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ABSTRACT: During a Myotis sodalis telemetry project in Pennsylvania, USA, in 2000, road-killed M.
lucifugus were recorded and a highway survey was initiated. The purpose of this study was to assess
the level of mortality from road kills on this colony, verify which species were being killed in traffic
and examine the influence of canopy height and structure on flight behavior. On 10 evenings
between 15 May and 26 July 2001, bats were counted as they emerged from day roosts and crossed
a heavily trafficked highway en route to foraging areas. A total of 26442 bats were observed cross-
ing this highway over 9.29 h of observation. Bats used canopy cover when approaching the highway
from roosts. Where canopy cover was lacking adjacent to the highway, fewer bats were counted
crossing; where adjacent canopy was low (<6 m), bats crossed lower and closer to traffic. Motivated
by a planned highway upgrade that would extend deforestation of the highway verge, we monitored
the flight behavior of M. Iucifugus as they crossed a 55 m mowed field. Observations of more than
1700 bats revealed that a vast majority of commuting individuals fly less than 2 m above the ground
in the open field. Between 15 May and 14 September 2001, searches for road-killed bats were con-
ducted along a section of highway crossed by large numbers of bats. We collected 27 road-killed M.
lucifugus, 1 suspected M. sodalis and 1 unidentifiable Myotis sp. Subsequent genetic analyses of
mitochondrial DNA sequences confirmed the suspect bat as a federally endangered M. sodalis.
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INTRODUCTION

Almost a quarter (23.8%) of the more than 1100
described species of bats are classified as threatened
(Mickleburgh et al. 2002) and many threats to bat pop-
ulations around the world are linked to human activi-
ties. A major threat to bats worldwide is the loss of
roosting and foraging habitat, including loss or frag-
mentation of woodlands. Detrimental effects on
wildlife from highways and traffic have been docu-
mented as resulting from habitat loss, reduced habitat
quality, direct mortality (i.e. road kills) and reduced
connectivity (Wilkins & Schmidly 1980, Trombulak &
Frissell 2000, Bissonette 2002, Forman et al. 2003, Cof-
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fin 2007), but little research documents the effects of
highways on bats (Wray et al. 20095).

The impacts of highways on bats are not immedi-
ately obvious and may differ depending on the species
in question. Wray et al. (2005) analyzed impacts of a
new highway on a population of endangered greater
horseshoe bats Rhinolophus ferrumequinum in Wales.
Several negative effects were documented, including
the fragmentation of habitat through the addition of
streetlights and loss of tree cover and the severing of
commuting and foraging routes. While direct mortality
from road kills was considered, there were no recorded
road kills in this study. Other studies documenting
road-killed bats (Kiefer et al. 1995, Lesinski 2007) show
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increases in road-associated mortality in late summer,
with a particularly strong impact on low-flying species.
Despite these detrimental effects, some bat species
may be attracted to roads and roadside habitats. Many
woodland bat species forage mostly in edge habitats,
such as those provided along roadsides (Grindal 1996).
Zimmerman & Glanz (2000) showed that Myotis spe-
cies, including M. lucifugus, M. leibii, and M. septen-
trionalis, are likely to use well-defined corridors, such
as gravel and paved roads, probably for commuting
rather than foraging (Limpens et al. 1989). Herein we
document a significant impact on colonies of M. lucifu-
gus and endangered M. sodalis from road kills.

Myotis sodalis is a small brown vespertilionid that
occurs in the eastern United States from eastern Okla-
homa and Kansas, northeast to Vermont, and south to
northwestern Florida (Thomson 1982). It is distin-
guished morphologically from M. Iucifugus by its
shorter toe hairs, dull rather than glossy fur, and a
small keel on the calcar that is absent in M. Iucifugus
(Thomson 1982). M. sodalis roosts mainly under the
exfoliating bark of trees during the summer, and hiber-
nates during the winter, primarily in well-developed
limestone caves or mines. This species experienced a
dramatic decline from 1960 to 2001, losing an esti-
mated 57 % of its total population (Clawson 2002). M.
sodalis is particularly vulnerable to loss of hibernacula,
as 52 % of the total known population hibernates in just
7 caves and 1 abandoned mine in southern Missouri,
Kentucky and southern Indiana (Clawson 2002). Sum-
mer populations also suffer from habitat degradation
due to deforestation and cutting of dead and dying
trees. While the major M. sodalis hibernacula are now
protected, the continued decline of the population sug-
gests that summer habitat protection is also vital.

We report herein on a summer nursery roost contain-
ing the morphologically similar Myotis lucifugus and
M. sodalis. These colonies inhabit the attic of an aban-
doned one-room church at Canoe Creek and a nearby
artificial roost (bat ‘condo’, 300 m west of the church) in
Frankstown Township, Blair County, Pennsylvania,
USA. The 2 roosts, located at the southern extent of Ca-
noe Creek State Park, are separated from the colonies’
primary foraging area by US Route 22 (Fig. 1). The bat
condo was thought only to contain a maternity colony of
M. lucifugus; however, a lactating female M. sodalis
was live-trapped on 19 June 2001 using a 4.2 m?, 2-
bank, Austbat harp trap (Faunatech-Austbat) as it ex-
ited the condo, indicating potential maternal use by this
species (Pennsylvania Game Commission unpubl.
data). During telemetry studies in 2000 (Butchkoski &
Hassinger 2002), bats were observed crossing US Route
22 as they emerged from the roosts at dusk. Road-killed
bats were also noted. In May of 2002, the Pennsylvania
Game Commission entered a memorandum of under-

standing (MOU) with the Pennsylvania Department of
Transportation to assist in conducting a biological as-
sessment (BA) for the potential impact on M. sodalis of
highway improvements to US Route 22 at Canoe
Creek. All of the data from this study period were incor-
porated into the BA. We present count data showing
the potential impact of highway traffic on these popula-
tions and attempt to identify crucial landscape charac-
teristics and resulting bat flight behavior that may be
critical for successful conservation planning. Docu-
mented road kills are presented, illustrating the impact
of this busy highway on these maternity colonies.
Genetic analyses verify the identity of 1 road-killed
specimen as M. sodalis.

MATERIALS AND METHODS

Highway crossing counts. The highway, including
cleared land immediately adjacent to the pavement
(i.e. verges), constituted a 20 m wide corridor. After
visiting the site to ascertain where bats crossed this
corridor, 4 stations covering 150 m of highway cen-
tered on the Canoe Creek/US Route 22 bridge were
selected to observe flying bats silhouetted against the
evening sky (Fig. 1). A surveyor was positioned at each
station with a Pettersson D 100 ultrasound detector
(Pettersson Elektronik AB), tally counter and survey
form. Surveyors arrived 30 min before sunset for dusk
counts and 60 min before sunrise for dawn counts. Six-
teen crossing counts were conducted in 2001, includ-
ing 10 dusk counts (15 May through 26 July) and
6 dawn counts (22 May through 24 July). Environmen-
tal variables such as temperature, wind, and sky condi-
tions were noted prior to each count. Counts began
when the first bat crossing the highway was seen or
ultrasonically detected. Tallies were grouped by
10 min intervals until crossing activity ceased. Global
positioning systems (Models MC-GPS, Corvallis
Microtechnology) were used to document the estab-
lished station locations.

Highway crossing canopy evaluation. During the
course of the highway crossing counts, differences in
bat numbers were observed among the 4 stations.
Noticeable variance in canopy height occurred within
30 m of the north side of the highway where bats
approached from the day roosts at dusk. The south side
of the highway at the Canoe Creek crossing had con-
sistently high (>20 m) canopy cover adjacent to the
highway. Tree canopy heights were measured on the
north and south sides of the highway with a clinometer
and distance tape using standard trigonometry.

Sample collection. After each dusk and dawn count,
and on additional arbitrarily selected days, the high-
way around the bridge was searched for road-killed
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Fig. 1. Map of Canoe Creek bridge area, Pennsylvania, USA. Road-killed bat locations are given for each species, as well as the
extent of the highway along which road-kills were found. Insert is close-up of bridge area and bat count stations with road-kill
locations. 22: US Route 22

bats. Late in the study, this search area was extended
to include 2.8 km and 1.6 km of highway to the west
and east of the bridge, respectively. To conduct these
searches, a team of 2 or more individuals walked the
sides of the highway searching the verge and pave-
ment for road kills. Locations of all specimens were
fixed using GPS, and specimens were identified to spe-
cies, sex and age, when possible. Specimens were then
discarded, except 1 individual that had been run over
repeatedly and was suspected of being M. sodalis
because of a visible keeled calcar (the individual is

hereafter referred to as the ‘flat bat'). Upon return to
the lab, approximately 20 to 25 cm? of wing tissue was
taken from this bat and frozen at -80°C.

Tissue samples consisting of 3 mm wing biopsy
punches (Worthington Wilmer & Barratt 1996) were
taken from live-caught Myotis lucifugus (n = 7) and M.
sodalis (n = 46) throughout the eastern USA for genetic
comparison with the flat bat. Live bats were captured
using hand nets or mist nets in caves or buildings and,
after processing, were released on the same night at
the place of capture. Tissue samples were stored on ice
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in the field in either NaCl-saturated 20% DMSO or
silica gel dessicant.

Genetic analyses. Total genomic DNA was isolated
from all samples using a DNeasy® DNA isolation kit
(Qiagen). The isolation protocol for the flat bat (sus-
pected to be Myotis sodalis) was modified to include an
extended 72 to 96 h incubation in the ATL lysis buffer
with an additional 50 pl of proteinase K. DNA for all
samples was stored in 1/10 Tris-ethylenediamine-
tetraacetic acid (TE) following isolation and was quan-
tified using a Hoefer DyNA Quant® 200 fluorometer
(Amersham Pharmacia). Isolates were then diluted to a
standard concentration of 10 ng pl~! for PCR. PCR for
initial amplification and sequencing followed the pro-
tocols of Russell et al. (2005).

All sequences, including additional Myotis sequen-
ces from GenBank (M. ciliolabrum: AY460382 and
AY460384; M. evotis: AYA60367; M. leibii: AY460368;
Rodriguez & Ammerman 2004), were aligned using the
default settings in Clustal W (Thompson et al. 1994).
The alignment was then edited by eye in MacClade
v. 4.01 (Maddison & Maddison 2000) and cropped to a
common length of 381 bp.

We used a maximum likelihood (ML) search in
PAUP* v. 4.0b10 (Swofford 2002) to reconstruct the
relationships among sampled Myotis species and to
determine the species affinity of the flat bat. M. cilio-
labrum was used as the outgroup for all other species,
based on the relationships among North American
Myotis recovered by Stadelmann et al. (2007). The
initial ML heuristic search started from a neighbor-
joining tree and used the HKY+I" model, with model
parameters estimated from MODELTEST v. 3.7
(Posada & Crandall 1998).

A parsimony bootstrap analysis was performed to
test the hypothesis that the flat bat was Myotis lucifu-
gus rather than M. sodalis. Because the phylogenetic
analysis revealed clear genetic distinction among spe-
cies, the sample size per species was pruned for the
parsimony bootstrap to include only 5 individuals each
of M. lucifugus and M. sodalis and 1 individual each of
M. ciliolabrum, M. evotis, and M. leibii. The protocol
for this analysis followed that detailed in Russell et al.
(2008). We used Seq-Gen v. 1.3.2 (Rambaut & Grassly
1997) to simulate 100 datasets under a hypothesis
defining the flat bat as a member of the M. Iucifugus
clade. ML analyses were then performed on these sim-
ulated data and on observed data, with and without
the enforced constraint. The difference in likeli-
hood scores between constrained and unconstrained
searches was compared between observed and simu-
lated datasets, with the p-value for the alternative hy-
pothesis equal to the proportion of simulated datasets
that yielded a higher difference than the observed
datasets.

We also used distance-based analyses to examine
patterns of species affinity for the flat bat. Genetic dis-
tances among samples of known species and from the
flat bat to each sampled species were calculated in
PAUP* under the evolutionary model and parameter
estimates specified in MODELTEST.

Mapping of major travel corridors. To ensure that
surveyors were researching the most frequently used
local bat crossing area, major travel corridors were
mapped as bats exited the church and condo roosts
until the line of traveling bats dispersed and could no
longer be followed. Over the course of several dusk
emergences, a surveyor followed the traveling bats as
they exited the roosts, using a GPS unit to collect GPS
waypoints and track the bats. Depending on cloud
cover, there was sufficient visibility to follow the bats
for up to 15 to 20 min, requiring that most corridors be
tracked over multiple evenings. Due to the fragmented
landscape surrounding the roosts, travel corridors used
by emerging bats were easily identified and followed
until the bats dispersed. Waypoints were connected for
each route using ArcView 3.2 (Environmental Systems
Research Institute) and mapped (Fig. 1).

Population estimate of roosts. Pennsylvania Game
Commission personnel counted bats exiting the condo
roost on 24 May 2001; the roost was counted again by
state park personnel and volunteers on 6 June 2001.
On 28 June 2001, state park personnel and volunteers
conducted 1 exit count at the church. These dusk
counts were conducted by a number of surveyors sur-
rounding the roost structures, each with an assigned
monitoring area. The count of the larger church colony
was tallied by every 10 bats and is a coarse estimate.
The condo roost counts recorded each animal individ-
ually as it exited.

Behavior when crossing a field. Initiated by a
planned highway upgrade that would increase defor-
estation at the Canoe Creek bridge area from a 20 m to
a ca. 55 m wide corridor, a third colony was monitored
to examine flight behavior when crossing an open field.
This colony is located at the Juniata Valley High School
in Huntingdon County, Pennsylvania, USA. More than
1300 Myotis lucifugus occupy 7 bat boxes (artificial
roosts) placed 8 m high on a building and cross a 55 m
mowed field upon exiting the roost (Fig. 2). Surveyors
arrived at least 1 h before sunset. Two 8 m fiberglass
poles were erected approximately 30 m apart and in the
middle of the mowed field. Mason's string was
stretched tight between the 2 poles at heights of 1, 2, 4,
6 and 8 m. Four people were positioned across the
count area near the measuring strings, lying flat on the
ground to minimize disturbance to the approaching
bats. Each person had a separate, predetermined area
to count. Bats crossing the mowed field were tallied by
the height at which they passed between the poles.
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Fig. 2. Overhead and profile views of the Juniata Valley High School count location as bats (Myotis spp.) cross a 55 m wide
mowed field. Thick arrows indicate bat travel paths

RESULTS
Population estimate of roosts

Condo exit counts were 2200 and 2115 on 24 May
and 6 June 2001, respectively, giving an average of
2157. A total of 20683 bats were counted exiting the
church on 28 June 2001. The resulting total roost esti-
mate for the church and condo roosts combined was
22840 bats.

Mapping of major travel corridors
As bats emerged, 4 travel corridors were distin-

guished leading from the church roost and 2 from the
bat condo (Fig. 1). From the church roost, 2 parallel

travel corridors headed south along Canoe Creek and
a tree-lined road to the bridge. A third corridor headed
northeast and broke into sub-corridors going to the
lake and to reverting fields with a small stream. The
fourth church corridor headed west and then south into
forest habitat where it became widely dispersed. From
the condo roost, 1 corridor headed northeast to the
lake, and a second headed downstream along Canoe
Creek to the bridge. Downstream of the condo and
along Canoe Creek, corridors from the church and
condo roosts appeared to coalesce and a minor corridor
headed east crossing US Route 22 east of the bridge.
To evaluate these findings more thoroughly, we con-
ducted dusk searches using bat detectors and visual
observations east and west of the bridge to locate other
major crossing areas. No major concentrations of bat
activity were found other than at the bridge. On 17 and
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18 June 2002 counts were conducted west of the
bridge (Fig. 1), near where the flat bat was found in
2001, with counts of 100 and 36 bats, respectively.
Forest habitat is continuous to the west, with no obvi-
ous corridors crossing the highway. Counted bats flew
high, primarily traveling across the highway from
hilltop to hilltop. Surveyor notes indicate that bats
cross this western section of highway at random loca-
tions in the broad forested landscape; the total number
of bats crossing this section may be significant but it
was not possible to conduct an accurate count. The
highway crossing to the east of the bridge (Fig. 1) was
examined on 14 July 2003. A minor highway-crossing
corridor was found at dusk, with 251 bats tallied as
they crossed from forest habitat to the north to a tree
line on the south side of the highway. Observations
indicated that most bats stayed above the traffic at this
minor crossing.

Highway crossings

Highway-crossing dusk counts ranged from 1636 to
3351 bats during each of the approximately 40 min
evening observation periods (Table 1). Counts of bats
crossing the highway at dawn ranged from 62 to 1114
crossings (Table 1). Counts at dawn were correlated
with temperature (r = 0.978), with the lowest count on
the coolest morning (8.9°C) and the highest count on
the warmest morning (20.6°C).

Canopy heights were sampled from 30 m north of the
Canoe Creek bridge where bats approached the high-
way from the church and condo roosts. Stns 1 and 2
had consistent canopy cover >20 m high from adjacent
to the highway through 30 m to the north; Stn 3 had
cover to the north only <3m high within 15 m of the
highway and 15 to 17 m high 25 m out; Stn 4 was simi-
lar to Stn 3, except for a corridor of trees 10 to 15 m
high on the east side adjacent to a small parking lot
that ended with one 6 m tall tree adjacent to the high-
way's north verge. This tree, a common catalpa
Catalpa bignonioides, had a narrow, 5 m diameter
canopy. All stations had canopy heights of >20 m
beyond 30 m to the north. Canopy located on the south
side of the highway at the bridge crossing was consis-
tently high (>20 m) and located directly adjacent to
and occasionally overtop of the verge.

During dusk counts, most bats crossed the highway
at Stns 1, 2, and 4 (Table 1, Fig. 1), apparently avoiding
the area around Stn 3, which had the least canopy
cover for approaching bats and no cover adjacent to
the highway. Bats often crossed in traffic at Stn 4. Just
beside and to the east of the tree line at Stn 4 a small
parking lot was also avoided by bats (Fig. 1). The tree
line funnels bats to the highway at the eastern-most
sector of the Stn 4 count area. The canopy at that loca-
tion drops to 6 m at the highway with the single catalpa
tree. The bats used tree canopy along the highway
crossings as cover and favored stations with canopy
cover adjacent to the north verge. Where the canopy is

Table 1. Myotis spp. Summary of dusk and dawn crossing counts of bats over US Route 22 at Canoe Creek Bridge,
Pennsylvania, USA. Duration indicates the total observation time

Date Temp Local First/last time Duration Stn 1 Stn 2 Stn 3 Stn 4 Total
(2001) (°QC) sunset (h) bat obs. (h) (h)
Dusk crossings
15 May 18.33 20:23 20:24/21:01 0.62 536 844 243 652 2275
21 May 13.33 20:29 20:18/20:57 0.65 395 534 151 556 1636
22 May 17.22 20:30 20:13/20:52 0.65 541 790 166 739 2236
23 May 15.56 20:30 20:29/21:07 0.63 517 791 199 1053 2560
18 Jun 25.56 20:47 20:47/21:27 0.67 665 784 195 701 2345
21 Jun 23.33 20:48 20:40/21:18 0.63 669 642 154 685 2150
25 Jun 21.11 20:48 20:47/21:23 0.60 638 759 139 601 2137
8 Jul 26.67 20:46 20:43/21:22 0.65 871 1060 241 1179 3351
23 Jul 27.22 20:37 20:40/21:15 0.58 847 856 142 840 2685
26 Jul 21.67 20:35 20:40/21:08 0.47 677 550 151 542 1920
Stn totals: 6356 7610 1781 7548
Dawn crossings
22 May 13.33 5:51 5:16/5:56 0.67 46 62 25 145 278
23 May 8.89 5:51 5:11/5:30 0.32 9 21 15 17 62
19 Jun 14.44 5:43 5:05/5:29 0.40 82 141 23 173 419
22 Jun 20.56 5:43 5:02/5:38 0.60 263 317 123 411 1114
9 Jul 15.00 5:51 5:09/5:48 0.65 106 131 58 194 489
24 Jul 18.33 6:03 5:25/5:55 0.50 167 158 53 407 785
Stn totals: 673 830 297 1347 26442
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high (>20 m) and within 10 m of the highway, bats
cross well above the traffic; where the canopy is low
(<6 m), the bats cross lower and closer to traffic and are
more likely to be struck by vehicles.

The 6 m canopy height should not be confused with
bats’ flying height at Stn 4. Canopy structure appears
to influence but does not dictate the height at which
the animals travel. The canopy closest to the highway
at Stn 4 is only 5 m in width and far less robust when
compared to tall, mature trees. Bats at Stn 4 often
approached the highway below the tree height of 6 m.
During dawn counts, bats were observed flying north,
high above traffic, as they exited high canopy (>20 m)
adjacent to the highway while returning to the church
and bat condo roosts.

Behavior when crossing a field

Myotis lucifugus at the Juniata Valley High School
exited bat boxes mounted 8 m high on a building, trav-
eled 45 m flying <4 m above the ground along the side
of the building and entered a 15 m high tree line. They
then exited that tree line, crossing a 55 m wide mowed
field to a 14 m high tree line on the other side. The flight
heights of 453 and 1346 bats were recorded on the
evenings of 31 July and 8 August 2002, respectively.
The low count on 31 July was due to a thunderstorm.

On each evening at least 76 % (79.47 and 76.59 %) of
the bats crossed the field at <2 m above the ground and
more than 95% (96.47 and 95.61 %) crossed the field
flying <4 m above the ground. These heights would
place the bats directly in traffic in a highway setting.

Road-killed bats

We found 29 road-killed bats: 15 Myotis lucifugus and
1 unidentifiable Myotis sp. found at the section of high-
way near the bridge (Stns 1 through 4), 8 M. Iucifugus
and 1 suspected M. sodalis (the flat bat) found on a
section of highway 2.8 km to the west, and 4 M. lucifugus
on a section 1.6 km to the east of the bridge (Table 2).
The unidentified Myotis species was in too poor condi-
tion to be confirmed as M. lucifugus, but absence of
a keeled calcar rejected its identification as M. sodalis or
M. leibii. Therefore, it was considered to be most likely
M. lucifugus or M. septentrionalis. The suspected M.
sodalis (the flat bat) was found 1 km to the west of the
bridge, flattened and pressed into the pavement. In
addition to the adult flat bat, the total of 29 road kills
included 15 juvenile M. lucifugus, 11 adult M. Iucifugus,
1 M. lucifugus of undetermined age, and 1 unidentified
Myotis species of undetermined age. Eighteen of
these bats were female, 2 were male and 9 were of
undeterminable sex, including the adult flat bat.

Table 2. Myotis spp. Summary of road-killed bats found May to July 2001, US Route 22, Blair County, Pennsylvania, USA.
Mylu: M. lucifugus; Myso: M. sodalis; Unk: unknown; Non-repro: non-reproductive; Post-lact: post-lactational

Search Species Sex Age Reproductive condition  Area checked
dates® Mylu Myso Unk M F Unk Adult Juv. Unk Non- Post- Unk Total
repro lact
21 Jun 2 2 1 1 1 1 2 Bridge area
09 Jul 1 1P 1 1 1 1 1 1 2 Bridge area
10 Jul 1 1 1 1 1 Bridge area
11 Jul 2 1 1 1 1 1 1 2 Bridge area
14 Jul 1 1 1 1 1 Bridge area
17 Jul 1 1 1 1 1 Bridge area
18 Jul 1 1 1 1 1 Bridge area
19 Jul 2 1 1 2 1 1 2 Bridge area
23 Jul 2 2 2 2 2 Bridge area
24 Jul 1 1 1 1 1 Bridge area
29 Jul 8 1¢ 5 4 6 3 3 1 5 9 Bridge area & west
30 Jul 4 3 1 3 1 1 1 2 4 Bridge area & east
14 Sep 1 1 1 1 1 Bridge area
Total 29
“No bats found at bridge area on: May 15, 21,22, 23; June 18, 19, 22, 25; July 8, 12, 13, 15, 16, 20, 21, 22, 25, 26, 27, 28, 31;
August 1. On August 22, bridge and both areas east and west of bridge were searched with no bats found
bUnknown Myotis species. Lack of keeled calcar excludes M. sodalis and M. leibii. Likely species is M. Iucifugus or M. septen-
trionalis
‘Bat (flat bat) verified by molecular analysis as M. sodalis
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Genetic analysis of the flat bat

A large (14 to 47 bp) insertion in the sequenced
region of the mitochondrial D-loop distinguishes
Myotis sodalis from other Myotis species that have
been sampled (M. Vonhof pers. comm.). The size of the
insertion varies within M. sodalis; most (72 %) have a
45 bp insertion, 15% have a 47 bp insertion, 2% have
a 41 bp insertion, and 11 % have a shorter 14 bp inser-
tion. This character does not appear geographically
structured within M. sodalis populations (data not
shown). The sequence from the flat bat possessed the
47 bp insertion.

A maximum likelihood phylogenetic analysis (Fig. 3)
strongly supports a species topology that is entirely

——— M. ciliolabrum1
— M. ciliolabrum2

M. evotis
— MLCalifornia

consistent with that of Stadelmann et al.’s (2007) analy-
sis of North American Myotis. Monophyly of M. sodalis
inclusive of the flat bat is indicated with 100 % boot-
strap support. Monophyly of M. Iucifugus exclusive of
the flat bat is rather weakly supported (53 % bootstrap
value). Therefore, we used a parsimony bootstrap
analysis to directly evaluate the hypothesis that the flat
bat was M. lucifugus rather than M. sodalis. The nega-
tive log likelihood (-InL) score of the observed edited
tree (total sample size = 14) was 1269.51; this score
increased to 1315.80 when the flat bat was constrained
to be a member of the M. lucifugus clade. Comparing
this observed difference in —InL scores to a distribution
from 100 simulated datasets allowed us to reject the
hypothesis that the flat bat was M. Iucifugus (p < 0.01).
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Fig. 3. Myotis spp. Single most likely maximum-likelihood phylogram. Haplotypes of M. Iucifugus and M. sodalis are named
using a 3-digit individual code, species code (ML or MS, respectively), and location code (by state). The flat bat is shown in
bold print
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Distance-based analyses (Table 3) further illustrate
the species affinity of the flat bat. Average distances
within species range from 3.704 % for Myotis sodalis to
6.384 % for M. Iucifugus. Average interspecific dis-
tances range from 10.815 % between M. Iucifugus and
M. evotis to 19.076 % between M. ciliolabrum and M.
sodalis. The sole exception to this pattern is the excep-
tionally low distance (3.786 %) between M. ciliolabrum
and M. leibii, probably due to inadequate species defi-
nitions (Rodriguez & Ammerman 2004). The average
distance between the flat bat and bats verified as M. so-
dalis (4.275 %) clearly falls within the range of intraspe-
cific distances for these Myotis species, while that be-
tween the flat bat and bats verified as M. lucifugus
(17.608 %) is characteristic of interspecific comparisons.

DISCUSSION

Highways have detrimental effects on terrestrial and
aquatic wildlife (Trombulak & Frissell 2000, Coffin
2007). Adverse effects of highways include direct mor-
tality and habitat loss from construction, mortality dur-
ing operation from collisions with vehicles, modifica-
tion of animal behavior, alteration of the physical and
chemical environment, spread of exotic organisms,
and increased use of areas by humans. Collision with
vehicles is the primary cause of death of moose Alces
alces in the Kenai National Wildlife Refuge in Alaska
(Bangs et al. 1989) and of barn owls Tyto alba in the UK
(Newton et al. 1991). Road kill also takes a significant
toll on Iberian lynx Felis pardina populations in south-
western Spain (Ferreras et al. 1992), white-tailed deer
Odocoileus virginianus in New York (Sarbello & Jack-
son 1985), wolves Canis lupus in Minnesota (Fuller
1989), and American crocodiles Crocodylus acutus in
southern Florida (Kushlan 1988). While much docu-
mentation of road-kill mortality has focused on terres-
trial mammals, birds, reptiles and amphibians, the
impact of highways on bat populations has only
recently been identified (Kiefer et al. 1995, Wray et al.
2006, Lesinski 2007, Lopez et al. 2007).

Table 3. Myotis spp. Average maximume-likelihood distances (%) within and
between species. The flat bat, listed separately, is not included in samples

of named species

We document here 26442 crossings by bats of a
150 m stretch of US Route 22 in Blair County, Pennsyl-
vania over a period of 9.29 h. Bats crossing this high-
way were mostly from colonies of Myotis Iucifugus and
M. sodalis located in a nearby building and artificial
roost. We found 29 road-killed bats, including 1 M.
sodalis, during 36 d of search; however, this most likely
does not reflect the true impact of highway traffic on
these bat colonies. Recent bird and bat impact assess-
ments at wind farms identify problems with searcher
efficiency and carcass removal by scavengers (Kunz et
al. 2007, Arnett et al. 2008), which result in gross
underestimates of mortality. Myotis species are small
and carcasses may travel some distance when hit or
may travel off site on the vehicle. If thrown into road-
side vegetation, carcasses could be difficult to find and
may be removed by scavengers such as cats, opos-
sums, raccoons, foxes and crows.

Given the number of road-killed bats found (29 over
36 d = 0.81 road kills d!, Table 2), we estimate that, at
minimum, 145 bats would be lost to traffic around this
highway crossing over a 6 mo activity season (Cope &
Humphrey 1977). Given the roost population estimate
of 22 840 individuals, this amounts to only a 0.6 % high-
way mortality. However, the actual number of car-
casses found is likely an underestimate of mortality
and cannot be used reliably without correction. Arnett
(2006) compared trained dog and human searcher effi-
ciencies at 2 wind farm sites by placing bat carcasses of
different species and stages of decay within search
transects; due to varying habitat and searcher visibil-
ity, transects were mapped and 3 visibility classes
(Kerns et al. 2005) assigned. Dogs consistently found
more placed carcasses at the 2 sites: 71 and 81 % for
dogs versus 42 and 14 % for humans for each site,
respectively. If searcher efficiency for road-killed bats
is at the low end (14 %) of these wind farm rates, the
annual highway mortality could approach 5% of the
roost colony. It is likely that searcher efficiency in this
study is even lower because (1) no searches were con-
ducted in the adjacent cluttered roadside vegetation,
where vehicle impact could throw carcasses, and (2)
carcasses carried away on vehicles
would never be found. Given these
uncertainties, attempting to estimate
actual highway mortality likely would
be a costly and inconclusive task.

Species Flat M M M M M Instead, sound management planning
bat ciliolabrum evotis leibii  lucifugus sodalis to guide bats above traffic or below
bridges at highway crossings is clearly

ﬁ- ciliolabrum 1?4112573 152074776 needed to decrease mortality.

. evotis . . - .

M. leibii 17.158  3.786 11.041 B As bats exited the church é.lnd condo
M. lucifugus ~ 17.608 15387  10.815 14.194  6.384 roosts at dusk, they established de-
M. sodalis 4275 19.076  16.314 17.207 16.520  3.704 fined travel corridors when moving to
foraging areas. They consistently used
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canopy cover en route, making it fairly easy for survey-
ors to track the corridors in the surrounding frag-
mented landscape. This is consistent with the findings
of Murray & Kurta (2004), who found that radio-tagged
female Myotis sodalis did not fly over fields but used
wooded corridors for commuting, even when a
straight-line route would have been half the distance.
Use of cover on these travel corridors likely provides
protection from predators. This is emphasized again by
our results at the bridge crossing. Bats avoided Stn 3,
most likely due to lack of high canopy cover within
15 m to the north of this highway segment and lack of
cover adjacent to the verge. Conversely, the tree corri-
dor at Stn 4 provided cover for commuting bats, but did
not move bats high enough to avoid traffic. At both
Stns 3 and 4, the canopy gradually drops as it
approaches the highway with low cover adjacent to the
north verge at Stn 4 (6 m tall catalpa tree). It appears
that this single tree's low cover attracts bats that use it
as a jumping off point to cross the highway. This is con-
sistent with other recent studies showing that linear
elements of the landscape may funnel bats across
roads and lead to a non-random distribution of road
kills along roadways (Capo et al. 2006, Lesinski 2008).
Our results indicate that the best landscape feature for
bats commuting across a highway would be >20 m
high trees immediately adjacent to the highway. The
combination of cover adjacent to the highway verge,
approach cover height and cover structure need to be
more thoroughly researched to fully understand bat
highway-crossing corridors.

One would expect that more road-killed bats would
be found near Stn 4 and possibly Stn 3, due to the
higher numbers of bats crossing at these areas (Fig. 1).
Unfortunately, the project was not designed for this
necessary precision. Future surveys should place mea-
sured survey markers along the search route for refer-
ence, especially where travel corridors are close
together —such as at the bridge crossing area. The cir-
cumstances involved in the actual bat—vehicle impact
were not researched here, but given the disproportion-
ate mass involved between the 2 colliding objects, it is
probable that the carcasses would not be deposited
immediately at impact points; stations at the bridge
crossing are likely too close in proximity to correlate
with carcass locations. It is recommended that at least
100 m or more should separate research sites selected
to correlate landscape with mortality.

Many questions on canopy use by commuting bats
still remain. How far will bats travel across a defor-
ested area from one high canopy to another without
flying near the ground? Our data suggest 20 to 30 m in
a flat landscape. How large and what structure does
tree canopy need to be for flight cover? Canopy that is
too dense would increase energy demands and may

not be used, while canopy that is too open may reduce
security and direct bats closer to the ground. Would
bats readily use newly created adjacent cover for com-
muting if the historic corridor is destroyed? Can artifi-
cial structures and/or plantings be created to manage
and direct commuting bats? It should be noted that
bats at the high school were observed flying up to
investigate the next highest mason line as they crossed
the field, suggesting an immediate response to new
structure.

The data presented here relate primarily to Myotis
species; however, similar issues are relevant for other
bat species. Searches of an 8.8 km section of US
Route 322 at the Lancaster-Lebanon County border in
Pennsylvania between 12 December 2006 and 22
November 2007 revealed 35 bats of at least 6 species,
including Lasiurus borealis (n = 15), L. cinereus (n = 1),
M. septentrionalis (n = 6), M. lucifugus (n = 6), Eptesi-
cus fuscus (n = 2), Perimyotis subflavus (n = 4), and
Myotis sp. (n = 1) (Pennsylvania Game Commission
unpubl. data).

Many of our data were collected in an attempt to rec-
ommend bat-friendly designs for a proposed highway
upgrade for US Route 22 at Canoe Creek. The Pennsyl-
vania Department of Transportation reports that traffic
demand has exceeded capacity at this location. Cur-
rent average daily traffic (ADT) counts are estimated at
8569 vehicles per day (12% trucks). ADT counts are
expected to increase to 12249 vehicles per day by
2028. The proposed highway upgrade called for a
ca. 55 m deforested width at the bridge with 2 traffic
lanes and 1 turning lane (currently there are 2 lanes).
The design would also raise the highway 3.7 m above
the existing level. A new bridge over Canoe Creek
would have an under-clearance of 5.7 m at its highest
point. Data presented here indicate that when crossing
a deforested area bats would travel closer to the
ground surface, presenting a conflict between high-
way design and bat behavior. Removal of canopy cover
used by approaching bats would likely draw them into
traffic, while raising the highway surface could exacer-
bate the effect of canopy loss. While strict highway
design standards did not allow much flexibility, various
ideas were considered, including planting tall tree spe-
cies near the edge of the highway, using vegetation to
attempt to direct bats under the bridge, placing fenc-
ing along the sides of the bridge in an attempt to direct
bat flight above traffic, and building a roost structure
on the south side of the highway. Because a colony of
federally endangered Myotis sodalis was implicated in
the planning, the US Fish and Wildlife Service had
jurisdiction in the formal consultation process under
Section 7 of the Federal Endangered Species Act.
Many of the questions posed above came into play. A
solution acceptable to all parties involved could not be
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reached. The bridge crossing area was just one part of
the project design that encompassed a 4.5 km section
of US Route 22. Currently the highway upgrade has
been cancelled.

We also document the utility of molecular and phylo-
genetic techniques for identifying the species
impacted by highways. Phylogenetic methods have
been applied to verify the species identity or popula-
tion of origin of protected species, particularly in
cetaceans, reptiles, and fish in the food and pet trades
(Roman & Bowen 2000, Palsbgll et al. 2006, Baker et al.
2007, Sanders et al. 2008). To our knowledge this is the
first application of these methods in studies of road kill.
The physical trauma, dessication, exposure and decay
experienced in most road kill cases can make DNA
extraction from these tissues more difficult than from
fresh tissue. We found that high-quality DNA was
recoverable from wing tissue given slight modifica-
tions to the extraction protocol, specifically, extending
proteinase K digestion of the tissue for up to 72 h.
Although not tested here, we anticipate that intact
muscle tissue should provide an additional source of
high-quality DNA in road-killed specimens. Genetic
identification of road-killed wildlife depends further
on the quality and detail of the reference database.
The database used here derived from an ongoing
study of population structure in Myotis sodalis; the
use of these data here perhaps illustrates the broader
utility of such phylogeographic studies.
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