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INTRODUCTION
Urbanization is the process of converting natural habitats to areas that are primarily

intended to benefit humafidchida et al. 2018, Beller et al. 2020, Zhang et al. 202@®an

areas comprisahigh density of structures, including hougashlic andcommercial buildings,
roads, parking lots, bridges, and railwghen et al. 2018, Li et &020a, Yang et al. 2020)
Consequently, nch of the native vegetation is cleaget often replacedith nonnatives
(Atasoy et al. 2018, Martinez et al.2X), while top soil is removed or compactaddcovered in
concrete or asphalt forming anpervioussurface to precipitatio(Shao et al. 2019, Wang et al.
2020) Thus, ve tend toperceive the urbaanvironmentasahomogeneous expanse that offers
little or no resources for wildlif¢Murray et al. 2019, Schneiberg et al. 2020, Wei et al. 2021)
For an urban environment to support hegl#tgble wildlife popudtions, itshouldprovide a
diversity of foraging resources, shelter, water sources, mating opportunities, and movement
corridors(Kilheffer and Underwood 2018, Choquette et al. 2028 lattermay be the most
important of these, arridorsenable wildlife to accedbeother resource§lones et al. 2018,
Scharf et al. 2018, Gregory et al. 202h)grate(Huang et al. 2018, Liu et al. 2021, Rycken et al.
2021) dispersgSmith et al. 2019a, Penteado 2021, GaSaachez et al. 2022and colonizer
recolonize habitgpatchegCadavidFlorez et al. 2020)

In natural habitats, the ability to move across the landscape is integral to esnudbiife
history of nearlyall speciegAllen and Singh 2016, Doherty et al. 2019, Janmaat et al. 2021)
Movement corridors are the vector that allows wildlife to move between habiti@isdefined
asa linear twedimensional landscape feata®ngwhich wildlife can travel to aess habitats
and resourceSaunders and Hobbs 1990neclassic example of animal movement is the mass
migration of over a million wildebeesténnochaetetaurinug due toseasonal changes in food

availability from the Serengeti plains to the Maasai M@uiget al. 2020b, OweiEmith et al.



2020, Stabach et al. 202Fpr many species, it is tipgesence of features in the landscape that
dictates how effectively individuals can mowtountainrangesfor instanceguidebirds
migrating to or from overwintering and breeding grou@saguirre et al. 2018, Yoda et al.
2021) The goldeneagle(Aquila chrysaetgsin western North America uses tRecky Mountain
rangeto migrate north from Wyoming to British Columbrathe Fallandviceversain the
Spring(Bedrosian et al. 2018l)ikewise, riparian habitat can serve as movement corridors
Thesdinear features provide a path along which wildlife can mowaccess habitagnd
resourcegCortes and Gillam 2020, Sahlean et al. 2020, Bateman et al. d8gLar Panthera
oncg), for instance, uses the riparian habétiaing the Yaqui Riveto accesprey anddispersen
the Sonoran DeseffRagan et al. 2023)

It is these lineafeaturesand even smaller features, suclwa®dland edgefPort et al.
2021, Telleria et al. 2021hedgerowgMony et al.2022) connected tree canopi€Belens et al.
2019) grasslandéWimberly et al. 2018, Kimberley et al. 2021, Sabatino et al. 2@G20)
discrete habitats patch@Sardiner et al. 2019, Rocha et al. 2024atcancreate pathwaysr
steppingstones (defined asmall vacant forest patches tredlow species to move between
larger forest patchgshatlink habitats and resourceBhese pathways, not only include
migratory routes, bulsodispersl (i.e.,the movemenof individuals across a landscape that
affect gene flowClobert et al. 20123and commutingAlavi et al. 2022)orridors used by
wildlife to getfrom one resource to anoth@oggins et al. 2019, Mward et al. 2022)For
example gray leafeared mouse3raomys griseoflavusglies on woodland edges to move
through a matrix of agricultural fields in Soudimerica(Spirito et al. 202Q)

Similar to agriculturestudies have shown thidiie presence afrban areas the
landscapean act as filters andalriers to movemer{Pirnat and Hladnik 2018, Qaer et al.

2019, Choi et al. 2021Filtersarefeatures in the landscag®atredwce, but not obstruct, wildlife
2



movemeni{Lerman et al. 2020, Wat et al. 2020, R&yadsky et al. 2023)Roads for instance,
act as a filter to movemeassomeindividuals are involved in fatal wildliteehiclecollisions,
while others are able wosssuccessfully{Assis et al. 2019, Chyn et al. 2021, Schmidt et al.
2021) Moreover in an urban environment the road netwas a greater negative impact
wildlife movementasa higher concentration obadswith highertraffic volumes, increase the
risk of wildlife-vehiclecollisions (Kreling et al. 2019b, Moore et al. 2020, Seiler and Bhardwaj
2020)

In contrast, barersin the landscaparefeatureghatobstructwildlife movement
(Kreling et al. 2019a, Smith et al. 2019b, Herbert et al. 2@1i)dings and densely baiup
areaswith concrete and asphalt surfacas fhysically preventnovementandaccess tother
habitat patchefCarvalho et al2018) For examplethe threatenedastern indigo snake
(Drymarchon coupejicannot disperse across pawgenifacegBauder et al. 2020)n addition,
the presence of humans can induce-predator avoidance responses, causing many sgecie
avoidareaswith high concentrationsf human activity such as urban areg6mmig et al. 2020,
Schell et al. 2021, van Bommel et al. 2022)

Cumulatively, filter and barriezffectscaused by urban development and sptzavie
hindered tle immigration and emigration of wildlifecross the landscafieusco et al. 2021)
reducedlispersal rate@Perrier et al. 2018)nterruptedmigration routegKideghesho et al.

2020) increasednortality rates(Bowne et al. 2018andhaltedgene flow(Thomassen et al.
2018) In turn,a decrease ithe abundance amtistribution(Gorosito and Cueto 2020, Deeley et
al. 2021, Delaney et al. 202 breeding succeg¥ander Haegen et al. 2018, Wang and Hung
2019, Wilder et al. 2020and survival of numerous wildlife populatioatsthe landscape scale
has beemttributed tahe presence afrban area~inch et al 2020, Freitas et al. 2020, Dri et al.

2021)



Despite thesaegative implicationsurban areamayfacilitate wildlife movement ithey
are managed, modified, addsigneceffectively (Choquette et al. 2020, Freitas et al. 2020,
Gregory et al. 2021For example, green beliSvensson et al. 2028nhdspaes(Rico-Silva et
al. 2020, Kaushik et al. 2021, Von Thaden et al12Q2arks(Greenspan et al. 2018, Han et al.
2019) cemeteriegL 6ki et al. 2019, Villasefior anAscobar 2019yesidential yardéLynch
2018) andgolf coursegWaurth et al. 2020¢anprovide a matrix of habitats and resources that
wildlife need to thrivgPétremand et al. 2017, Moraes et al. 2018, Bhakti et al. 2Z8@1)
example, green spaces provide essential stopovers sites for migrating cinnant@pateid (
cyanopteraseptentrionaliumWyckoff 2018, Mackell et al. 2021)Vhile linear features such as
fencegMartinezFonseca et al.a20), culverts(Lu et al. 2023)hedgerowgMony et al. 2022)
drainage ditche@Mazerolle 2005)walking trails(Whittington et al. 2022pr public rightsof-
way (Lynch 2019) and roadgfOuédraoget al. 2020)kan form movement corridoenabling
wildlife to traversethe urban landscag€ernandez et al. 2019)he latter three are typically
used as movement corridors when they arelineel (Ossola et al. 2019, Freitas et al. 2020, Liu
and Slik 2022)

Many speciesvithin a variety of taxonomic groups need trees to provide cover and
shelter as they move, including birdejchar et al. 2018, Amaygspinel and Hostetler 2019,
Brush 2020)reptiles(Choquette et al. 2020, Delaney et al. 202iammalgVander Haegen et
al. 2018, Moretto et al. 201,.99mphibiangMcKenzie and Cecala 2020, Wilk et al. 2020,
Simpson et al. 2021and invertebrate&le Oliveira and Schmidt 2019, Zacharyasiewicz et al.
2021, Jensen et al. 202Zhus, hroughout the urban matritke presence of treesd specific
characteristics of trees amportant towildlife movemen{Fingland et al. 2021)he tree
canopy for examplejs used byed harvester an{®ogonomyrmex barbaty® access foraging

resourcegElliott-Vidaurri et al. 2023)by eastern whigpoorwill (Antrostomus vociferodiso



return tobreedinggroundsannually(Tonra et al. 2019)andby fox squrrels (Sciurus nigeyto
evadepredatoravhile commutinglLarson and Sander 2022)ollectively, thetreeswithin an
urban areanake up what is known as the urban fosestis defined as all of the trees fouod
privatepropertiegSteenberg et al. 201,9) parksand othepublic space¢$Xing and
Brimblecombe 2020Q)andalong roadway¢Elsadek et al. 2019, USDA 2022)he ability of
many specieto move across the landscapéistated by the configuration and composition of
theurban fores{GelmiCandusso and Hamalainen 2019, Lynch 2019, Zungu et al.. 20a8@®
specifically, the connectivity of the urban forest for wildlife will depend on both structural and
functional connectivityRitchie et al. 2019, Wang and Liu 2019, Han and Keeffe 2021, Von
Thaden et al. 2021Yhestructural connectivityf this forest defined ashe physical proximity
of trees,canfacilitate the movement of wildlif@Vang and Liu 2019, Cadavieorez et al. 2020,
Kaushik et al. 2021 while itsfunctional connectivitydepends otthe ability ofspecific species
to move from one tree to ametr depending on proximiffFinch et al. 2020, Choi et al. 2021)
For example, aorthernflying squirrels(Glaucomys sabrinysancrossgapsthat areup to30 m
(Smith et al. 2013while ablack-handed spider monkéyteles geoffroyican only move if the
trees canopies of touchirflylcLean et al. 2016)Thus, dentifying the tee characteristics that
influence structural and functional connectiwiguld provide important insights into how we
might better improvéhe urban foredor wildlife.

The objective of this study was, therefore, to determine the combination of tree
charateristics that create an effective movement corridor for Wétsselected bats as they
depend on trees for many resources, including commuting routes, and their ability to move daily
across an urban landscape to access foraging, roosting, and watereesoa good indicator of
the functional connectivity of the urban forédting and Threlfall 2018, Pourshoushtari et al.

2018, Gili et al. 2020)or this study, wused thermal cameras and acoustic monitoring to
5



examinetreemetricsthat affect the ability fobats tocommute in Fort Wortland the surrounding
area,Texas, USABased on previous researcle twpothesizéthat batsvould commute
regularly along corridors with tall trees and less undulating interconnected cafiRlplesy et

al. 2017, Vasko et al. 202®y identifying the characteristics of trees that promote commuting
activity, planners and wildlife practitionecein manage and plan the urban forestprove

landscape permeability for bats and subsequently aid bat conservation in urban areas.



METHODOLOGY
To identify a set of tree characteristics that influenceatamutingactivity, we first used

existing telemetry data from VHS tracked bats in a park system and surrounding neighborhood in
Fort Worth, Texag¢Fig. 1).Using the locations of tracked bats, we createdcivity map toaid

in the initial identification opoterial study siteghat varied irbat activitylevels(seeStudy Site
Selectiorbelow).We then ispected the sites and selecB®based on bat activity aridein situ

tree canopy structurét these30 sites, we then conducted behavioral observation gsitee

confirm levels oicommutingactivity andnumber ofspeciegpresen(seeBehavioral Observation
Surveydelow). We also recorded basic tree mettriles first four weralerived from a GIS tree

canopy layeand the fifth was measure in the field. Thes#uded 1) percentanopycover,2)

canopy rugosity3) gap distance, dumof gapdistance and 5) tree heightWe thenundertooka
analysigto identifywhich treemetricsalone andn combinatiorthatincreasednd decreasduhat

commuting activity andpeciediversity.
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StudyArea

The study arewaslocated withinTarrant CountyTexasin theUnited States
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along the Trinity Traisystemincluding Rocky Creek Paylowned and opated by the Army

Corp of Engineer®Qakmont Foster, Kellis, Hartwood, and Overton parks, whigreowned

andmaintainedoy the City of Fort Worth Park and Recreation Departireamd Texas Christian

University Campus.
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Figure 2: Map of study area withonnected park systeim Tarrant County Texas, USAhe
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Rocky creek parks located on the edge of Benbrobo#ke, al4.7km? reservoir which
provides flood risk managemerstnd water storage fohe Fort Worth metro areRiparian
habitatborders theeservoirwith wooded areas extending irrestored prairidabitat(Tablel).
On the north side ddenbrook Lake, Oakmont park comprise®.38 km? section of riparian

habitat along the Clear Fork tributary of the Trinity River. The park is surrounded by the



suburban neighborhooesthin the City of BenbrookFurther north in the southwest corner of

the City of Fort WorthKellis, Foster, Overtonand HartwoodParks form an interconnectpdrk
systemcentered around a drainage digoid associatedparian habitatThis systenbranches
throughsuburban areasntil it eventually feeds into the Trinity Rivefinally, our study area
encompassed the west half of Texas Christian
This half of the campus comprises a retention pond, drainage ditch skateieeds intéhe

Trinity River, athletic fieldsassociated parking Igtandresiderme halls and other service

buildings.

Surveys undertaken in these parks and greenspaces over the past 10 years have shown
that the study area has an abundance and diversity gfiéaes, including eveninlycticeius
humeralig, eastern red_@siurusborealig, hoary (. cinereu3, Mexican freetailed (Tadarida
brasiliensis mexicanasilverhaired {asionycteris noctivagafsand tricolored Rerimyotis
subflavu$ bats(Bienz 2016, Agpalo 2019, NystromdaBennett 2019, Hall 2020The presence
of this bat community indicat that the area could be used to determine how bats effectively
and/or preferentially move across this predominantly urban landscape. We, therefore, selected 30
sites within our study area that varied in levels of bat activity and the structure ofgdotenti

movement corridors.
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Table 1: Parks and greenspaaasng the Trinity Trail systenm the study area where survey sites were locateayes were taken from
Google Earti2/30/2022

Rocky Creek Park




Study site selection

To select our study sites, we usedstingdata collected in telemetry surveys that radio
tracked28 residenteveningbatsacrosghe studyarea fron2017to 2019(Fig. 3; Hall and
Bennett 2021)In these surveys, the locations of an individual bat were recorded (referred to as
point locations) every minut@atit was successfully tracked during its primary activity bout
(from dusk for up to three houyrgveier et al. 2018, Frank et al. 2019, O'Mara et dl92€br
three to ten days:or each of the point locatiegollected a bat ID, date, and confidence value
was provided from the aforementioned stullye latter value was a measure of the confidence,
wherethe highestvalue (maximum 12) asallocated to point locations where a bat had been
radio tracled effectivelyto alocalewithin a <5 nt area.To maximize the accuracy of the bat
locatiors used to determine levels of bat activity in the following analyseonly included bat
pointlocatiors (n=7580 with confidence valuesf 12.

Using ArcGIS Pro version 2.9.2 (ESRI Inc., Redlands, CA), we collated this subset of bat
point locations to create a map of bativity (Fig.4). Tobuildthe map,w used t he OPO
Statisticsd tool i n tihAcGEHPm toidlmeate ha difergns t T o o |
concentrations of bat activity across the studys tool sunmedthe number of point locations
within a 150 m radius circle at 20 x 10 mresolution. We reclassified the resulting raster into 21
classes using natural breaks by gppln g t he 06 Re c | a SmtialfApafyst Tool® | , al
toolbox(Fig.5a) . We then converted this raster into

in the O6ConverbB)i ond tool box (Fig.
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Next, we used local convex hulls to excladeadrom the preliminary bat activity map
(shown inFig. 5B) wherebats were potentially not active, as they may have not been effectively
recorded during the telemetry surveys (i.e., to reduce false negaiilee§jst used the
6LoCoH. ad6 function in the 6éadehabitatHRO® pac
crede a 95%, 90%, and3% (corresponding to first, second, and third standard deviations) local
convex hull from thdocations (Fig6). Forthisadapti ve function, we def
to be 7 km, representing the distance between the two farthestqoations used in our styd
We thenselected to use the 90% local convex hull, as the 95% hull appeared to include more
areas with no bat activity recorded and the 70% hull excluded more areas with low levels of bat
activity that could potentially besed in the study.

Finally, we usedhe 90% LoCoHbat activity map to select 15 study sites that varied in
levels of bat activity. For this selection process, we first excluded all sites from the activity map
that could not be readily accessed and suidesiech as private residence. We combined two
shape filegaken from the City of Fort Worth websitenvgw.fortworthtexas.ge): 1) line layer
delineating the streets in the study area and 2) the polygon layer outlining the park ssfstem (
back toFig. 3). We created a 10 m buffer around the limethe former layeto represent the
extent of surveyable area associated with the streets. We then merged both polygon files and
added areas that we knew we could access (e.g., TCU owned areas and prejeit)esye
t hen wused t h eAnaly§ld Togthdxo tlip the conibined tayereof accessible areas

from the bat activity mapHg. 8).
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To ensurdat commutingactivity could be effectivelyassociatedavith specifictree
metrics (described below)we selected study sites that were located within five discrete levels of
bat activity:0%, 25%, 50%, 75% and 100%. These were based on thet Attivityclasses with
natural breaks used to create the bat activity (Rap 8). Thus, 0% represented all areas that fell
within classes 1 and 2, 25% represented areas within cla3sé&®% encompassed classes 10 to
12, 75% included classes 15 to 17, and 100% activity occurred in classes 20 and 21. We then
removed all classes that weret included above from our modified activityap (Fig. 9).

To select sites, we visited areas in each class to identify sitieotiid be feasibly
surveyed. Suitable sites comprised a 10 m by 10 m area bordered by a linear feature which bats
could potatially use to commute (e.g., tree or vegetation line, wall, or bank). To be surveyable,
sites needed to have a clear field of view for a distance of 20 m from the linear feature,
technicians and equipment set ups needed to be safely positioned (p&aceadtin the middle
of a road), and set ups could not cause an obstruction (i.e., equipment could not be placed on
pedestrian and bike trails). Based on these crit2biaites were selectealithin the modified
activity mapandan additional 5 sites weeelectedn areasalong the Trinity Trail (Fig. 2)hat
were known to have similar levels of bat activagyone othe five aforementioned classes

(Bienz 2016, Smith 2019Thus, a total of 30 survey sites were selected (Fig. 10).
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Behavioral observation surveys and acoustic monitoring
We conducted behavioral observation surveys and acongtitoring atl5 study sites
from June to September in 202&dat arother 15 sites frorfMarch through May 202®

encompass thentireperiod wherbats areactive in the study are@Agpalo 2019, Nystrom and

Bennett 2019, Hall and Bennett 202Je surveyed two sites simultaneously, as a paired study,

to help identify and account for any anomaliiesctivity associated with variations in abiotic
conditions such as moon illuminatiafyasquez et al. 2020, Appel et al. 2023imilarly, as
there are known conditions in which batsrenot active, v did not conduct surveys when
temperatures were <5 | were>24kankr(Brersei2016, Hall and o r
Bennett 2021)Thus,we aimed to survey all study sites once a month on rotation with
approximately four sites surveyed in a week.

To record bat activity, we used two thermal cameraipstconsisting of an Axis Q1942
E 19mm ThermNetCam 30 FPS (Axis Communications, Lund, 8wezlrveillance cameras
mounted on a Manfrotto MTO55xPRO3 tr-ang od.
F i r e ocoldr scheme setting, a resolution of 640 by 480 pixels, and a sampling rate of 30
frames per seconét each study sitegameras we placed to record bat activity along (side
facingfield-of-view) and in front (fronfacing field-of-view) of the selectetinear feature. For
the sidefacing field-of-view, the firstcamera was setp 2 mfrom thelinear featurgointing

parallel to tlat feature, while the second camera was positioned perpendicular to the fEmture

11). To ensure bat activity was recorded within the 10 x 10 m area in front of the feature, both

cameras were placed 10 m from the corresponding edges of the ared)Bigs 2; alsosee
Huzzen et al. 202Gpr further details regarding camera fiatiview). In addition, we angled
the camera24 upwards tacapture a height at which the bats were likely to be flyitegTorrez

et al. 2018, Erasmy et al. 202Note that site specific adjustments to this angle were made to
23
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accommodate amnglopes that were encountereginally, to operate the thermal cameras, we used
a HP Compaq 8510w laptop computer via Ethernet cables and a Netgear ProBakE&st
Ethernet PoE Switch, and a lithidion battery to power the laptop and thermal camera through
the NetgeaEthernet switchAppendixA provides details of the thermal camera set up at each
site, while Table shows the sideand frontfacing field-of-views from the thermal cameras at

each site.

- «—10m ——>

10 m 10 m C

\ 10 m :

Figure 11: Schematiof thermal camera placement at study sites to capture the 10 by 10 m area
(solid square)n front of a selected linear featuisriped rectanglePositions of he side and
front-facingthermal cameras are showldse squareandacousticdetector asayellow circle.

Theextent of thehermal camera fieldf-views are shown by red arrows
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Figure 12 Equipmentset upfor A) sidefacing view and) front-facing view ofthe linear feature at study sit€edpolygonsrepresent

10 by 10 nfield-of-view surveyed for bat activity

N
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Table 2: Thermal cameraide and fronfacingfield-of-views for eaclof the 15study sits surveyed in behavioral obsatn surveys

Sidefacing Front-facing Site Sidefacing
field-of-view field-of-view field-of-view

—id

Site Front-facing field-of-view

9¢Z



: Side-facing Front-facing . Side-facing N ,
Site field-of-view field-of-view Site field-of-view Front-facing field-of-view
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Front-facing

Sidefacing
field-of-view
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To record bat echolocation calls at giesduring thebehavioral observatiosurveyswe
used aBAT iIFR-IV integrated field recordewrith microphondrom Binary Amustic Technology
(Bat Conservation andlanagementinc., Carlisle, Pennsylvania, USA he detector was set to
record bat calls with frequencies betwdénkHz and 192 kHio encompass the echolocation
frequencies of known bat species within our study éBesnz 2016, Agpalo 2019, Smitl®29,
Hall and Bennett 2021The aain thresholdand trigger volume were both setl#20 dBwith a 3
sec delaysetbetween recordingslong with assample rate at 256 kH3ound fileswererecorded
as4-sec standard wav fig.wav) andsaved on a8 GB USB drive The detector was placed
parallel to the center of the linear feature being surveytdits microphone angledirectly
upwards As the microphonevasomnidirectional we acknowledgehat this set up woulcecord
echolocatiorcallsbeyond thehermal cameréeld-of-view (seeProcessingor further details).
Finally, prior to the start of the behavioral observation survejnteenal clockf the acoustic
detectorsvere synced with the camer#&s addition, we alsoised an iBd with an Echometer
Touch ultrasonic microphone module from Wildlife Acoustics as a second method to confirm the
presence of batduring the surveys in reéime.

We setup and tested the equipment at least 30 minutes before the survey start time.
Surveys then started at dusk (20 mins after sunset) and lastetb tapturepeak bat activity
(Fern et al. 2018, Schimpp et al. 2018, Hall and Bennett 208Xnsure footage from the front
and side camaesweresynced effectively (selerocessingelow), weuncovered the camera lens
simultaneously when we startéte thr survey During thesesurveys, welsorecordedeal
time observations of bats in the thermal fiefdview and acoustic activity from the Echometer
touch, agairio aid thermal footage processing (f#ecessingelow).We alsorecorded the
following data using WeatherBug and Lunar Phase applicatemperature C), average wind

speed (km/h), gust speed (km/h), wind direction (cardinal), humidity (%), dew g@)nt (
31



barometricpressure (mbxloud cover (full, partial, or clear), moon phase, moon illumination
(%), and whether the moon was visiliate these variablgsotentially influence bat activity on
a given survey nightAppel et al. 2019, Vasquez et al. 2020, Whiting et al. 2@8dyvere only

considered ibutliers or anomalies in the data occurred.

Processing

Following each survey, we downloaded and converted@iage to m# files using
HandbrakeSoftware(version 1.5.1, HandBrake TeaRaris France). We uploaded these files to
StudioCodevideo analysis softwar@/ersion 5, Studiocode Business Group, Sydney, AUJ).
the latter we first stackethe footage fom the side and front camer@e., created a sidey-side
view), sotheycould be viewed in unison along a single timeliRggy. 13). To stack the footage
effectively, we syncethe two videost the momenthe camera leeswereuncoveredWe then
viewed the stacked footage and recorded the instances whevebapsesence in the fieldf-
view. Using a codevindow created in Studiocodee were able to log these instances along the
timelinewith the duration oachinstance. In addition, &identifieda distinct irflight behavior
not associated with commutinigpraging defined as zigzagging flight pattern with >3 tight
turns in <5 secfHuzzen et al. 2020Y o confirm the presence of bats (i.e., avoid recording non
bat objects, such as birds, moths, and dragonfiesjisedreattime bat obserations and

acoustic detections recorded during the behavioral obseratrgays
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To determine how effectively the presence of bats in the-éitidew were observed and
logged, we used a second technician to review 25% dbthage. This reviewer viewed the
stacked footage blind (i.e., could not see the initial reviewers log and without the aid of the
observed and acoustic data recorded intieed). We t hen compared the |
logged timeline againstthesecance vi ewer 6 s ti mel i ne to ascertas
the percentage of bats missed by the initial revielvexer 5% more bat observations were
made by the second reviewer, they would then view all footage to ensure bat activity was
effectivelyidentified. The results of this preliminary data analysis revealed that only 4% of bats
were not observed by both reviewers, indicating that the number of bats potentially unrecorded
during the analysis of the footage are unlikely to alter the findingarastudy.

Once processing was completed, @ported thenarkedtimelines into exceWe then
summed the amount of time bats were present in thedfeliew and the amount of tin{secs)
bats were observed foraging in the fieldview for each ihr suvey. To calculate the amount of
time (secs)ats werebserved commuting/hr (assumitigt all other behaviors observed were
related to commuting activities), we subtracted the amount of time bats were observed foraging
from the time bats were presenttive field-of-view.

For the sound files recorded threfield recordeywe first downloaded the files into
Sondat Scrubber softwargSonaBat 2010ipo filter and removeny files containing noise only
(such as winénd stridulating invertebrafedVe then use@ondat bat call analysis software
(SonoBat 2010 manuallyidentify bat echolocation calls among the remaining files to species
where possible.

Treemetrics
We measured) percentanopycover,2) canopy rugosity3) gap distance, 4dptal distance of

gaps presentind 5) tree height alorige 10 mfield-of-view, as well two extended sections, at
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each survey site to assegsether these metsainfluencel bat commuting activityi.e.,
connectivity) For the extended sections, we seletéadithsof 30 mand 50 malong the
potential commutingoutebecaus&0 mcorresponded witthe maximundistance bat species
known to be in the area will cross with no available cég#enmerman et al. 2012and 30 m
represented an effective intermedidfioreover, thdive tree metrics were selected, as they
represented characteristics of trees that were knowrfltencebat commuting activityFern et
al. 2018, Heim et al. 2018, Moretto et al. 20FYr instance, studies have shown ttatopy
cover percentag@ecreases the activity and diversity of canajgpendenspecies by offering
cover from predatioand providng structural complexity that increases bat acti(iggiley et al.
2019, Moretto et al. 2019, Tena et al. 2020contiast, canopy rugositfj.e., howlinearthe
canopy edge id)as been shown teegativelyaffect commuting activitypy reducing straighline
flight and, therefore, increases the time and energy it take to gegourcegSuarezRubio et al.
2018, Heim et al. 2018)Average gap distance (i.e., distance between tre@iem)@ndotal
distance of all gaps presaftect bat commutinpecause there is a threshold distance where bats
will not cross to anothdree canopyf it is too far away due tthefear of predatiorfZurcher et
al. 2010) This perceived riskreatas barriers or filters to movemeand therefore decreases the
bat activity and diversityArndt et al. 2018, Erasmy et al. 2021, Hooton et al. 202&tly, tree
height influence batdiversity,becausalifferent species have different flight abilities and
perceptions of riskO'Mara et al. 20195ubsequently, some species such as the eastern red bat
is dependent on the tree canopy for cover when commutinig thle Mexican fredailed bat
has less perceived risk and flies at he{@mmerman et al. 2012Moreover, studies have
shown that typicallyaller treeshave a positive influence on bat activigern et al. 2018)

To determinghese five tree metrica each of our 30 sites, wist used ArcGIS Pro

version3.1(ESRI Inc., Redlands, CAp estimate canopy cover percentage, canopy rugosity
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average gap distancand totaldistanceof gaps presentMore specifically, we used landcover
rasterderived fromNAIP imagery at 60 cm resolution with the following land cover classes:
barren, impervious roads, impervious surfaces, low vegetat@ncanopy and shrubs, and
water(Halff Associates 2022Wef i r st projected this raster
Texas N Centr al bdidreRvEconde?td] Phis (magery iato sspplygon file using
t he ORast er anhddherPremowedl but thetree oandpynd shrubs land cover class
(hereafter referred to adr@e canopy laygr Next, we creadasurvey sites layerontainingthe
3010 m by 10 ntellsrepresenting tharea within thdield-of-view for each survey siteith an
additionalfour 10 m by 10 m cellextending along the potential commuting rotatestablish

the 30 m and 50 m secti®(Fig. 14). We then used theurvey sites layesind theoriginal
landcover rasteio measure the percent canopy coveefich 10 m, 30 m, and 50 m section. For
this, weusedt he O T ab ul @ takulateraraoard of tanopyl coyar) in each celbnd
thendivided thatarea by the total area (i.e., 108,800 n?, and 500 rf) to determinea percent

canopy cover value
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Nextto calculate rugosity, and maximum and total gap distaneeisedi e &6 pai r wi s

intersecto tool to «elleaadt treecdn@pyttenrthermh(eeseafterh a d
referred to asite canopy laygr To calculate rugosity, aadapted a methaged to measure the
structure of coral res{Bozec et al. 2015)or this, ve used thesite caropy layerto create a line
that traced th&ree canopy edgier each section/Ve then divided the length of each line created
by the length of the corresponding section to determine a rugosity value for each section at each
site. Essentially his value rgpresentshelevel of clutterthe canopy creates, where 1 denotes a
straight line and >1 indicates increasing clutker gapdistancgm), wedrew a series of straight
linesbetween the tree canopiesragahepotentialcommuting routeThese lines provided the
shortest distance between two trees.tiém selected thmaxmum gap distancén each section,
as gap size influences whether bats can commute alorineeé_ OEB and O'KEEFE 2006,
Bennett and Zurcher 2018hd summed all the gap distances along each section to calotdate t
gapdistance

Lastly,we measuretheheight(m) of treesin situalong thepotentialcommuting route
using a Nikon Forestry Pro Il rangefind€or this, weused thehreepoint measurement method
while standing 30 m away from the tree; this metbaldulatel the tree height by marking the
point on the tree directly in the line of sight of the rangefinder, then marking the top of the
canopy, and finally marking the bottom of the tri&gain, we selected to usiee maximumtree
heightrecordedor ead section, as bat activity has been reported to be higher at taller more
mature trees (O6Mara et al. 2019).
Analysis

As a preliminary analysi® determine whether we need to conduct parametric or non

parametric statistics, conducted a test for normalcy. This testealed that both our
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dependent variablemnd one independent variabbere not normally distribute@ables 3-6), we

therefore opted to performon-parametric statistics in the following analysis.

Table 3: Descriptive statistics for our dependent variable: bat commuting time (Gzey).

shading indicates nemormal distribution.

Mean 11.2
Standard Error 23
Median 2
Mode 0
Standard Deviation 23.6
Sample Variance 558.1
Kurtosis 16.9
Skewness 3.7
Range 160.4
Minimum 0
Maximum 160.4
Sum 11987
Count 107
Confidence Level(95.0%) 4.5

To determine whiclreecharacteristicsalone andn combination, influenced bat
commuting activitywe first ranked sites according to ithaveragedree metric valugand
compared thisankingto theaverage time bats spent commuting per Houthe10 m, 30 m,

and 50 nsectionsat each site.
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Table 4: Descriptivestatisticsfor tree metrics in 10 m sectigarAbbreviations are as follows: percent canopy cover (PPC), rugosity value

(RUG), maximum gap distance (MAD), total gap distance (TGD), and maximum tree height (MTH).

MAD SOG PCC RUG MTH
Mean 3.7 3.7 26.2 0.9 8.1
Standard Error 0.4 0.4 2.6 0.1 0.6
Median 0.0 0.0 12.6 1.1 6.7
Mode 0.0 0.0 0.0 0.0 0.0
Standard Deviation 4.4 4.4 27.1 0.6 6.4
Sample Variance 19.3 19.5 731.9 0.4 41.3
Kurtosis -1.5 -1.6 -0.8 -0.9 -0.5
Skewness 0.6 0.5 0.6 -0.3 0.5
Range 10.0 10.0 88.6 2.0 23.6
Minimum 0.0 0.0 0.0 0.0 0.0
Maximum 10.0 10.0 88.6 2.0 23.6
Sum 385.4 392.8 27475 98.2 845.9
Count 105.0 105.0 105.0 105.0 105.0
Confidence Level(95.0%) 0.9 0.9 5.2 0.1 1.2
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Table 5: Descriptive statisticfor tree metrics in 30 m sectiarAbbreviations are as follows: percent canopy cover (PPC), rugosity value

(RUG), maximum gap distance (MAD), total gap distance (TGD), and maximum tree height (GfeM)shading indicates nerormal

distribution.

MAD SOG PCC RUG MTH
Mean 9.2 9.5 31.4 1.1 9.8
Standard Error 1.2 1.2 24 0.1 0.7
Median 1.7 1.7 34.2 1.2 10.3
Mode 0.0 0.0 0.0 0.0 0.0
Standard Deviation 12.2 12.3 24.3 1.0 7.2
Sample Variance 149.2 152.0 589.4 0.9 52.5
Kurtosis -0.8 -1.0 -1.4 5.0 -1.0
Skewness 1.0 0.9 0.0 15 0.1
Range 30.0 30.0 69.2 4.9 23.6
Minimum 0.0 0.0 0.0 0.0 0.0
Maximum 30.0 30.0 69.2 4.9 23.6

Sum 969.8 1000.1 3301.6 120.5 1027.5

Count 105.0 105.0 105.0 105.0 105.0
Confidence Level(95.0%) 2.4 2.4 4.7 0.2 14
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Table 6: Descriptive statistickor tree metrics in 50 m sections. Abbreviations are as follows: percent canopy cover (PPC), rugosity value
(RUG), maximum gap distance (MAD), total gap distance (TGD) naaximum tree height (MTH).

MAD SOG PCC RUG MTH

Mean 16.1 15.8 354 1.1 11.6
Standard Error 2.0 2.0 2.5 0.1 0.7
Median 6.0 4.7 36.6 1.2 13.8
Mode 0.0 0.0 0.0 0.0 0.0
Standard Deviation 20.5 20.3 25.3 0.7 7.5
Sample Variance 419.9 412.4 642.2 0.5 56.3
Kurtosis -1.0 -1.0 -14 11 -1.1
Skewness 0.9 0.9 -0.2 0.2 -0.3
Range 50.0 50.0 69.4 3.4 23.6
Minimum 0.0 0.0 0.0 0.0 0.0
Maximum 50.0 50.0 69.4 3.4 23.6

Sum 1690.8 1654.0 3720.9 116.5 1213.3

Count 105.0 105.0 105.0 105.0 105.0
ConfidenceLevel(95.0%) 4.0 3.9 4.9 0.1 15
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To establish whether any threshotdat influenced bat commuting activity within each
tree metricoccurred we per f or mi® tentaivelpidentify @roupd oé sitds in which
levelsof commuting activity eresimilar. Depending on the number of groups, we then used
KruskalWallis test or ManAWhitney-Wilcoxon testin R (Version 2023.06.2+56Posit
Software Vienna, Austriaito verify if these groups were significantly different freach other.

Finally, we conducted a series Gfiassification and Regression Tree (CART) analyses
using Salford Predictive Model erds CHWKRT E (v
CART analysis was useful in discerning important thresh@dsnett and Agpalo 202®)ithin
each tree metric by stratifying the frequency of bat commuting activity (continuous dependent
variable)under different combinations of tree metri¢tis methoddentifies whatmetrics in
combination influenced commuting

For this, ar dependentariable (total time spent commuting per hpuirC]) andall
independent predictofpercent canopy cov@PCC], canopy rugosityRUG], maximum gap
distance [MAD],total gap distancgTGD], andmaximumtree heighfMTH]), weretreated as
continuousMeanSquared Erro(MSE) andr? valueswere used to optimally prune the tree as
part of alO-fold crossvalidation For thisSCART analysis, we generatéureestratifiedmodel

regression trees for babmmutingactivity; one for eaa section

RESULTS
We conducted surveysom 1 June 20220 28 September 2022 and 6 March 2023 to 24

May 2023for a total of56 survey nightsDuring these surveys, wabserve bats aR7 of the 30
sites, totalindl,262recordedbccurrences of bat activity. Bats were present in the field of view
on averag®0.5+ 88.6SD sec per site per night (ranging frano 857sec). We identified bats

to be foraging ori54occasions at4 of the 30 sites o9 survey nights, whiclveragedt.4 sec
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+ 26.1SD per site per night (ranging from 1244 sec).By subtracting the foraging activity
from total time bats were presemte determined bats to be commutinglgtD8occasions,
which averaged6.1sec +62.7SD per site per nightgnging from 0 t®13sec). In the acoustic
surveys, we recordealtotal of 3023 bat callsat 29 of the 30 sites, averagir3g.6 + 38.8 S[per
site per night (ranging from 0 to 171).

From the acoustic surveys, we identifl&b commuting calls2157 seeching calls, 39
foraging cal§, and 2B feeding buzzes:urthermore,ite number oEommutingcalls ranged
from 0 to21 perhour, with an average &.7 = 4.3 perhouracrossall survey sitesThe number
of searchingcalls ranged from 0 td28 perhour, with an average &0.5+ 27 4 perhouracross
all survey sites. le number oforagingcalls ranged from 0 t62 perhour, with an average of
3.1 + 6.3 perhouracrossall survey sites. ie number ofeeding buzzesganged from 0 t@3 per
hour, with anaverage o .4 = 5.6 perhouracrossall survey sitesWe grouped commuting and
searching calls into commuting activity since it is distinct from foraging activity which included
foraging calls and feeding buzz&sx bat species were identified the suey sitesincluding
evening(n=2155of 3023), eastern re@n=386), Mexican Freetai(n=15), silver-haired(n=339),
hoary(n=88), andtricolor (n=40; Fig. 15). All six species were identified at four sites.

For the average and range of values for the five tree metrics collected for each 10, 30, and

50 m sections refer fbable?.
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Table 7: Summary of five tree metrics recorded along 10 m, 30 m, and 50 m sections of
potential movement corridors surveyed for bat commuutiyity in Tarrant County, Texas
recorded from June to September 2022 and March to May 2023

Section
10 30 50
Average 26.81 31.85 35.8
Percentcanopy
cover Std Dev 27.64 24.61 25.76
(%)
Range 0-90 0-69 0-70
Average 0.93 1.17 1.12
Rugosity Std Dev 0.64 1.02 0.77
Range 0-2 0-5 0-3
Average 3.61 9.95 16.1
Maximum gap
distance Std Dev 4.45 12.79 20.82
(m)
Range 0-10 0-30 0-50
Average 3.68 10.31 17.21
Total g?g)d'Stance Std Dev 4.48 12.9 21.24
Range 0-8 0-30 0-50
Average 8.13 9.84 9.84
Maximum tree
height Std Dev 6.64 7.36 7.36
(m)
Range 0-24 0-24 0-24
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All five tree metrics were found to influence bat commuting activity, but this depended on the
length of thesection along thpotentialcommuting routdeing consideredNVe found that

percent canopy cover infmced bat commuting activity at the, 30, and 50 m sections
(Appendix B Table BL For canopy cover in the 10 m section, we identified three separate
groups; Group 1 included all sites with 0% canopy cover, Group 2 included sites with canopy
cover >0% ugo 16%, and Group 3 had sites with >16% cover. Sites within Group 2 had
significantly more bats recorded than the other two gradeigs {6; Groupsl and 2\W=256,

P<0.01; Groups 1 and 8¥=625,P=0.711, Groups 2 and 8+=883,P=0.057).

For the 30 m sea, we also identified three groups; group 1 included all sites with
<9.4% canopy cover, group 2 contained sites with 9.4 to 42.6% canopy cover, and group 3 had
sites with>42.6% canopy coveFig. 17). Group 2 hadsignificantly higher bat commuting
activity compared to the othewb groups (Groups 1 and 2V=329.5,P<0.01; Groups 1 and 3:
W=551.5,P=0.64, Groups 2 and 8¥=1249.5P=0.022).

In the 50 m section, we identified 4 distinct groups; sites @46 cover comprised group
1, group 2 with >0% to 50.7% canopy cover, group 3 with >50.7% to 62.4% canopy cover, and
group 4 with canopy cover >626(Fig. 18). Sites witlin Group 3hadsignificantly higher bat
activity thanthe other three groug&roupsl and 2W=536 P=0.92; Groups 1 and 3v=305,
P<0.01, Groups 1 and ¥v=479,P=0.81; Groups 2 and\8~=165,P=<0.01; Groups 2 and 4:

W=479,P=0.81, Groups 3 and ¥/=262.5,P<0.01)
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We found that rugosity influenced bat commuting activity in all three sections of the
commuting route examingéppendix B Table B1)The groups identified in thE0 m section
were as followsGroup 1 included &kites with a rugosity value less than oBegup 2 had sites
with values between 1 and 1.1, &ibup 3 included sites with a rugosity greater than(Rig.
19). We found that the most bat commuting activity occurred at sites with a rugosity value
between 1 and 1 (Groups 1 and 2v=337.5,P=0.010; Groups 1 and 8¥=543.5,P=0.98,
Groups 2 and 3v=955.5,P=0.025)

In the 30 m section, we divided sites into the following three groups based on rugosity:
Group 1 which included sites with a rugosigiue less than Lroup 2 with sites between 1 and
1.3, andGroup 3 which was sites with a rugosity valuke3>(Fig.20). Unlike the 10 m section,
we found that there was significantly more bat commuting activity at sites with a rugosity greater
than 1.3(Groups 1 and 2V=485.5,P=0.95; Groups 1 and 3¥=395.5,P=0.019, Groups 2 and
3: W=545.5,P=0.047).

Again, we found 3 distinct groups of sites at the 50 m sedBoyyp 1 with sites with
rugosity values less than Group 2 with values between 1 and 1.4, @ndup 3 with sites that
had rugosity values greatitran 1.4 (Fig. 2). Justas in the 30 m section, we found significantly
more bats at sites @roup 3, which were sites with rugosity values greater thanGraups 1

and 2:W=630,P=0.72; Groups 1 and 3V=224,P=0.011, Groups 2 and 8/=488,P=<0.01)
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For maximum gap distancere foundthat this metricid not have a significant effect on
bat commuting activity at the 10 section(Fig. 2), butit did have a significant effect on bat
commuting activity at the 30 and 50 m secsiphppendix B Table B). Forthe 30 m sectign
we founda significant diffeence between the two grouga,oup 1 containing sitesith no gaps
hada significantly higher number of bats th@noup 2 containing all theiteswith gaps in the
canopy (Fig. 3; W=785,P=<0.01). Similarlyfor the 50 m sectiorwe divided sites into two
groups;Group 2 containingites with gaps an@roup 1 containingites with no gaps. We found
significantly more baté Group 2 compared to Group(Rig. 24; W=1084,P=0.01).

Similar tomaximum gap distance, total gap distance did not have a sighiéiaat on
bat commuting activity in the 10 m secti@fig. %), butthis metricwas significant at the 30 and
50 m sections (Appendix B Table B1). For the 30 m seciverfound that there was a
significant difference between two grougoup 1 withnogaps in the canopyad more
commuting activity recorded thasroup 2 with gaps in the canoffyig. 26; W=785,P=<0.01).
Similarly for the 50 m section, we divided sites into two groups; Group 2 containing sites with
gaps and Group 1 containing sites with no gaps. We found significantly more bats in Group 2

compared to Group (Fig. 27; W=1084,P=0.01).
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Figure 22 Average bat commuting activity per site (bars with £SE) recorded in behavioral observation surveys at potential movement

corridors with maximum gap distance (lines) measured dlmd@0 m sectionf the potential commuting route.

























































































































































