),
eastern red bat.@siurus borealisLABO), hoary ba{Lasiurus cinereusLACI), silver-haired bat(asionycteris noctivagans ANO),
little brown bat Myotis lucifugusMYLU), northern longeared batNlyotis septentrionalisMYSE), Indiana batNlyotis sodalis
MYSO), evening batNycticeius humetis; NYHU) and tricolored batPerimyotis subflavysPESU).
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Figure 3.11 Simulations for northern longared batsMyotis septentrionaljsfor 2, 4, and 8 nights of sampling per site wittah
Prince William Forest Park, Virginia; b) Rock Creek Park, District of Columbia; and c) Shenandoah National Park, Sagiplas
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were collected Julian day$2 to 213 in 2016 2018 andnclude nights with no precipitaiton and minimum nightly tempees
>10e CSolid line is the mean and dashed lines are the standard deviations of the simulations.
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Chapter 4: Using nextgeneration sequencing to evaluate the diet of big brown bats
(Eptesicus fuscusin the mid-Atlantic region

Abstract
Next-generation sequencing (NGS) can generate large genetic data sets iafeectge
manner, and has been used to identify prey items within bat feces. Big brouptiesiqus
fuscu$ diet has been wefitudied 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 fragmeantecurban mieAtlantic
landscapes and to assess the applicability of NGS for this purpose. | 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 wdslanotus Although | documented high diet variation between
survey areas, | did not note effects of urban or forest fragmentation upon the diversity of insect
prey items. All ordetevel taxa that | observed had been previously documented by
morphological identificabn-based studies, although | did document new families, genera and
species in big brown bat feces. | suggest caution in interpreting NGS results in diet studies, as |
noted numerous observations of environmental DNA within the results.
Introduction
Insectvorous big brown batEfptesicus fuscydave been associated with a range of
habitats throughout North America, including rural and urban, contiguous and fragmented forest
environmentgAgosta 2002, Kurta and Baker 1990)sect diversity and abundance vary with
urbanization and fragmentation, with the effects having positive, negative, or neutral effects
upon particlar insect specie@vila-Flores and Fenton 2005, Deichsel 2006, Frankie and Ehler

1978, Ishitani et al. 2003, Threlfall et al. 201#Yhile 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 inse¢&rankie and Ehler 1978biodiversity and bimass can decrease with
urbanization(Ishitani et al. 2003, McKinney 2008, Threlfall et al. 2Q18¥%ect diversity and
activity vary between years and within the summer with the reproductive cycles of the respective
taxa(Boiteau et al. 2000, Handley&. 2015, Hanks et al. 2014jariation in big brown bat diet
reflects their broad distribution and habitat associations, as they consume insect taxa from at
least 13 orders and 50 famili@ggosta and Morton 2003, Brack and Whitaker 2004, Hamilton
1933, Long et al. 2013, Phillips 1966, Whitaker 1972, 198k) brown bat diet varies across
continental and local spatial and temporal, scgdgesta 2002, Agosta and Morton 2003,
Whitaker 1995, 2004)Although their diet is flexible, they typically consume, and possibly select
for, ColeopterdBrigham and Saunders 1990, Griifiand Gates 1985, Hamilton 1933, Hamilton
and Barclay 1998, Whitaker 1972, 199Sgx and reproductive condition of the bat also may
impact diet due tgontrastingenergy requirements and foraging technigittesmilton and
Barclay 1998, Meral et al. 2001, Wilkinson and Barclay 1997Pregnant and lactating female
bats often forage for longer and/or have rApeguent foraging bout@ltringham 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 feditpar stomach contenfdgosta
2002) Visual methods bias results toward diffietdtdigest taxa and require high idiication
proficiency(Razgour et al. 2011Additionally, 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 ley@sffith and Gates 1985, Hamilton 1933,

Whitaker 1995) Genetic techniques, however, have identified prey to lower taxonomic levels
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and include sofbodied prey that would not be identified wittswaltechniquegClare 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 dataisedgelatively rapid, cosffective manner by
sequencing many DNA fragments simultaneo(Bkblom and Galindo 2011These techniques
have been used to analyze diet habits for several taxa, including insectivord@hbastera;

Clare et al. 2014, Deagle et al. 2010, Razgour et al.)2Blbwever, NGS results should be
evaluated critically to assess the degree to which these methods can address relevant questions
before embarking on larggcale researcfEkblom and Galindo 2011Amplification of

degraded DNA, such as thabim dead or partialkgigested animals, can be difficult and lead to

taxa misidentificationgValentini et al. 2009)Further, NGS technologies identify all items
consumedincluding taxa that are rarely or unintentionally consuififmpanon et al. 2012)

The purpose of this analysis was to document the diet of big brown bats, especially
within fragmented and urban mitlantic landscapes and to assess the potential and limitations
of NGS methods for bat diet studiéexpected 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 -l actat.i
reproductve batgAltringham 2011, Barclay 1989, Clark et al. 1993, Rintoul and Brigham 2014,
Rydell 1993) | expected that reproductive batsly engage in more opportunistic feeding
activity with possibly more prey itembalso predicted that juvenile and adult bats would have
different diets, with juvenile bats potentially experimentally consuming a larger number of taxa.
| expected that might identify new prey items or different prey distributions than were observed

in earlier visual studies.
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Study Area

Thestudy area consisted of Marine Corps Base Quantico and National Park Service
(NPS) units Antietam National Battlefield (AN), Catoctirolhtain 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 Bbgtield (MO), National Capital Parksast (NA),
Prince William Forest Park, Rock Creek Park (RO), and Wolf Trap National Park for the
Performing Arts (WO; Figure 4.1) placed Harpers Ferry National Historic Park samples into
CH, as CH runs through HF. Mae 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 diwerse, 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 agriculturstedore
and lowlevels 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 patche&snoithern portions. RO is
a mostlycontiguous 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 afadley (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 samplingnged from 2.1 35.6 °C, with western areas generally having
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lower temperatures. Precipitation was highly variable, but the region accumulated Z50nm
in 2017 and 562 1127 mm in 2018PRISM Climate Group 2019)
Methods

To obtain fecal samples for genetic analyses, | mist netted for batsdme®May and 12
August during 2017 2018. Capture and handling procedures were in accordance with Virginia
Tech Institutional Animal Care and Use protocol2d®. When | collected a bat from a mist net,
| placed the bat in a brown paper lunch bag whigemaited processing for identification of
species, age, sex, mass and reproductive condition. | identified bats to species using appropriate
dichotomous key@Menzel et al. 2002and determined their age category by observing
epiphyseal ossification and reproductive condition of females thrpalpitation of the abdomen
and condition of mammary glan@&nthony 1988, Racey 1988After releasing the bat, |
inspected the bag for feces and used a BrandTech 78088€X(ECT) polypropylene :raL
microcentrifuge tube to scoop and store the feces in 100% ethanol.

| extracted DNA from bat feces using the QIAamp Fast DNA Stool Mini Kit (Qiagen #
19593). The mitochondrial cytochrome oxidasibunit 1 CO1) gene was aniified using the
ANML primer pairs developed by Palmer et@018) -5 6
GGTCAACAAATCATAAAGATATTGG-36 (forward) and 56
GGWACTAATCAATTTCCAAATCC-3 06 (reverse). GENEWI Z, | nc. (
USA) prepared the DNA library using the NEBNext UYNA Library Prep kit following the
manufacturerdéds recommendations (Il 1l umina, San
contained PCR amplicons as inserts, barcodes for individual identification during multiplexing,
and lllumina universal adapter sequented allowed the library to bind to the lllumina flew

cell. Iligatedend epai red adapters after adenyl ation of
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cycle PCR. | then validated the DNA libraries, and the pooled DNA libraries were loaded onto
the llluminaDNA sequencing instrument according to
the samples using a 250 pakead configuration. | conducted image analysis and base calling
with lllumina Control Software on the Illumina instrument.

| then processed the DN\sequence data through AMR#Ralmer et al. 2018p associate
DNA sequences with prey taxausino et al2019) | used R packagehylosego exclude low
guality samples (with <2,000 reads) and operational taxonomic unit identifications (OTUs;
match confidence < 0.9%jcMurdie 2013, R Core Team 2019)o exclude noiprey,
environmentally derived OTUs, | eliminated all OTUs with fewer total reads tiganumber of
total reads from (nehost) chordate OTUs and all OTUs which did not occur in at least two
samples. | then reviewed the remaining OTU orders to determine whether they could be possible
prey items based on previous morphological diet studigb@nbrown bat feeding behaviors.

| identified prey diversity for all big brown bats and assessed differences between my
results and those of previous diet studies. | determined species presence within each sample by
order, family, and genus. | then aallated ShannciVeiner diversityandJaar d 6s i ndi ces
R packageregan(Oksanen et al. 2015, R Core Teami2)based on samplevel presence data
for each area and sample period (May, June, July, and August) within each area. For areas with
large effort within a relativehgmall spatial scale (GE, PQ, RO), | also calculated Shannon
Weiner diversity index &#sed 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 replicatiBompanon et al. 201,2)also calculated species
accumulation curves using R pagevegan(Oksanen et al. 2015, Roée Team 2019)

RESULTS
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| collected and sequenced DNA isolated from 286 fecal samples (2017 = 60, 2018 = 228).
Samples were from adult male € 120), femaler{= 107), and juvenile bats (males = 13,
females = 11; Supp. Table 1). Overall, | observgd5,556 readswith a minimum of 204 reads
per sample, representing 7,720 OTUs. After | 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 paifBalmer et al. 2018) documented 56 unique orders (Supp. Table
4.2). Within the data set, however, were taxa identified with-baifidencejncludingmembers
of Class Chordata, includirfgciurusspp. (Order Rodentia, squirrelXenopuspp (Order
Anura, African clawed frogs\otropis atherinoide§Order Cypriniformes, minnows),

Chiroptera (bats), andomo sapiengOrder Primata, humans). Because these are unlikely to
have been prey itemkinterpreted them as host DNA (Chiroptera) orieanimental DNA (other
orders, likely consumed with drinking water or a consequencergéminatioly, | eliminated all
taxa with number of reads less than that for the most highly represented suclStanars(
carolinensis= 21,701, grey squirrel) froniné dataset. | 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 orders8ifamilies, 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 OSbannoAWeiner diversity indiceacross units, bat
reproductive condions, and sample period (Figures 2, 3). Species accumulation curves had no
leveling of taxa at the familyand genudevels 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; $18%), a
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 ortlarel OTU readvaried within sample period
(Supp. Figure 4.1).

Elateridae (Order Coleoptera; click beetles; 46.9%) was the most common family, and
Melanotug(Family Elateridae; click beetles; 35.1%) was the most common genus (Table 4.1,
Figure 4.5). Families Carabidaeegtles), Elaterida®entatomidaéshield or stink bugs), and
Scarabaeidagscarabs) 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 logivestsities but CA had fenily-
and genudevel 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-led&iShannoAWeiner
diversity index(Table 4.3). Genukevel ShannoAWeiner divesity indiceswere similar between
GE, PQ, and RO, but Jaccardds indices indicat
and RO had large sample sizes and were sampled across the summer, the respective diet profiles
were somewhat dissimilar acragstaxonomic levels (Table 4.4). Despite high SharvWainer
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 warsequal 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-Rayl sampling period
had higler 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 (@igurenote 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; Bée 4.5). Diets of males with descended testes and non
reproductive males at GE, PQ and RO typically had higher Shaneamer diversity indices
than female bats, although lactating and padtiating females at PQ and pregnant females at RO
had relativelyhigh genudevel dietary diversity indices (Table 4.6). Juvenile bats consumed no
OTUs that were not also consumed by adults.

Discussion

| did not discover orders of big brown bat prey that had not been observed using visual
prey identification method@\gosta and Morton 2003, Griffith and Gates 1985mii@mn 1933,
Hamilton and Barclay 1998, Whitaker 1972, 199%wever, did document depredation upon
new members of families Brentidae (oak timberwénrhenodes minutysPyrochroidae (fire
colored beetl®endroides canadengjsTenebrionidae (falsmealworm beetldlobates
pensylvanicaandHymenorus picipennjsHydropsychidae (Hagen's rgtinning caddisfly
Hydropsyche hagenandHydropsyche hoffmanirable 4.1). Similar to the results of previous
studies which used visual methods, | found thanhibmers of Order Coleoptera were the most

common in terms of both abundance and occurrence across sé@nffes and Gates 1985,
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Hamilton 1933, Hamilton and Barclay 1998, Whitaker 1972, 199%)results also were similar
to those of ther DNA sequencing based studies of big brown bat diet, includinglbaB&dR
assessment conducted by Long ef2013)in Michigan and a NG®ased survey by Clare et al.
(2014)in Canada, both of which found that most samples contained Coleoptera. ranliaa,
however, Long et a[2013)and Clare et al2014)found family Carabidae more common than
Elateridae, which may be reflective of regional insect abundance and consequent diet
differences.

| did not observe the diversity within bat diets that Clare €2@lLl4)documented at all
taxonomic levels with their NGS analysis. By setting abundance thresholds bhabed®ru
abundance of taxa of environmental oridilikely excluded rarer and potentially also smaller
prey taxa. For example, unlike other visual and BDibd&ed analyses of big brown fededid
not document the occurrence of Diptera as fgposta and Morton 2003, Clare et al. 2014,
Hamilton 1933, Long et al. 2013, Whitaker 199&jhough they were present in the dataset
before | eliminated environmentalterived OTUs. Additionldy, a visual identification study of
big brown bat diet at a mine neay northern CH sites documented taxa thaid not document
(e.g., Order Diptera and Family CurculionidAgiosta and Morton 2003indicating that |
possibly excluded taxa that visual identifications would have identified.

| believe thany standards for retention of data were sufficiently strict, as all carabid
species that | documented, exc€alosoma wilcoxialso were identified ia 9year study of
Carabidae within GWSteury 2014)Additionally, in another GW survey along the Potomac
River, Flint(2008, 2011documented the two caddisfly species (Family Hydropsychidae, Order
Trichoptera that | 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, inGRhemine survey, Agosta
and Morton(2003)also identifiedAcrosternunspp. (stinkbugs).

| documented pest families, genera, and species in bat diets throughout the study area,
including within both hghly-developed and fragmented areas (e.g., NA) and highgsted
areas (e.g., CA).found Elateridae (click bugs) in diets throughout the study area, which
includedMelanotusandHemicrepidiusspp., two genera with larvae that consume crop species
(Belcher and Tenne 1987, Riley akdaster 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
speies included tarnished plant buggus lineolaris which damages crops such as strawberries
(Fragaria ananassaMailloux and Bostanian 1988yreen stinkbud\crosternum hilarewhich
damages crops such as soybdaly¢ine maxMcPherson et al. 1979and brown marmorated
stink bugHalyomorpha halysan invasive gecies within the miditlantic region that can causes
damage to a wide array of tree and crop spébledsen and Hamilton 2009\Within Family
Caabidae, | also documented crop pests such as the groundHbegtddus pensylvanicusnd
the tree pesArrhenodes minutu@-amily BrentidaeBuchanan 1960, Esau and Peters 1975, Kirk
1973)

The species accumulation curves indicated that despite the large sampling effort in some
areas, | likely did not capture the full extent of prey within any area. Therefore, any comparisons
between areas, reproductive conditions, and times must be caveatedig size. For instance,
the differences between diet taxa observed at
could have been influenced by different sample sizes among periods and reproductive

conditions.
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Unexpectedly] did not observe a coissent trend in diet composition or diversity
between sample areas as a function of habitat fragmentation and urbanization. The simiar genus
level ShannorAWeiner diversity indices withiGE, PQ, and RO may simply be reflective of the
higher samplingffort. 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 thi oé$ower
bat predation. Before whiteose syndrome (WNS), this unit had large numbers of little brown
(Myotis lucifugu¥ and northern longared Kyotis septentrionalisbats that were absent post
WNS (Johnson et al. 200®eeley et alin 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 oveglappin
dietary similarity with other units.

Although pregnant and lactating female big brown bats need to consume more calories
than norreproductive batéAltringham 2011, Barclay 1989, Clark et al. 1993, Rintoul and
Brigham 2014, Rydell 1993) found that male bats had higher diet diversity than females. |
suggest that males are foraging over longer distaiWeiisinson and Barclay 1997nd
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 beetléHarpalus pensylvanicusmerge 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 aagwed, supporting inference dépredation 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 batge a circumspect

approach to usg NGS technology as a means of identifying prey items within Chiroptera feces.

If big brown bats likely consumed DNA from Chordata and-poey insect taxa by drinking

water and exposure at roosting locations. Hence, inclusion of data based on exsilyding
instances of fAobviouso environmental contamin
predation. However, NGS technology provides a valuable new tool for identifying dietary items

and environmental diversity. Although | used PCR primer pairgudedifor Class Insecta, | still

detected Chordata species that may be of interest to land managers.
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Table 4.1.The number of samples with eachdasfound in fecal samplesdm 262 big brown b Eptesicus fusciollected

within the District of ColumbiaMaryland, Pennsylvanjand Virginig 20177 2018. (perationataxonomicunit (OTU) samples
indicate thenumber of observations with the particul@minal taxonomic identificatiofor thatOTU. Higherorder samples are the
number of samples farders and genera based on taxonomic hierarchy. Previous detedicatesreferences to previous studies
thateither detected that tam or (in parenthesgghe highetflevel identifications withirunknown lower taxa. All studies were
morphologicaly basedgxceptfor Long et al. (2003), win performel genetic analysis on insect parts. Key: H = Hamilton 1933, p =
Phillips 1966, ! = Whitaker 1972, G = Griffith and Gates 1985, s = Brigham and Sauf8ér$ ¥ Whitaker 1995, h = Hamilton and

Barclay 1998, U = Menzel et al 2000, # = Agosta and Morton
Megalgtera were formerly within Neuroptera.

. . OTU Higher Previqus

Class Order Family Genus Species order detection
samples
samples
Insecta Blattodea Ectobiidae Parcoblatta - 48 - °l(order)
ospH

Insecta Coleoptera - - - 156 238 A Fl 4 Gh
Insecta Coleoptera Brentidae Arrhenodes Arrhenodes minutus 10 -
Insecta Coleoptera Carabidae - - - 77 P A
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 - M
Insecta Coleoptera Carabidae Notiobia Notiobia terminata 25 - s}
Insecta Coleoptera Carabidae Selenophorus Selenophorus opalinus 16 -
Insecta Coleoptera Carabidae Stenolophus  Stenolophus ochropezu: 16 - M
Insecta Coleoptera Cerambycidae - 36 M
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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_ _ OTU Higher Previo_us
Class Order Family Genus Species order detection
samples
samples
Insecta Coleoptera Elateridae Athous Athous brightwelli 6 -
Insecta Coleoptera Elateridae Elater Elater abruptus 7 -
Insecta Coleoptera Elateridae = Hemicrepidius - 42 pI#
Insecta Coleoptera Elateridae = Hemicrepidius Hemicrepidius brevicollis 3 -
Insecta Coleoptera Elateridae = Hemicrepidius Hemicrepidius memnoniu 39 - M
Insecta Coleoptera Elateridae Melanotus - 13 92 VI
Insecta Coleoptera Elateridae Melanotus Melanotus decumanus 6 - H(genus)
Insecta Coleoptera Elateridae Melanotus Melanotus morosus 21 - H(genus)
Insecta Coleoptera Elateridae Melanotus Melanotus similis 67 - M
Insecta Coleoptera  Hydrophilidae - - 4 - H
Insecta Coleoptera Lucanidae Ceruchus Ceruchus piceus 12 -
Insecta Coleoptera  Pyrochroidae  Dendroides  Dendroides canadensis 10 -
Insecta Coleoptera  Scarabaeidae - - - 61 pA*#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 - Lzord;r;# U
Insecta Hemiptera Miridae Lygus Lygus lineolaris 15 - u "# U
(order)
i d i i i 60 /\*G p’ (0]
Insecta Hemiptera  Pentatomidae s# (order)
Insecta Hemiptera  Pentatomidae Acrosternum Acrosternum hilare 38 (gzn,;sl)J;
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OTU Higher Previous
Class Order Family Genus Species order detection
samples
samples
pG
(family)
pG
Insecta Hemiptera  Pentatomidae Halyomorpha Halyomorpha halys 27 - (family);
#" (order)
N p GU!
Insecta Hymenoptera Formicidae Camponotus - 19 - (fa#rml_'y);
(order)
: : . Us~! G# I
Insecta Lepidoptera Limacodidae Isa Isa textula 2 -
p (order)
: . Us~! G# I
Insecta Lepidoptera Tineidae Acrolophus  Acrolophus popeanella 17 - o (order)
Insecta Megaloptera  Corydalidae Chauliodes  Chauliodeectinicornis 4 - A (order)
Insecta Trichoptera Hydropsychidae Hydropsyche - - 10 ,Ez!rggs
ngl
Insecta Trichoptera Hydropsychidae Hydropsyche Hydropsyche hageni 10 10 ((S)'rggg
ngl
Insecta Trichoptera Hydropsychidae Hydropsyche Hydropsyche hoffmani 3 - ((S)'rggg
Mammalia Chiroptera Vespertilionidae Eptesicus Eptesicus fuscus 51 - G (order)
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Table 4.2.The proportion of big brown baEptesicus fuscus@¢cal samples within each area where dachily was detecte®01771
2018. Area abbreviations arentietam National Battlefield (AN), Catoctin Mountain Park (CA), Chesapeake and Ohio Canal
National Historical Park andafipes Ferry National Historic Park (CH), Gettysburg National Battlefield (GE), George Washington
Memorial Parkway (GW), Manassas National Battlefield (MO), National Capital fEasts(NA), Prince William Forest Park and
Marine BaseQuantico(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 o0.01
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.ShannoAWeiner diversity indices fgprey taxa withireachgeographicalnit at the
order,family, andgenuslevelsbased on 262 big brown b&gtesicus fuscusgcal samples
collected 2017 2018. Area abbreviations arentietam National Battlefield (AN), Catoctin
Mountain Park (CA), Chesapeake and Ohio Canal National Historical Pataapds Ferry
National Historic Park (CH), Gettysburg National Battlefield (GE), George Washington
Memorial Parkway (GW), Manassas National Battlefield (MO), National Capital fEasts
(NA), Prince William Forest Park and Marine Base Quantico (PQ), Rock @aaélk(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, basgueytaxa at theorder,family, and

genus levels found within 262 big brown bBpfesicus fuscydecal samples collected 2017

2018. Area abbreviations aentietam National Battlefield (AN), Catoctin Mountain Park (CA),
Chesapeake and Ohio Canal National Historical Park and Harpers Ferry National Historic Park
(CH), Gettysburg Na&wnal Battlefield (GE), George Washington Memorial Parkway (GW),
Manassas National Battlefield (MO), National Capital Pdtlst (NA), Prince William Forest

Park and Marine Base Quantico (PQ), Rock Creek Park (RO), and Wolf Trap National Park for
the Perfoming Arts (WO).

Area AN CA CH GE GW MA MO NA PQ RO
CA 0.50 - - - - - - - - -
CH 0.71 043 - - - - - - - -
GE 0.50 0.40 0.43 - - - - - - -
GW 0.60 0.20 0.29 0.50 - - - - - -

g 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
Area AN CA CH GE GW MA MO NA PQ RO
CA 0.50 - - - - - - - - -
CH 0.67 0.44 - - - - - - - -
GE 0.64 0.33 044 - - - - - - -
> GW 0.60 0.42 0.40 042 - - - - - -
% MA 0.33 0.50 0.67 0.64 0.44 - - - - -
L MO 0.33 0.64 0.67 0.64 0.44 033 - - - -
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
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 0.70 054 052 - - - - - -
& MA 0.67 0.80 0.86 0.92 0.88 - - - - -
© MO 050 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



169



Table 4.5.ShannorAWeiner diversity indices fdpat diets withireach survey areand time
based on taxa at tleeder,family, andgenus levels found within 262 big brown bBpfesicus
fuscu$ fecal samples collected 20102018. Area abbreviations arentietam National
Battlefield (AN), Catoctin Mountain Park (CA), Chesapeake and Ohio G&tainal Historical
Park andHarpersFerry National Historic Park (CH), Gettysburg National Battlefield (GE),
George Washington Memorial Parkway (GW), Manas&atsonalBattlefield (MO), National
Capital ParksEast (NA), Prince William Forest Park and her Base Quantico (PQ), Rock
Creek Park (RO), and Wolf Trap National Park for the Performing Arts (WO).

Unit Month Order Family Genus Samples
AN Juy 069 156 191 2
May 0.64 1.04 1.04 2
CA June 1.04 156 2.03 2
July 0.00 121 152 4
June 1.00 197 225 6
CH July 1.17 2.25 2.94 42
August 145 224 243 12
May 0.69 0.00 0.69 1
GE June 0.84 152 1.87 14
Juy 068 173 255 14
May 1.28 1.73 1.73 3
June 121 183 2.37 4
MA May 1.10 1.61 1.61 1
2
1
4

GW

Juy 0.00 1.10 1.10
August 1.10 1.39 1.79
NAC July 096 121 1.68
June 094 171 237 12
PQ July 133 229 272 38
August 1.20 2.01 2.22 6
May 092 193 248 20
June 1.19 224 2.65 47
Juy 062 165 2.26 22
August 064 161 161 2
WO Juy 0.00 0.69 1.10 1

MO

RO
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Table 4.6. ShannorAWeiner indices for each survey area aadhreproductive condition
category foibig brown bat Eptesicus fuscusgcal samples collected 2012018 in Gettysburg
National Battlefield (GE), Prince William Forest Park and Marine Base QudRigpand Rock
Creek Park (RO). Reproductive status of the bats: D = descended testes, Niepraductive
male; P = pregnant, L = lactating, PL = ptasitating, U = unknown reproductive status or-non
reproductive female, and Missiagdatanotrecorded ér that bat.

Unit Reproduction Order Family Genus Samples

D 078 171 241 16

L 1.15 175 2.27 6

GE NR 0.00 0.69 0.69 1
P 0.64 0.00 0.69 2

PL 000 156 191 3

U 0.00 0.00 0.00 1

D 1.30 217 2.69 19

L 095 192 244 13

NR 1.38 195 211 7

PQ P 0.69 0.00 0.00 1
PL 1.30 215 244 8

U 133 179 1.79 3

Missing 080 1.75 1.75 5

D 1.10 180 2.16 11

L 041 128 1.56 7

RO NR 097 220 293 35
P 092 191 222 22

U 035 119 161 8

Missing 1.44 225 252 8
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Figure 4.1 Batsurvey study areas where big brown Iigitésicus fuscusgcal samples were
collected between May and August 2012018. Area abbreviations are: Antietam National
Battlefield (AN), Catoctin Mountain Park (CA), Chesapeake and Ohio Canal National Historica
Park andHarpersFerry National Park (CH), Gettysburg National Battlefield (GE)prge
Washington Memorial Parkway (GW), Manassas National Battlefield Park (MA), Monocacy
National Battlefield (MO), National Capital Parkast (NA), Prince William Forefark and

Marine Base Quantico (PQ), Rock Creek Park (RO), and Wolf Trap National Park for the
Performing Arts (WO). CH and GW follow the PotonRRiwer between the two labeled points.

NA points indicate the southemost and northermost parks within thasunits.
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Figure 4.2. Samplelevel ShannofWeiner diversity indices for 262 big brown b&jpfesicus
fuscus)ecal samples collected in Antietam National Battlefield (AN), Catoctin Mountain Park
(CA), Chesapeake and Ohio Canal National Historical ParlidangdersFerry National Historic
Park (CH), Gettysburg National Battlefield (GE), George Washington Meniar&ivay (GW),
Manassas National Battlefield Park (MA), Monocacy National Battlefield (MO), National
Capital Parkg€=ast (NA), Prince William Forest Park and Marine Base Quantico (PQ), Rock
Creek Park (RO), and Wolf Trap National Park for the Performing(®@). a) Colors indicate
the time period of capture. b) Colors indicate the reproductive status of the bat captures: D =
descended testes, L = lactating; NR=-meproductive male; P = pregnant, PL = plastating,

U = unknown reproductive status or a@productive female, and Missirgdatawasnot

recorded for that bat.

174



lwy]
2e+051 vy
1e+051 8
8

OE"'OO ' | — 1 Pl |
O
2e+051 §-
1e+05- }%
0e+00 ®
T
2e+05- %_
©
1e+05 - ?_D‘*
Oe+00 a 1. .o 1n 1 1 o
3 =
% 2e+05 g
© >
S 1e+05 3
2 0
<C 0e+00 In . o
o
2e+051 =]
e
1e+051 <
@
0e+00 I Lo —
>
2e+051 t&
1e+051 g
@
0e+00 1 1 1 ©
=
2e+05+ =)
O
i ©
1e+05 §
0e+00 L_L L

Sample

Figure 4.3 Occurrences dDNA sequences fromaperational taxonomic unitd Classlnsectan
262 big brown batHptesicus fuscusgcal samples collected in the District of Columbia,
Maryland, Pennsylvanjand Virginia 2017 2018.
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a) Order b) Family c) Genus

Figure 4.4.Species accumulation curves with standard error buffers for prey taxa observed in
big brownbat Eptesicus fuscus@cal samples collected 20102018 at thea) 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 Creel ariellow).
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