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Abstract While some bats cover long distances during mi-
gration, moving thousands of kilometers, most migratory bats
are considered regional migrants, thought to move relatively
short distances (< 500 km) between hibernacula and maternity
sites. However, behavior can vary considerably among spe-
cies and our understanding of these movements has largely
been limited to banding studies or detailed tracking of small
numbers of bats by aircraft. Inferring population-wide behav-
ior from small samples is difficult and can introduce bias. We
tagged 108 Indiana bats (Myotis sodalis) in the Midwestern
US and used a regional network of radiotelemetry receivers to
study movement patterns. With this dataset, we tested the
following traditional generalizations about regional migrants:
(1) bats move away from hibernacula in spring in all directions
with known maternity roosts, e.g., in a star-like pattern; (2)
bats follow linear landscape features; (3) long-distance move-
ments are uncommon; and (4) autumn migration comprises a
single movement from summer maternity site to winter hiber-
naculum. In spring, bats left the hibernaculum immediately
and primarily moved north despite available maternity roosts
in all directions. We found no evidence that bats follow rivers,
the predominant linear element in the landscape. Only six
tagged bats traveled > 100 km, suggesting that longer-
distance movements may be outliers. In autumn, only two bats
visited multiple known hibernacula, and after swarming, some
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females moved > 100 km to areas without known hibernacula.
Common generalizations about regional migrant movements
may not be representative of population behavior and care
should be taken with respect to management decisions based
on those assumptions.
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Introduction

While some bat species undertake latitudinal migrations of >
1000 km, as in migratory birds, most temperate migratory bat
species are thought to share behaviors loosely categorized as
regional migration (Fleming and Eby 2003; Griffin 1970;
Krauel and McCracken 2013). In the traditional view of re-
gional bat migration, individuals depart in spring from hiber-
nacula and disperse in all directions across the landscape in a
“star-pattern” (Griffin 1970; Hutterer et al. 2005). In autumn,
individuals return to hibernacula, where mating occurs during
a behavior known as swarming (Fenton 1969, 1970; Kerth
et al. 2003; Veith et al. 2004). Migration distances are shorter
than for long-distance migrants, typically <500 km (Bisson
et al. 2009; Fenton 1970; Kerth et al. 2003; Veith et al. 2004).
Little is known about migration routes and speed, primarily
due to difficulties of tracking individual bats across the land-
scape. Some evidence suggests that during regional migration,
bats may follow landscape features, for example rivers; in
Poland, Myotis daubentonii flew north in spring and south in
autumn along a river (Furmankiewicz and Kucharska 2009),
and in Spain, Miniopterus schreibersii used a river for orien-
tation after release (Serra-Cobo et al. 2000). Finally, regional
migrant bats may fly at faster speeds during migration than
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during foraging (Davis and Hitchcock 1965; Humphrey and
Cope 1976; Tuttle 1976).

This traditional understanding of regional migration behav-
ior includes many generalizations that may lead to bias. First,
regional migration is often interpreted as synonymous with
shorter-distance migration (explicitly or implicitly) and con-
trasting long-distance migration. However, banding data dem-
onstrate that some individuals in regionally migratory species
can travel > 500 km (Myotis sodalis, Rockey et al. 2013;
Mpyotis lucifugus, Fenton 1970, Norquay et al. 2013; Myotis
grisescens, Tuttle 1976; Myotis brandtii and Miniopterus
schreibersii, Hutterer et al. 2005). At the species level, migra-
tion distances are often reported using the maximum docu-
mented distance, but actual movement distances by individual
bats are likely to be highly variable and the extent to which
these longer-distance movements represent typical behaviors
is unknown. In one well-studied system (Miniopterus
schreibersii), maximum observed migration distance is ap-
proximately 200 km, but 80% of individuals in the population
moved <60 km (Rodrigues and Palmeirim 2008). Such a
highly skewed distribution suggests that describing regional
migrations using maximum documented distances (Bisson
et al. 2009; Fleming and Eby 2003; Krauel and McCracken
2013) may introduce a biased perspective. When allocating
limited conservation resources, it is important to understand
the distribution of movement behaviors in the population rath-
er than the longest documented distances. For example, if
reported longer-distance movements are common, conserva-
tion priorities may suggest allocating resources to protecting
flyways. However, if movements are primarily focused at
short distances around hibernacula, resources would be better
allocated to local protections around hibernacula.

Another generalization of regional migration is that bats
follow a typical “to-and-fro” model of migration with a single,
defined start and endpoint of migration (Dingle 2014), but a
growing body of literature suggests this may be an oversimpli-
fication. Many regionally migratory species are thought to hi-
bernate at the same location used for swarming (Fenton 1969;
Humphrey and Cope 1976; Laval and Laval 1980; Norquay
et al. 2013; Randall and Broders 2014); thus, autumn migrato-
ry movements are often considered to end with arrival at
swarming sites (Fenton 1969; van Schaik et al. 2015).
However, several regional migrants appear to follow a modi-
fied to-and-fro pattern (Dingle 2014), visiting multiple hiber-
nacula during the swarming season (Humphrey and Cope
1976; Rivers et al. 2006) and hibernating elsewhere (Rivers
et al. 2006). Myotis lucifugus travel as far as 800 km between
hibernacula in the same season (Fenton 1969) and M. sodalis
may similarly visit multiple hibernacula during swarming
(USFWS 2007). This behavior may also be sex biased, with
males and females arriving at different times (Cope and
Humphrey 1977; Myers 1964). Therefore, the migration track
between summer habitat and ultimate hibernation site can
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greatly exceed the minimum straight-line distance between
mark and recovery points. Regional migration has traditionally
been studied with mark-recapture methods, which do not cap-
ture more complicated movement patterns (Ellison 2008). As
many authors have recognized (Fleming and Eby 2003; Griffin
1970; Hutterer et al. 2005; Krauel and McCracken 2013), band
recoveries oversimplify movement patterns and are not able to
detect more complex modified to-and-fro migration patterns.
Another question that remains largely unanswered is the
speed of migration. Migration speed can be considered at
two scales: (1) flight speed and (2) the rate at which animals
travel across the landscape over the course of the entire mi-
gration, accounting for flight paths that deviate from the
shortest straight-line distance, daily stopovers, and potentially
extended refueling stopovers. Long-distance migrants such as
Nyctalus noctula moved an average of 270 km/night in
Germany (Hutterer et al. 2005), and simulations suggest that
Lasionycteris noctivagans could move at a similar rate
(McGuire et al. 2012). Conversely, Pipistrellus nathusii
moved an average of 47 km/night (Hedenstrom 2009).
Species differences in migration rate of long-distance migrants
are poorly understood, and our understanding of regional mi-
grants is similarly understudied. Movement decisions by re-
gional migrants may differ from those of long-distance mi-
grants given the relative potential nightly movement distance
compared to total migration distance, and the better ability
track local conditions because of the shorter distances.
Several regional migrants are classified as threatened or
endangered in parts of their range (e.g., Myotis capaccinii,
Myotis dasycneme, M. grisescens, M. lucifugus, Myotis
septentrionalis, M. sodalis, Perimyotis subflavus). Thus, opti-
mal allocation of conservation resources is particularly impor-
tant, but our current interpretations of migration patterns may
be prone to potential generalization-based biases. We used a
regional-scale radiotelemetry array to study the movement
patterns of an endangered regional migrant, M. sodalis, in
the Midwestern US. Previous banding studies in this region
have identified several movements >400 km, connecting ma-
ternity colonies in Michigan to hibernacula in southern
Indiana and Kentucky (Kurta and Murray 2002; Kurta and
Rice 2002; Rockey et al. 2013; Winhold and Kurta 2006).
Furthermore, movements in this region appear to follow a
north-south direction (Gardner and Cook 2002; Pettit and
O'Keefe 2017) rather than the star-like pattern expected for
regional migrants (Griffin 1970; Hutterer et al. 2005). We
examined the following traditional generalizations about re-
gional migrants in this system: (1) bats move away from hi-
bernacula in spring in all directions with known maternity
roosts, e.g., in a star-like pattern; (2) bats follow migratory
routes, possibly along linear landscape features; (3) long-
distance movements documented by banding (> 400 km) are
uncommon; and (4) autumn migration comprises a single
movement from summer maternity site to winter
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hibernaculum. In addition, we determined estimates of migra-
tory flight speed and migration rate (movement rate across the
landscape over longer time intervals) to provide further con-
text to patterns of regional migration.

Methods
Study area

The M. sodalis Midwest Conservation Region includes
Indiana, Ohio, Kentucky, Tennessee, Alabama, and
Michigan (USFWS 2007), and we focused on a subset of that
area centered on Indiana, where longer-distance regional mi-
gration movements have been documented (Gardner and
Cook 2002; Kurta and Murray 2002; Rockey et al. 2013;
Winhold and Kurta 2006). This area includes large tracts of
forest preserves surrounding known M. sodalis hibernacula
and maternity roosts, which comprise likely travel corridors.
The dominant linear landscape elements in the study area are
rivers. The Ohio River is the primary river in the region and
flows within 6 km of one of our primary study sites,
Wyandotte Cave in southern Indiana, one of the largest
M. sodalis hibernacula (USFWS 2007).

Automated radiotelemetry array

We deployed a regional-scale automated radiotelemetry array
to study M. sodalis migration. We established a network of

stationary radiotelemetry receivers deployed both locally
around targeted hibernacula to capture departure and arrival
behavior and regionally to capture migratory movements. We
collected regional movement data at two lines of radiotelem-
etry receivers in east-west turnstiles across Indiana and west-
ern Ohio (Figs. 1 and 2). Towers in the turnstiles were placed
approximately 26 km apart to maximize total distance covered
while maintaining a high likelihood of detecting bats that flew
past these towers. Detection range depends on a variety of
local factors including topography and vegetation. Based on
limited testing with similar equipment in a mountainous, for-
ested area of Alaska, we were able to detect ground level
transmitters at a distance of >4 km (Boyles and McGuire,
pers. obs.). In a more similar geographical context to our
study, the maximum detection range of a tagged animal was
determined to be approximately 14 km (McGuire et al. 2012).
Most of our turnstile tower locations were in very flat land-
scapes, comprised of extensive agricultural development (i.e.,
not heavily forested), and therefore, we placed our towers
based on the higher end of these detection range estimates.
The northern turnstile spanned 208 km, from ca. 60 km south-
west of South Bend, IN, to ca. 30 km southwest of Toledo,
OH. The southern turnstile was approximately 200 km to the
south, spanned 200 km across most of Indiana in spring, and
shifted 80 km eastward in autumn.

In addition to the main east-west turnstiles, we placed
towers at known maternity roosts, hibernacula, and along riv-
ers in Indiana, Illinois, Ohio, and Kentucky. Radiotelemetry
data were collected using the automated Motus Wildlife

Fig. 1 Telemetry station 42
deployments and bat movement
in spring. The central state is

Indiana. Circles represent tower

locations and short thin lines

represent the direction of antennas

(with 5 km distances). Thick lines 41
connect bat movements from the

Wyandotte Cave tagging site to

other towers where they were

detected. Each line represents a

bat movement; some lines G(
represent similar movements by 40

_9,9’—&%-% <

Rt

multiple bats. Inset shows
detailed movement around
Wyandotte Cave

39 -

38 -

o

-89 -88

-87 -86 -85 -84 -83

@ Springer



118

Mamm Res (2018) 63:115-123

Fig. 2 Telemetry station 42
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Tracking System (motus.org; Taylor et al. 2017). Stations
across the landscape (e.g., turnstiles, along rivers, regional
towers near hibernacula) consisted of a tower 8—10 m high,
equipped with 2 high-gain stacked 6-element yagi antennas
(Deppe et al. 2015). Stations at hibernacula and swarming
sites were optimized to capture local (within ~30 m) below-
canopy behavior and were generally 2—3 m tall, incorporating
a single yagi antenna with 3 or 5 elements located < 50 m from
and facing across the hibernaculum opening.

The two turnstiles were established in both spring and au-
tumn migrations, and local tower deployments varied between
the two seasons. In spring 2015, we deployed receivers for bats
tagged upon emergence from hibernation at Wyandotte Cave
(Fig. 1 inset). We placed one radiotelemetry station inside the
cave entrance and a second station with 3 antennas 33 m high
on a tower 4.26 km southeast of the cave entrance. Four addi-
tional stations were set up around the cave to the NE, NW, SE,
and SW from 13 to 20 km away. We activated stations in
March, and turnstile stations remained active until December.
Stations deployed around Wyandotte Cave were active until
July, when we redeployed them to hibernacula. Wyandotte
Cave is 6 km from the Ohio River. To test for bats following
linear landscape elements, we put three towers adjacent to the
Ohio River, one downstream (64 km) and two upstream
(38 km and 163 km) from the cave. Along the turnstiles, two
stations each were on the Tippecanoe and Maumee Rivers, one
station was on the Wabash River, and one on the Flatrock
River. Finally, we placed a tower near a known maternity roost
158 km north of the cave, near the Indianapolis airport (Sparks
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et al. 2005). In July 2015, we placed stations at 12 key
M. sodalis swarming and hibernacula sites in Indiana (Coon,
Endless, Jug Hole, Ray’s, Twin Domes, Wallier, Wyandotte),
Illinois (Blackball, Magazine), Ohio (Preble), and Kentucky
(Saltpeter, Dixon) (Fig. 2; Kurta and Murray 2002; Rockey
et al. 2013; USFWS 2016; Winhold and Kurta 2006).

Bat capture and tagging

In spring, we used a harp trap to capture bats as they
emerged from hibernation at Wyandotte Cave. During au-
tumn swarming, we captured bats at Wyandotte Cave and
at Coon Cave, 106 km northwest of Wyandotte Cave. At
Wyandotte Cave, we used a harp trap at the mouth of the
cave, and at Coon Cave, we used mist nets around the
cave entrance. Upon capture, we weighed each bat and
recorded species, sex, and forearm length. We attached
small, digitally coded radiotransmitters (0.29 g, <5.3% of
body mass; NTQB-1 Lotek Wireless) by trimming a small
amount of fur in the intrascapular region and affixing the
transmitter with veterinary grade cyanoacrylate (Gluture
Topical Adhesive, Abbott Laboratories). Radiotransmitters
were factory configured with a 20-s pulse interval and 12/
12 programming (active for 12 h at night and dormant
during the daytime hours) to extend battery life (expected
>40 days). All animal capture and handling methods com-
plied with the US Fish and Wildlife Services WNS decon-
tamination protocols (USFWS 2016). All research activi-
ties were approved by Animal Care protocols from
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Southern Illinois University (14-034) and Texas Tech
University (15039-05), with all relevant state and federal
permits.

Data analysis

Radiotelemetry data were downloaded from each station reg-
ularly during the study period and then uploaded to a database
clearinghouse responsible for maintaining data across the
Motus system. We conducted post-processing of data, includ-
ing tag identification, tower location, antenna direction, signal
strength, date, and time using default settings in the
SensorGnome R package (Brzustowski 2016) to identify
unique detections and screen for false positives. We conducted
all analyses using the program R (version 3.2.3, R Core Team
2016). We calculated distances between station locations
using the R package geosphere (Hijmans 2015). We estimated
theoretical minimum power speed and maximum range speed
for M. sodalis by generating a power curve using the program
FLIGHT (Pennycuick 2008) based on our observed body
mass values in spring and wing morphology from Norberg
and Rayner (1987). We accepted all default values other than
entering body mass, wing area, and wing span.

Results

We attached transmitters to 55 M. sodalis (all female) in spring
at Wyandotte Cave and 69 M. sodalis (48 female, 21 male)
during swarming in autumn at Wyandotte and Coon caves.
After tagging, we re-detected 52 of the bats tagged in spring
and 48 of the bats tagged during swarming; 29 bats were
detected at sites away from their tagging location.

We tested the generalization that bats depart in spring in
random directions by comparing departure detections at
four towers 12-20 km around the hibernaculum. All but
one bat left the Wyandotte Cave area within 22 min of
tagging and did not return; the only exception was one
bat detected 2 days after tagging and not detected thereaf-
ter. Bats departed primarily to the north and not in random
directions (Rayleigh & Watson’s tests p < 0.01). The towers
NE and NW of the cave detected 13 bats, while the towers
to the SE and SW only detected 1 bat (binomial test, p =
0.0018). There was no directional pattern among the bats
that departed to the north (4 detected NE, 9 detected NW,
binomial test p=0.27).

We examined the importance of linear landscape features
during migration using detections at towers along rivers. No
bats were detected at any of the six turnstile stations adjacent
to rivers. In spring, two bats traveled 32 km southeast to a
station along the Ohio River, one briefly in passing but the
other bat was detected repeatedly over 25 days. Neither bat

was detected by towers near the hibernacula, subsequently
further up or down the river, nor at any other stations.

We used the number of tagged bats detected > 400 km from
the hibernaculum, and also detections at stations farther than
100 km apart, to assess how common such long-distance
movements were. No bats were detected after traveling >
400 km from the hibernaculum. Six bats traveled > 100 km
during the study. In spring, one bat traveled 158 km northward
from Wyandotte Cave, two other bats covered 111 km, and a
fourth moved 104 km (Fig. 1). During autumn swarming, two
females flew north (121 and 104 km, respectively) away from
swarming sites and were detected along the southern turnstile
(Fig. 2). These bats were not recorded at any swarming sites
after initial tagging.

If autumn migration comprises a single movement from
summer maternity site to winter hibernaculum, then bats
should not move across the landscape after swarming at hi-
bernacula. We placed transmitters on bats at a high-use
swarming site and looked for detections of those bats at other
known swarming sites at distances ranging from 4 to 480 km
from the tagging site. Bats tagged during swarming at
Wyandotte Cave were repeatedly detected at that site on many
subsequent nights over 3 weeks following tagging. Male bats
were more likely to revisit swarming sites than females (64%
of tagged males, 12% of tagged females). Only two bats vis-
ited multiple hibernacula. Both bats were male and each vis-
ited one adjacent hibernacula. One bat briefly visited a cave
4.3 km to the northeast and the second bat visited a site 8§ km
to the southeast (Fig. 2 inset).

While only two bats visited multiple hibernacula, we found
other evidence that some bats move greater distances in au-
tumn than would be expected in the simple to-and-fro migra-
tion model. Four bats tagged during autumn swarming were
subsequently detected at sites to the north, away from any
known swarming locations (Fig. 2). Two bats made long-
distance trips from Wyandotte (104 and 121 km N), and two
bats tagged at Coon Cave were detected 42 km NW and 30 km
N, respectively.

We estimated flight speeds during migration using bats
with detections at multiple towers. Because both multi-
night and very short distance flights could introduce errors
related to detection range, we restricted analysis of flight
speed to same-night intermediate-range flights that mini-
mize the likelihood of detection-range-based outliers. We
have two records of bats that traveled intermediate dis-
tances: both traveled a distance of 32 km, over a period
of approximately 2 h (137 and 118 min). The flight speed
of these movements was 3.91 and 4.53 m/s, respectively.
The flight power curves we generated predicted a maxi-
mum range speed of 11.2 m/s and minimum power speed
of 5.50 m/s. There was considerable variation in the mi-
gratory rate for bats covering > 100 km, with bats moving
6.9-92.5 km/day.
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Discussion

This study was one of the largest to date to attempt to track
migrating bats at a regional scale (Davis and Hitchcock 1965),
and the results challenge some traditional assumptions about
behavior of regional migrants. We found little support for
some expected behaviors, and we observed unexpected move-
ment patterns. Because our study was designed to optimize
detection of specific behaviors, the lack of evidence of those
behaviors suggests regional migration is more complicated
than simply short-distance movements radiating into, and
away from, a central hibernaculum.

In spring migration, bats left the hibernaculum primarily
northward (Fig. 1) despite presence of known maternity colo-
nies within 50 km south of the hibernaculum. This is consis-
tent with earlier studies showing a northward bias in spring
movements (summarized in Gardner and Cook 2002). With
no lines of towers south of the cave (compared with the two
lines of towers to the north), it was not possible for us to detect
long-distance movements to the south. However, there was
clear directionality in departure direction indicated by the
towers near the hibernaculum. While many bats generally
appear to depart northward during spring migration, we can-
not determine if bats follow a common migratory route.
Detections were approximately equal to both the northeast
and northwest. We also found no evidence that bats follow
rivers, the dominant linear landscape features in the study
area. The paucity of detections at towers near rivers suggests
M. sodalis disperse across the landscape during migration
rather than following rivers or other routes.

The goal of a regional-scale radiotelemetry study is to de-
scribe movements probabilistically, by tagging large numbers
of individuals and considering both detection presences and
absences (Taylor et al. 2017). Based on previous band recov-
eries for bats in the study area (Kurta and Murray 2002;
Rockey et al. 2013), we expected some bats to cross our turn-
stile lines while migrating > 400 km between hibernation and
summer areas to the north. However, we detected few bats
making movements > 100 km, and the longest detected move-
ment was only 158 km. If long-distance movements were
common, we might not detect the full extent of those move-
ments, but we would expect to pick up a greater number of
bats at towers located at intermediate distances away from the
hibernaculum. Our study was designed to detect such move-
ments, and because so few were detected, our results suggest
those long-distance movements are uncommon. There are
limitations with this technology such that if bats migrate in a
manner that limits detection (e.g., if they use valleys or heavily
wooded areas to migrate, or during daylight hours when trans-
mitters were not active), we may have missed them. However,
such obstacles were most common at the sites around
Wyandotte Cave, where we detected many bats. Many of the
towers in the turnstiles were in landscape with flat terrain,
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where detection distance and probability would be maxi-
mized. Detections of other species (Goémez et al. 2017) on
our towers confirm the efficacy of the towers. Thus, our data
suggest that common movement distances are similar to those
observed in other parts of the species’ range (< 100 km,
USFWS 2007). Britzke et al. (2012) found high variability
in catchment sizes for even small hibernacula, suggesting that
generalizing movement distance based on longest document-
ed distance or even regional species averages may lead to bias
in conservation strategies.

There are many outstanding questions about behavior dur-
ing migration, including foraging activity and the use of ex-
tended stopovers (McGuire et al. 2012). Migratory flight be-
havior may differ from foraging behavior in multiple ways,
including flight speed, altitude, linearity, and duration, but
there is very little information about migratory flight behavior
in any bat species (Hedenstrom 2009). We estimated one as-
pect of that behavior, flight speed, over an intermediate dis-
tance. If this flight was not linear, the speeds of 3.91 and
4.53 m/s would be underestimated. They are much closer to
our predicted minimum power speed, 5.50 m/s, than the pre-
dicted maximum range speed of 11.2 m/s. Theoretical esti-
mates suggest bats would use minimum power speed for for-
aging and maximum range speed for commuting or migration
(Fleming and Eby 2003; Grodzinski et al. 2009; Hedenstrom
2009). Contrary to generalizations about speed used by re-
gionally migrating bats (Davis and Hitchcock 1965;
Humphrey and Cope 1976; Tuttle 1976), our results suggest
that M. sodalis does not fly faster during migration than while
foraging. However, the rate at which bats travel across the
landscape is more relevant than simple flight speed. Our re-
sults indicate that regional migrants are capable of maintaining
migratory flight for extended periods. One bat flew 111 km in
1.2 days, suggesting that some bats cover > 50 km/night.

Previous studies have suggested swarming behavior might
complicate bat movement across the landscape during autumn
migration (Fenton 1969; Humphrey and Cope 1976; Laval
and Laval 1980; Norquay et al. 2013; Randall and Broders
2014). Movements among hibernacula during swarming ap-
pear to be uncommon. Still, we did detect a few movements
across the landscape during the swarming period, supporting
the idea that autumn migration is more complex than a simple
to-and-fro movement. Two males were detected at hibernacula
near the swarming site where they were tagged. Conversely,
four females tagged at swarming sites were subsequently de-
tected at stations to the north, away from known hibernacula.
Such movements have been documented in the past
(Humphrey and Cope 1976; Myers 1964), but it is still unclear
if they are common or what the purpose of such movements
might be. Males visiting multiple hibernacula may be seeking
to increase varied mating opportunities. However, the reasons
for females to migrate to a hibernaculum and to then fly
100 km away from known hibernacula are unclear.
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Finally, our results provide additional insight into regional
migration behaviors and strategies. One possible explanation
for our low detection rates is that M. sodalis migrate near the
ground. Flying close to the ground in a forested region, as
M. sodalis are known to do while foraging (Laval and Laval
1980), is likely to limit detection distances. Migrating silver-
haired bats (Lasionycteris noctivagans, Jonasson 2017;
Jonasson and Guglielmo 2016; McGuire et al. 2012), hoary
bats, and eastern red bats (Lasiurus cinereus and L. borealis,
Jonasson 2017; McGuire, unpublished) are all readily detect-
ed by automated radiotelemetry stations such as those we
deployed. More importantly, high-flying migratory birds
tagged in other MOTUS network studies (Gomez et al.
2017) were detected by many of our stations, demonstrating
the effectiveness of our towers. Thus, we conclude the lack of
detections was not related to faulty equipment, but rather a
biological phenomenon. If migrating M. sodalis remain close
to the ground, it may partially explain the lack of long-
distance movements that we observed.

Conservation implications

This study has important conservation implications for
M. sodalis and potentially other regional migrant bat species.
First, our results support previous work showing that long-
range movement of regionally migrating bats is relatively un-
common (Rodrigues and Palmeirim 2008). Migration dis-
tances are likely to be highly skewed, with most individuals
traveling short distances, while only a small number of indi-
viduals make longer-distance movements. Thus, descriptions
or classifications based on maximum migration distance are
likely to be, at best, misleading and may skew conservation
efforts toward protecting a small number of individuals who
are outliers in migration behavior. If most bats in a population
remain closer to hibernacula, conservation efforts based on
limited funds may be better allocated by protecting a larger
buffer around hibernacula rather than attempting to cover ex-
tensive flyways. As with other skewed distributions (e.g., age
distributions), it is important to recognize that each detection
of an increasing maximum provides progressively less infor-
mation about the distribution as a whole and must be carefully
interpreted.

Second, variation in migratory flight behavior may repre-
sent risk to bats beyond those expected under traditional re-
gional migration assumptions. If the longer travel times doc-
umented in our study represent bats moving more slowly
across the landscape, bats migrating through areas including
wind farms would be vulnerable during a larger window of
time and space. If bats are flying close to the ground, they may
be more sensitive to land use changes and habitat fragmenta-
tion across their migratory route.

Third, we detected several long-distance movements af-
ter swarming. This behavior may intensify the impacts of

wind development in the region because bats may have to
navigate wind farms multiple times. This risk is further
compounded if such movements are female biased (as they
were in our study), as female mortality will have a strong
negative effect on population dynamics. Such female-biased
movements are an excellent example of the necessity of
studying migration patterns within demographic groups
rather than assuming a similar migration pattern for the
entire population.

Finally, long-distance movements among, or away from,
hibernacula during swarming may contribute to increased
transmission of WNS among hibernacula. Individual bats
may be infected with P. destructans either from substrate at
swarming sites, where the fungus is known to persist (Lorch
et al. 2013), or from interactions with other bats (Langwig
et al. 2015). Thus, movements of potentially infected bats
across the landscape can contribute to increased transmission
of the fungus among hibernacula, consistent with the rapid
spread of the fungus to all known hibernacula in newly affect-
ed regions (Frick et al. 2010).

The goal of a regional-scale radiotelemetry study is dif-
ferent than the goal of traditional airplane and automobile
tracking of bats. In this framework, which describes move-
ments probabilistically, a lack of detections also provides
important data. For this reason and others, the potential
inference of studies using this approach far exceeds the
potential inference of traditional projects based on tracking
a single individual in detail. Regional migration in bats is
common and yet more complex than traditionally assumed,
and the application of a regional-scale telemetry array of-
fers promise for answering questions important for effective
management.
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