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FOREWORD

On December 15, 1998, the Office of Surface Mining (OSM) signed a Memorandum of Understanding with Bat
Conservation International, Inc. in order to establish a framework for cooperative efforts between the two
organizations to maintain and increase the conservation of bats and their habitats. Under this agreement, OSM
would (1) Consider the conservation of bats and their habitats in the development and implementation of abandoned
mine land (AML) reclamation standards and recommendations to States and Indian Tribes; (2) Provide assistance in
the development of AML programs to help manage bats and their habitats; (3) For Federal Programs, monitor non-
emergency AML shaft and portal areas for bat activity prior to reclamation; (4) As appropriate, require the use of bat
gates to seal the shafts of portals where bat habitation is known and would be endangered if sealed otherwise. OSM
will encourage the States and Tribes to do the same; and (5) Promote the education of OSM staff, State agencies,
and Indian Tribes as to: the beneficial aspects of conserving bats, tested methods to safeguard bat habitat and public
health, and ways to mitigate for loss of bat roosts and habitat.

On March 1, 1999, OSM convened its first multi-agency, multi-interest group, steering committee made up of
people who have experience in this area in order to initiate planning for a technical interactive forum on the subject
of Bat Conservation and Mining.

This forum on the Indiana Bat and Coal Mining is the third in a series of Office of Surface Mining (OSM) sponsored
Technical Interactive Forums on Bat Conservation and Mining. The goal of the first forum in 2000 was to establish
a national state of the art on Bat Conservation and Mining. The second forum in 2002 was designed to develop a
manual on how to best protect important caves and underground mines used by bats through the use of gates and
other bat friendly closure devices. The goal of this forum is to focus on how to address the changing needs
associated with protecting the Indiana Bat and its habitat in association with surface coal mining.

OSM has become aware of increasing efforts by the U.S. Fish and Wildlife Service to protect the Federally
endangered Indiana Bat (Mysotis sodalis) and the need to work more closely with State Mining Regulatory
Authorities during the permitting, mining, and reclamation activities of surface coal mines that potentially impact
Indiana Bat habitat. The information provided by this forum and those that went before it should go a long way in
aiding the OSM, the U.S. Fish and Wildlife Service, and the State Regulatory Authorities in their efforts to
efficiently and effectively protect and enhance Indiana Bat habitat in association with coal mining activities.

Information provided during the forum showed a dramatic decline in the total number of Indiana bats over the last
thirty years nationwide. On a State specific basis, however, the populations are increasing in the northern States and
decreasing in the southern States. Because the reasons for these trends in population are unknown, investigations
need to be undertaken to determine what if any impact coal mining and reclamation is having on the bat populations.

Kimery C. Vories
Steering Committee Chairperson
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STEERING COMMITTEE RECOMMENDATIONS
INDIANA BAT AND COAL MINING

The following are recommendations made by the Bat Conservation Steering Committee immediately following the
end of the forum. The recommendations represent areas that have the potential for future efforts by the committee.

A

= o ® N

13.

14.

15.

16.

17.

We need more information on mitigation success.

We need better information on the real impacts in the real world.

Resources need to be provided to track the results of mitigation plans at mines.

We need better information on specific use of mine areas by Indiana Bats.

Each State needs to get all of the affected parties involved in developing State specific plans.

U.S. Fish and Wildlife Service needs to put more effort into developing standardization or requirements for
habitat evaluation.

Need to provide better educational information to the mining industry.

Are there States that need Indiana Bat protection plans that are not developing them?

We need more information on summer habitat.

The U.S. Fish and Wildlife Service can be expected to make very conservative findings until they have more
site specific data.

. The States are in need of consistent guidance from U.S. Fish and Wildlife that has been absent to date.

The U.S. Fish and Wildlife Service needs better research to determine actual impacts of mining and reclamation
to Indiana bats. The State Mining Authorities are not research organizations. A source of funding needs to be
found to plug the information gap.

We need better coordination between the State Mining Authorities, U.S. Fish and Wildlife Service, and the
Corp of Engineers on Threatened and Endangered Species issues.

We need to provide better information on how current activities to protect the Indiana Bat during mining and
reclamation are actually helping. Many of the current methods to provide protection seem to be overly
conservative.

There needs to be a workshop on how to develop Habitat Conservation Plans where we can get the mining
industry more involved.

How do we get the industry more constructively involved with Indiana Bat protection efforts? What is the
possibility of getting the Interstate Mining Compact Commission or Coal Associations involved in State and
Industry education.

Should consider including all bats of interest in the Habitat Conservation Planning process including Virginia
big eared bat and the Gray bat.
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WHAT IS A TECHNICAL INTERACTIVE FORUM?

Kimery C. Vories
USDOI Office of Surface Mining
Alton, Illinois

I would like to set the stage for what our expectations should be for this event. This is the third in a series of
technical interactive forums cosponsored by OSM on aspects of Bat Conservation and Mining. Copies of these
earlier forums are available on OSM’s technology transfer CD and at the OSM Exhibit.

The steering committee has worked hard to provide you with the opportunity for a free, frank, and open discussion
on the state of the art in protection of the Endangered Indiana Bat in association with coal mining and reclamation.

Our rationale for the format of the technical interactive forum is that, unlike other professional symposia, we
measure the success of the event on the ability of the participants to question, comment, challenge, and provide
information in addition to that provided by the speakers. We anticipate that, by the end of the event, a consensus
will emerge concerning the topics presented and discussed and that the final proceedings will truly represent the state
of the art in protecting the Indiana Bat in association with coal mining and reclamation.

During the course of these discussions, we have the opportunity to talk about technical, regional, and local issues,
while examining new and existing methods for finding solutions, identifying problems, and resolving controversies.
The forum gives us the opportunity to:

« share our experiences and expertise,

« outline our reasons for taking specific actions, and

e  give arationale for our actions.

A basic assumption of the interactive forum is that no person present has all the answers or understands all of the
issues. It is also assumed that some of these issues, solutions, and concerns may be very site or region specific.
The purpose of the forum is to:

e present you with the best possible ideas and knowledge during each of the sessions, and

e promote the opportunity for questions and discussion by you, the participants.

The format of the forum strives to improve the efficiency of the discussion by:

e providing a copy of the abstract and biography for each speaker that you may want to read beforehand in order
to improve your familiarity with the subject matter and the background of the speaker;

o recording the talks and discussions for later inclusion in the post forum publication so that you do not have to
worry about taking notes. For this reason, we will require that all participants speak into a microphone during
the discussions;

e In order for us to make the most efficient use of time and ensure that you, the participants, have the opportunity
to provide questions and comments, we require our session chairpersons to strictly keep to the time schedule;

o A green light will be displayed at the beginning of the talk. A yellow light will be displayed for the last 5
minutes of the talk. A dim red light will be displayed for 30 seconds followed by a blinking red light that will
signal that the talk is over and the speaker has 5 minutes for questions;

e In the post forum publication, issues raised during the discussions will be organized based on similar topic areas
and will not identify individual names. All registrants will receive one electronic copy of this proceeding. This
publication will be very similar to the proceedings of earlier forums conducted by OSM and are available for
your viewing at the OSM exhibit. All of OSM’s technical proceedings are available on its technology transfer
CD copies of which can be obtained by contacting Kimery C. Vories at (618) 463-6463 x 103 or by e-mail at
kvories(@osmre.gov.

It is important to remember that there are four separate opportunities for you, the participants, to be heard:

e 5 minutes will be provided for questions at the end of each speaker’s talk;

e 30 minutes of participant discussion is provided at the end of each topic session. The chairperson will recognize
each participant that wishes to speak and they will be requested to identify themselves and speak into one of the
portable microphones so that everyone can hear the question;
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e At the end of the forum, we will conduct an open discussion on where we should go from here;
e and finally, a blue forum evaluation form has been provided in your folder. This will help us to evaluate how
well we did our job and recommend improvements for future forums or workshops. Please take the time to fill
out the yellow evaluation form as the forum progresses and provide any additional comments or ideas. These
should be turned in at the registration desk at the end of the forum.

One of the reasons for providing refreshments during the breaks and lunch is to keep people from wandering off and
missing the next session. In addition, the breaks and lunch provide a better atmosphere and opportunity for you to
meet with and discuss concerns with the speakers or other participants. Please take advantage of the opportunity at
break time to visit the exhibits and posters in the break area. When the meeting adjourns today, all participants are
invited to a social reception where refreshments will be provided.

Finally, the steering committee and I would like to thank all of the speakers who have been so gracious to help us
with this effort and whose only reward has been the virtue of the effort. I would also like to thank each of you, the

participants, for your willingness to participate and work with us on this important issue.

Thank you.
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Richard Clawson, Missouri Department of Conservation, Columbia, Missouri
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Foraging Ecology of the Endangered Indiana Bat
Dale W. Sparks, John O. Whitaker, Jr., and Christopher M. Ritzi, Department of
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Dr. Allen Kurta, Department of Biology, Eastern Michigan University, Ypsilanti,
Michigan



NATIONAL STATUS OF THE INDIANA BAT

Richard L. Clawson
Missouri Department of Conservation
Columbia, Missouri

Abstract

The Indiana bat (Myotis sodalis) was officially Federally listed as an endangered species on 11 March 1967. Itis a
migratory species that is found throughout much of the eastern United States. During winter, Indiana bats occupy
suitable underground hibernacula, mostly in caves in karst areas, but also in some abandoned mines. Biennial
surveys of the hibernacula are the primary means by which Indiana bat populations are monitored. The current total
population is estimated to number slightly below 400,000 bats; this compares to an estimated population of nearly
900,000 bats in the same hibernacula 30 to 40 years ago, when surveys first began. The observed decline is not
uniformly distributed throughout the range of the species, however. Hibernating populations in the southern part of
the range have declined by 82% in the past 40 years, while those in the northern Midwest and Northeast have
increased by 35%. During summer, Indiana bats roost in trees, primarily under the peeling bark of dead trees, and
are widely dispersed across the landscape. The densest aggregation of maternity colonies is found in the glaciated
portions of the Midwest. Maternity colonies have been found in the heavily forested parts of the range, but their
density appears to be much lower than that of the more agricultural areas where forest exists, but it is fragmented.

Introduction

Recovery Efforts

The Indiana bat (Myotis sodalis) is a small (7-10 gram) vespertilionid bat, with a geographic range that encompasses
much of the eastern United States (Gardner and Cook 2002). The Indiana bat officially was listed as an endangered
species on 11 March 1967, among the earliest listings under the Endangered Species Preservation Act, which
became law on 15 October 1966. The only critical habitat designated for the Indiana bat (11 caves and two mines in
six States) was listed on 24 September 1976. An interim recovery plan was approved in June 1976, and the current
Recovery Plan for the Indiana Bat was completed and approved in October 1983 (U.S. Fish and Wildlife Service
1983). This document guided recovery efforts through the 1980s and 1990s. During this period, the primary
recovery actions centered on protection of winter habitat, monitoring, and research into the life history of the species
(especially summer habitat requirements). Over 35 caves and mines that were used as hibernacula were acquired
and protected, many with gates or fences, by governmental agencies or private conservation organizations (Currie
2002).

A Technical Draft of the Revised Indiana Bat Recovery Plan was completed in October 1996. The purpose of this
effort was to incorporate into the plan knowledge about the Indiana bat that had been acquired since 1983, and to
respond to the needs of agencies responsible for forest management in the eastern United States. Reviews were
received from State agencies, Federal agencies, and private groups throughout the range of the species, and were
incorporated into an Agency Draft Indiana Bat (Myotis sodalis) Revised Recovery Plan that was completed in March
1999 (U.S. Fish and Wildlife Service 1999). Comments again were solicited and received, however, the process
stalled at that point. In March 2005, the US Fish & Wildlife Service will assemble a group of bat biologists,
analysts, and experts in risk assessment to participate in a structured decision process concerning the Indiana bat.
The results of this process will be used to assist the Recovery Team in the final revision of the plan. The goal of the
USFWS is to have the plan completed and approved during 2005. It should be noted that, until it is superseded, the
only existing, approved Recovery Plan for the Indiana Bat is the one dated October 1983.

Known and Suspected Causes of Decline

Human disturbance of hibernating Indiana bats has long been recognized as a factor in the decline of populations of
this bat (U.S. Fish and Wildlife Service 1983). Arousals caused by repeated disturbance force bats to burn their fat
reserves during the critical winter hibernation season. A single arousal requires as much fat as 68 days of
uninterrupted hibernation (Thomas et al. 1990). Improper gates or other structures at hibernacula have rendered
some sites unavailable to the bats, or altered the microclimate sufficiently that winter temperatures became so warm
that Indiana bats were unable to survive through winter on their fat reserves (Humphrey 1978, Richter et al. 1993,
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Tuttle and Kennedy 2002). Natural hazards such as freezing, flooding, and ceiling collapse also have killed
hibernating Indiana bats (Hall 1962, Humphrey 1978, Richter et al. 1993).

Population declines also may be caused by factors that affect Indiana bats in summer. Pesticides, for example, may
be a factor in survival and reproduction (O’Shea and Clark 2002). Studies of sympatric species indicate that Indiana
bats may be exposed to residual levels of banned chlorinated hydrocarbons and currently applied chemicals such as
organophosphates and carbamates (McFarland 1998, Schmidt et al. 2002). It also is possible that changes to the
landscape affect summer habitat for the species. Land-use practices that alter the extent and quality of riparian,
bottomland, and upland forests may have profound effects, either negative or positive, on the roosting and foraging
habitat for the Indiana bat.

Distribution

In winter, the Indiana bat hibernates throughout the karst areas of the eastern United States (Gardner and Cook
2002). Most of the hibernacula are caves, but abandoned mines also provide important winter habitat in Illinois,
Missouri, New York, Ohio and Pennsylvania. Newly discovered hibernacula occasionally are reported, but those
with the largest populations of Indiana bats have been known since the 1960s and 1970s (Clawson 2002). It is
important to note that Indiana bats are capable of occupying newly available sites. In Illinois and Ohio, large
hibernating populations have become established in mines in which mining activities have ceased in only the past 15
years.

In summer, most female Indiana bats migrate from the hibernacula and form maternity colonies in trees (Gardner
and Cook 2002), primarily under the peeling bark of dead trees. Maternity colonies have been found throughout the
range of the species. The greatest density of maternity colonies apparently is in the glaciated parts of the Midwest,
where the landscape is largely agricultural and the forest that occurs is fragmented. In the portions of the range
where the forest is extensive, however, the available evidence suggests that maternity colonies exist in low densities.
Male Indiana bats may be found throughout the range during the summer, but many remain near the hibernacula
(U.S. Fish and Wildlife Service 1999, Clawson 2002).

Methods

Populations within Indiana bat hibernacula are classified by the number of bats that they contain or have contained
(U.S. Fish and Wildlife Service 1983). Because estimates of the size of populations of Indiana bats prior to 1960
were limited to very few sites, the Indiana Bat Recovery Team used population estimates made since 1960 to assign
“priority” to hibernacula. There are three categories: Priority One hibernacula contain or have contained
populations of at least 30,000 Indiana bats. A Priority Two classification originally was assigned to hibernacula
with at least 1,000 but fewer than 30,000 bats (U.S. Fish and Wildlife Service 1983). In recent years, however, the
lower limit for Priority Two was decreased to 500 bats in order to include a greater number of sites in recovery
efforts (U.S. Fish and Wildlife Service 1999). All other hibernacula were classed as Priority Three. This
classification system was developed to focus recovery efforts on the most important hibernacula.

From the early 1980s through the present, mid-winter hibernacula surveys were conducted every other year. Survey
data from throughout the range of the Indiana bat were provided by experienced biologists. Usually, these biologists
followed the same protocol that I used when estimating the size of winter populations. The estimate of the number
of bats present in a cluster was based on the density of the animals within the cluster, taking into consideration that
the number of bats in a cluster could vary with temperature, size of population, and location within a hibernaculum.
For small clusters, it was possible to count rows and columns of bats and do simple multiplication to determine the
number of bats in a cluster. For large, dense clusters, it was necessary to use a ruler to determine packing and then
measure dimensions of the cluster. I have recorded packing up to 72 Indiana bat/m and density up to ca. 5,210
bats/m? (Clawson 2002). Although most surveys followed the procedure outlined above, at least one state (New
York) used a different procedure in which biologists photographed clusters and later counted the bats from the
projected images (Hicks and Novak 2002).

Results and Discussion

Over 300 caves, mines, tunnels, and even a hydroelectric dam, in 26 different States, have been occupied by
hibernating Indiana bats. The eight Priority One hibernacula are found in three States: Indiana, Kentucky, and
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Missouri. There are 69 Priority Two hibernacula in 11 States. The majority of the sites are classed as Priority
Three, but these sites contain a low percentage of the overall population of the Indiana bat. For this forum, data
were assembled from 14 States and nearly 250 hibernacula throughout the range of the Indiana bat (Table 1). Data
were collected from 8 Priority One hibernacula, 69 Priority Two hibernacula, and 170 Priority Three hibernacula.

Population Trends in Hibernacula

Populations of the Indiana bat for various States are summarized, from the earliest surveys to the present, in Table 2.
To make the time-line as comparable as possible, all hibernacula are represented in all periods. For example,
assume that a cave with 5,000 bats was discovered in 1980. The 5,000 bats are included in the State and regional
totals for 1980, but also for the earlier time period, even though that hibernaculum was not surveyed in those years.
Although the actual size of the population was not known for the earlier years, the advantage of representing all
hibernacula in all periods is that the addition of newly discovered sites does not falsely imply an increase in
population.

During this 40-year period, the rangewide population of Indiana bats has declined, but the trends were not the same
in all states (Table 2). From the earliest surveys to 1980, the total population decreased by 23%; from 1980 to 1990,
it dropped another 30%, and from 1990 to 2003, it was down another 18%. Cumulatively, the total population of
Indiana bats has declined by 56% since regular surveys began.

An examination of the data, however, shows that not all State populations have trended downward. From 1960 to
the present, the populations in five States have decreased, two State populations had little change, for two States the
data are so new that no trends can be determined, and the populations in five States have increased. It is evident that
States in one portion of the range have been declining, but States in another part of the range have been increasing in
population. In fact, the major losses in population have occurred in the southern portion of the range (Table 2).

From the earliest surveys to 1980, the south regional population declined by 30%; from 1980 to 1990, it dropped an
additional 48%, and from 1990 to 2003, it went down another 52%. Overall, the southern population has declined
82% in the past 40 years. This pattern was in stark contrast to what was happening in the northern portion of the
range. After a minuscule drop of less than 1% from the earliest surveys to 1980, the north regional population
increased 13% from 1980 to 1990, and it rose another 20% from 1990 to 2003. Overall, the population in the
northern part of the range has gone up 35% in the past 40 years, but the increases were not enough to offset losses in
the south (Table 2).

Strategies for Recovery

The top priority of the recovery effort is research to determine the cause or causes of the decline in population and to
determine ways to reverse it, if possible (U. S. Fish and Wildlife Service 1999). It is imperative that we determine
the reason for differences in trends among States and between regions. As part of this effort, we must continue to
evaluate the effects of climate and microclimate on hibernation through studies such as those of Brack et al. (2002)
and Tuttle and Kennedy (2002).

Nearly half of the Priority One and Priority Two hibernacula have been acquired and protected. It is important that
we continue to protect hibernacula by preventing human disturbance during the hibernation period and restore
abandoned hibernacula where it is feasible to do so. It also is important to continue to monitor populations
throughout the range of the species.

We know a great deal about roost selection and summer habitat (see Kurta et al. 2002, Carter et al. 2002, and Miller
et al. 2002), but we need to learn much more about the behavior of Indiana bats in maternity colonies, and compare
behavior in the core maternity range with that in the heavily forested portions of the range. We need to learn how
maternity colonies form and move around the landscape. We need to learn how they respond to habitat alteration
and removal. We should take advantage of opportunities to chronicle the effects of various habitat-altering projects
when Indiana bats are found during pre-project surveys. What we need most of all are directed studies and
management experiments that will advance our understanding of Indiana bat habitat requirements and enable us to
develop management prescriptions specifically for this species.

Research also is needed to determine how to manage aboveground habitat for Indiana bats. Guidelines for the
management of Indiana bat summer habitat are the object of debate and are somewhat controversial. No one
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standard has been set and accepted. At this time, therefore, guidelines that have been developed by the Daniel
Boone National Forest and the Missouri Department of Conservation may be used as examples to be emulated.

Concluding Remarks

The question of the national status of the endangered Indiana bat does not have a simple answer. Despite severe
population losses in the southern portion of the species’ range, populations in the northern part of the range have
increased. We do not yet know the reason(s) for this disparity. We therefore must direct our efforts towards gaining
new insights into the biology, life history, and habitat requirements of the Indiana bat so that we may plan recovery
actions and design management strategies for this endangered species.
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Table 1. The number of Indiana bat hibernacula for which population estimates are reported, listed by state
and classified by priority.

STATE PRIORITY ONE PRIORITY TWO PRIORITY TOTAL
THREE
Alabama -- —_— 3 3
Arkansas = | - 313 16
Illinois -- - 4 2 3
Indiana 3 8 18 29
Kentucky 2 19 39 60
Missouri 3 15 42 60
Newlersey | = - | e 1 1
NewYork | = - 6 3 9
Ohio -- — 1 1 2
Pennsylvania -- - 1 2 5
Tennessee -- - 8 9 17
Vermont -- B - 1 1
Virginia -- - 3 8 11
West Virginia | = - 124 5
Total 8 69 170 247




Table 2. The size of hibernating populations of the Indiana bat by region and state, based upon estimates
nearest to the year indicated®.

State” 1 960/1970 1980 1990 2003
o Alabama 35 0 350 350 320
-090 Arkansas 15 ,000 15,000 4,500 2,120
& Kentucky 24 8,100 102,200 78,700 41,500
g Missouri 39 9,000 342,000 150,100 66,800
% Tennessee 20 ,L100 20,100 16,400 8,900
é Virginia 3, 100 2,500 1,900 1,080
Subtotal 68 5,650 482,150 251,950 120,720
Ilinois 1 4,800 14,800 14,900 30,850
o Indiana 16 0,300 155,200 163,500 183,330
g New Jersey 110 110 110 110
2 New York 20,200 21,100 26,800 32,920
g Ohio 15 0 3,600 9,500 9,440
% Pennsylvania 70 0 700 400 790
2 Vermont 31 0 310 310 310
West Virginia 1,500 1,200 6,500 9,700
Subtotal 19 8,070 197,020 222,020 266,580
Gra nd total 883,720 679,170 473,970 387,300

* Not all surveys occurred exactly in the winter indicated. Population estimates for a particular period were based on
the survey nearest to the year indicated, either prior to or subsequent to that year, so that all sites are represented in

each period.
® States with records of fewer than 100 hibernating Indiana bats are not reported.



THE BIOLOGY AND LIFE HISTORY OF THE INDIANA BAT:
HIBERNACULA
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Abstract

Hibernating bats allow their body temperature to approximate that of the surrounding environment. They do not
produce heat to stay warm, and as body temperature drops, metabolic processes slow, reducing energy requirements.
Energy savings can be dramatic, with metabolic efficiency as a log function of temperature; energy consumption at
41.5°C (active working body temperature) is about 112 times that at 2°C. However, there are physiological
constraints on minimum body temperatures. If bats get too cold they must use energy to warm themselves or freeze.
At 0.5°C, energy expenditure is four times that at 2°C. Bats arouse (awaken) from hibernation periodically and
spontancously during the season of hibernation. The mean length of the period of hibernation between arousals for
the Indiana bat under natural conditions is 13.1 days. Arousal is energy expensive, equivalent to about 65 days of
hibernation. There are also other physiological costs of metabolic depression. It is likely bats trade off the costs of
metabolic depression with costs of less efficient hibernation, using available energy to minimize the duration and
depth of hibernation. During arousal, bats select where they will spend the next period of hibernation. It is probable
they use behavior and social interaction to help them make this selection. Indiana bats are known for use of large,
complex hibernacula; however, they also vertically stratify above areas with freezing temperatures in small, simple,
vertical systems. In the past, temperatures of 4 - §°C, or more narrowly 3 - 6°C, were widely regarded as optimal
for the Indiana bat, but increasing populations in Indiana, which now constitute 45% of the total population,
hibernate in areas with mean temperatures of 5 - 8°C. Detailed studies in Ohio, Missouri, and Kentucky indicate use
of similar temperatures. The only hibernaculum in Indiana with a temperature <4°C has lost 63% of its population
over a 29-year period.

Introduction

There are many reasons for mine closure: re-mining, safety, private developments, construction of infrastructure,
and improving water quality. However, in winter, the Indiana bat (Myotis sodalis), hibernates in limestone caves
and some man-made structures, such as underground mines. Listing of the Indiana bat under the Endangered
Species Act entitles the species to protection wherever it is found, including mines.

The purpose of this paper is to provide a basic understanding of the biology of hibernation, its importance to this
endangered species, and summarize parameters of the environment used by hibernating Indiana bats.

What is Hibernation and Why is it Important?

Hibernation is a physiological state of hypothermia. Hibernating bats allow their body temperature to approximate
ambient temperature, i.e., that of the surrounding environment. In the cold environment of a hibernaculum, bats do
not produce heat to stay warm and maintain a normal (i.e., active) body temperature. As body temperature drops,
the respiration rate, heart rate, and metabolic processes all slow, resulting in a reduced expenditure of energy.
Within physiological constraints, a lower body temperature during hibernation equates to lower energy requirement
(Stones and Wiebers 1967). Hibernation is an adaptation that reduces energy expenditures during cold portions of
the year when food (i.e., insects) is not available and when (liquid) water may not be available.

Bats enter hibernation in autumn when insects are no longer available and emerge in spring when the insects return.
This is called the season of hibernation, and for the Indiana bat is roughly the period November - April. All
mammalian hibernators arouse (awaken) from hibernation periodically and spontaneously during the season of
hibernation (Lyman et al. 1982). The time (period) between arousals spent in hibernation is called the period of
hibernation (or a bout of hibernation). The length of the period of hibernation varies by species and temperature
(Brack 1979; Brack and Twente 1985; Twente et al. 1985; Fig. 1). Hardin and Hassel (1970) recorded the average
length of the period of hibernation for the Indiana bat under natural conditions as 13.1 days, although the variation in
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most species is great. For example, the range of the period of hibernation of the little brown myotis is 4 — 83 days
(X =19.7 at 6°C) under natural conditions (Brack and Twente 1985) and 1 — 76 days (X = 12.7 at 5°C) in the
laboratory (Twente et al. 1985).

Physiological Parameters of Hibernation

During hibernation, metabolism is reduced to a fraction of the euthermic metabolic rate. This reduction is
commonly explained by a reduction in biochemical reactions, described as a Q10 effect. However, a second
mechanism, metabolic inhibition (and suppression of heat production), reduces energy expenditures below that
attributable to temperature alone (Geiser 1988, 2004; Snyder and Nestler 1990; Heldmaier and Ruf 1992). The costs
of metabolic depression may include oxidative stress, reduced immunocompetence, and perhaps neuronal tissue
damages, so trade-offs between the benefits of energy conservation and physiological costs of metabolic depression
should cause hibernators to minimize the depth and duration of periods (bouts) of hibernation (Humpbhries et al.
2003), i.e., bats should hibernate at the highest temperatures they can and still have enough fat to survive.

Energy savings from hibernation can be dramatic and metabolic efficiency is a log function of temperature. Early
studies by Hock (1951), though limited in precision, are nevertheless instructive:
e At 10°C, energy expenditures are twice that at 2°C
At 20°C, energy expenditures are five times that at 10°C
At 30°C, energy expenditures are five times that at 20°C
At 37°C, energy expenditures are 1.5 times that at 30°C
At 41.5°C, energy expenditures are 1.5 times that at 37°C

Total Savings = = = = = 112 times

Thus, while bats should hibernate where it is cold, efficiencies gained at very low temperatures (e.g. <5°C) are
disproportionately small because energy expenditures are curvilinear and asymptotic to zero (Geiser 2004). In
addition, bats must also avoid freezing (Davis 1970). Hock (1951) also found that at 0.5°C, energy expenditure was
four times that at 2°C, because bats were thermoregulating, ostensibly to avoid freezing.

Arousal (warming, being awake, and reentering hibernation) is energy expensive. The amount of time spent awake
between periods of hibernation and the frequency of arousal also affect the energy expended during the season of
hibernation (Speakman et al., 1991; Thomas, 1995). Arousal represents 80 — 90% of the cost of hibernation and
each episode is equivalent to about 65 days of hibernation (Thomas et al. 1990). The cost of arousal also increases
at lower temperatures because the bat must warm over a greater range of temperatures to reach working body
temperature, and at colder temperatures, heat produced for warming dissipates more rapidly. At temperatures near
freezing, bats often appeared to have difficulty warming, and I have observed bats that could not arouse at these
temperatures when wet.

In summary, bats face constraints and must hibernate within specific environmental parameters, most notably
temperatures that are cold enough to conserve enough energy to survive the winter, but not so cold they freeze or
expend additional energy thermoregulating. They must also balance the physiological costs of metabolic depression
with hibernating efficiently enough to survive winter (Fig. 2).

Ecological Parameters of Hibernation

During arousal, bats select where they will spend the next period of hibernation, i.e. somewhere that will not be too
hot or too cold. A bat can select an area that is the appropriate temperature now, but how can a bat select a location
that will have temperatures suitable for hibernation in the future? One mechanism may be social interactions. If
bats return to sites they have used successfully in the past, then better sites should be used by more bats. Indeed,

e Across years, bats concentrate use into specific caves and mines

e Across years, bats concentrate use into specific areas of caves or mines

e  Within the season of hibernation, larger and larger concentrations of bats hibernate in specific portions of

caves and mines



Presumably, areas where bats concentrate are the best, or at least good for hibernation. Raesly and Gates (1987)
examined numerous variables to determine which physical feature or attribute of a cave was associated with the
location used for hibernation. They found that the best predictor of the use of an area was the presence of other bats.

Hibernacula Used by the Indiana Bat

Indiana bats typically hibernate in areas of caves and mines where temperatures are cold but stable (Fig. 3). Many
large populations of hibernating Indiana bats use large cave (or mine) systems. These systems often have large
entrances or multiple entrances with differences in elevation to allow an influx of cold winter air. Several variations
on this theme were presented by Humphrey (1978). An influx of cold air is necessary to cool the hibernaculum and
allow efficient hibernation, but if cold air enters too quickly, the hibernaculum may get too cold. Large complex
systems allow air flow, but their volume and complexity often buffer, or slow, changes in temperatures. However,
Indiana bats have also been found in a second general type of smaller system (Fig. 4). In these cases, cold air falls
through a steep vertical system while bats hibernate above areas affected by freezing temperatures. A dramatic
example of this is a cave shaped like a jug; the entrance is a karst window in the mouth to the jug (Fig. 4a). Air falls
through the entrance and 23 m to the floor, and then through cracks in the floor. The bats roost high on the ceiling
of the jug, to the side of and bypassed by the influx of freezing air.

In the past, temperatures of 4 - 8°C, or perhaps more narrowly 3 - 6°C, during mid-winter were widely regarded as
optimal for the Indiana bat (USFWS 1999). Hall (1962), Henshaw and Folk (1966), and Humphrey (1978) stated
that mid-winter temperatures of hibernacula used by the Indiana bat were 4 - 5°C, 2 - 3°C, and 4 - 8°C, respectively,
but did not provide supporting documentation. However, 25 years of studies in many of the caves in Indiana
addressed by Hall (1962) and Humphrey (1978) have documented increasing populations of Indiana bats (Brack et
al. 2003) hibernating in areas with mean temperatures of 5 - 8°C (Table 1). The single large population in Indiana
hibernating at <4°C has experienced a 63% in 29 years. In Missouri, Myers (1964) found Indiana bats in
hibernacula with temperatures of 4.4 - 16.7°C, but considered 7.8°C a mean representative of the species. He
provided data on mid-winter temperatures at clusters in three caves that were 5.0 - 9.2°C (n = 6; X =7.1; SD = 1.4).
Also in Missouri, Clawson et al. (1980) found that Indiana bats used portions of caves with rock temperatures of 6 -
8°C in late January. Hassell (1967) and Hardin and Hassell (1970) reported mean hibernaculum temperatures of 8.3
and 7.6°C, respectively, for areas used by 90,000 Indiana bats in Bat Cave, Kentucky, although temporal variation
was large, including temperatures below freezing. Indiana bats froze in this cave during hibernation (Davis 1970).
The largest population of Indiana bats in Ohio (9,500 bats) hibernates in a limestone mine at a mean temperatures of
8.4+1.7°C (Table 1; Brack upubl. data).

Table 1. Temperatures used by Indiana bats hibernating in caves in Indiana and a limestone mine in Ohio. Indiana
data are garnered from 25 years of surveys with increasing populations of bats (160%) in caves with
temperatures >4°C. As of 2005 only a single large population in Indiana used a hibernaculum at <4°C.
This population suffered a 63% decline over the past 29 years. Data from Ohio are for the period 1996 to

2002.
Location % of Population <4°C >4 - <5°C >5°C
Indiana 45 % 28% 2% 71%
Ohio 2. 5% <<1% 100%

Hibernation Strategies and Tactics

A variety of trade-offs can be made by individuals and by species of bats to ensure successful hibernation. Some
species hibernate in areas that are warm and stable, assuring they will not freeze. However, hibernation at warmer
temperatures is less efficient. Species that use this strategy, such as the eastern pipistrelle (Pipistrellus subflavus),
can offset the cost of less efficient hibernation by arousing less frequently (Fig. 1). Species that hibernate in colder
areas face the physiological costs of hibernating at and arousal from lower temperatures, and the ecological cost of
an unstable thermal regime and potentially freezing temperatures. The Indiana bat uses areas of moderate
temperatures, balancing cold temperatures and thermal stability.

Individual bats can decrease exposure to fluctuating air temperatures by increasing surface contact with the cave
(rock) or by increasing contact with other bats. Big brown bats (Epfesicus fuscus) and northern myotis (Myotis
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septentrionalis) often wedge themselves into tight cracks and crevices, putting most of their body surface area in
contact with the cave. The Indiana bat clusters tightly. Beads of moisture often collect on guard hairs of the little
brown myotis (M. lucifugus) and eastern pipistrelle as they hibernate. This water may act as a thermal sink,
dampening fluctuations in air temperature. Finally, individuals may adjust to seasonal temperature changes by
making inter- or intra-cave movements. Locations of clusters of Indiana bats change over the season (Clawson et al.
1980; Myers 1964); numerous researchers throughout temperate portions of the world have documented intra-cave
and intra-mine movements by many species of bats during the season of hibernation. Whitaker and Rissler (1992)
documented winter movements of several species of bats into and out of a mine in Indiana.
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Fig. 1. The 10 longest periods of hibernation at 2, 5, 10, and 13°C for the big brown bat (solid triangles), eastern
pipistrelle (solid circle), and little brown myotis (empty circle; from Twenty et al. 1985).
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Fig. 2. As body temperature decreases from active (41.5°C) to 2°C, energy savings accrue; below 2°C, energy costs
again increase. The “Energy for Hibernation” line reflects relative values (Hock 1951). There are other
physiological costs, undefined, that accrue inversely proportional to temperature (Humphries et al., 2003).
Placement and slope of the “Physiological Costs” line was arbitrary (it may be concave and curvilinear), but as
illustrated by dashed lines, as physiological costs at any temperature increase, benefits of hibernation decrease and
the optimum temperature of hibernation increases.
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Fig. 3. Temperatures during the season of hibernation at four locations in a cave in Bland County, Virginia. Indiana
bats hibernated in the area designated by the lowest line (Low Jct/Ent), illustrating the compromise between using
areas that are both cool (allowing more efficient hibernation) and stable (to avoid freezing or an increase in
thermoregulatory expenditures). Colder, but more thermally variable, locations were available for hibernation.
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Fig 4. Indiana bats are known for use of large, complex hibernacula (illustrated in Humphrey 1978). However, they also vertically stratify above freezing
temperatures in small, simple, vertical systems. In Fig. a, bats hibernate high, and to the side of the entrance of a jug-shaped cave, where cold air falls through a
karst window and to the floor. Fig. b shows a variation on this theme.
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Abstract

Like most North American bats, the Indiana bat (Myotis sodalis) is a nocturnal insectivore. It emerges shortly after
sunset and begins feeding on a variety of insects, which are captured and consumed while flying. Its diet varies
through time and across the geographic range of the species. The most common foods are beetles, moths,
caddisflies, ants, and wasps. Some Indiana bats forage 10 km away from their roost, but most travel less than half
that distance. Size of foraging areas varies from 7 to over 3000 ha and bats return to these areas on subsequent
nights and years. Formal studies of habitat selection have been conducted in western Illinois and at the Indianapolis
International Airport. In both areas, Indiana bats preferentially used woodlands as foraging and commuting areas,
although other habitats including old fields and cropland were also used. Near Indianapolis, bats avoided ponds and
developed land such as warehouses, shopping centers, and neighborhoods. We suspect the perfect foraging habitat
for this species would include forested streams interspersed with grasslands, croplands, or shrublands.

Introduction

Bat biologists have long focused management and research efforts on the biology of bats in the roost because roosts
are widely thought to be the most important factor controlling distribution of bat species (Humphrey 1975). Also,
nocturnal telemetry on foraging bats is technologically challenging and man-power intensive. One result of this
focus on roost management has been a lack of information about the foraging behaviors of many North American
bats. Fortunately, the Indiana bat (Myotis sodalis) is an exception, mainly due to its status as a Federally endangered
species, although much of this information includes unpublished technical reports and graduate theses. Much of the
unpublished information included here results from work we have conducted near the Indianapolis International
Airport (IND) since 1997. During this work, we often had difficulty distinguishing between foraging bats and bats
conducting other behaviors such as checking and night roosting. Thus, this review will include comments about
behaviors of Indiana bat from when they emerge until they return to the roost. We present these data in two major
sections: nocturnal behaviors including emergence, habitat selection, night roosting, and return flights; and diet
throughout the range.

Nocturnal Behaviors

General Methods

Data on nocturnal activities of free-ranging Indiana bat were first obtained by observing unmarked bats using both
vision and ultrasonic detectors in areas where similar species were rare or absent (Cope et al.1974, Humphrey et al.
1977). Almost immediately, researchers began using marking techniques such as reflective tape attached to bands
(Humphrey et al.1977) and chemical lights glued directly to the bat (LaVal et al.1977, LaVal and LaVal 1980, Brack
1983) to mark Indiana bats. These early techniques provided good information about behavior near roosts or other
centers of activity (Cope et al.1974, Humphrey et al. 1977, LaVal et al. 1977, LaVal and LaVal 1980, Brack 1983,
Viele et al.2002, Sparks 2003, Sparks et al.2003, Murray and Kurta 2004), but are of limited value when bats fly in
cluttered habitats or move rapidly between areas.

Gardner et al. (1991a,b) pioneered use of radiotelemetry to locate roosts and determine foraging ranges of free-
ranging Indiana bats during the late 1980s. Radiotelemetry is also useful for documenting landscape-level patterns
of habitat use and behavior of individual bats (Gardner et al. 1991a,b, Hobson and Holland 1995, Kiser and Elliot
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1996, Butchkoski and Hassinger 2002, Romme’ et al. 2002, Brack and Whitaker 2004, Brack et al. 2004, Murray
and Kurta 2004, Sparks et al. In Press). Radiotelemetry is limited by cost of equipment and personnel, range of
transmitters, and telemetry error. We used all of these techniques at IND as well as using thermal imagers and night
vision scopes to enhance visual observations. All techniques used to examine nocturnal biology of Indiana bats
have inherent biases and potential behavioral impacts.

Nightly Emergence

Indiana bats begin to emerge from roosts shortly after sunset. Studies conducted in Michigan and Illinois noted
Indiana bats began leaving their roosts an average of 18-19 minutes after sunset, emergence peaked at 21-26 minutes
after sunset, and the average bat left the roost 23-25 minutes after sunset (Viele et al.2002). Timing of first
emergence was significantly correlated with the time of sunset and the end of civil twilight. In western Illinois,
emergence averaged 21 minutes after sunset and peaked 30-45 minutes after sunset (Gardner et al.1991b). Near
Knightstown, Indiana median emergence occurred 38-71 minutes after sunset (Brack 1983). At IND in 1999, we
found that average initial emergence began 2.6 minutes after sunset and ranged from 37 minutes before sundown to
22 minutes after sunset (Figure 1), but this result is complicated by interactions between the bats and red-bellied
woodpeckers (Melanerpes carolina) (Sparks et al. 2003).

Nocturnal Flights

Upon emerging from their roosts, Indiana bats may fly directly to their foraging ranges (Hobson and Holland 1995)
or they may forage near roost trees (Murray and Kurta 2004; Sparks, Whitaker, and Ritzi Unpublished). At least
some time spent around roosts includes behaviors other than foraging. Checking, a behavior wherein bats return to
the roost one or more times after emerging at dusk, has been recorded in Illinois (Gardner et al.1991b), Michigan
(Murray and Kurta 2004), and Indiana (Humphrey et al. 1977, Brack 1983, Sparks, Whitaker, and Ritzi
Unpublished). At IND, we use large enough crews to allow emergence counts at a roost and simultaneous
radiotracking. We frequently record bats near roosts that are not conducting checking behaviors (See Figures 2-4).
These data lead us to suspect that most bats conduct an initial foraging bout in the area immediately surrounding
their roost, which is why we start collecting triangulations when the bats emerge. Given that some bats never leave
the vicinity of the roost (Table 1), it seems likely that most bats do some foraging near their roosts.

Selection of Habitat Types

Indiana bats forage primarily in and around forested habitat (Cope et al.1974, Humphrey et al. 1977, LaVal et al.
1977, LaVal and LaVal 1980, Gardner et al.1991a,b, Hobson and Holland 1995, Kiser and Elliot 1996, Butchkoski
and Hassinger 2002, Romme’ et al. 2002, Murray and Kurta 2004, Sparks et al. In Press). Early studies in Indiana
suggested Indiana bats foraged mostly along riparian streams in close proximity to the roost (Cope et al.1974,
Humphrey et al. 1977), and frequently foraged above the canopy. Simultaneous studies conducted in Missouri
(LaVal et al.1977) indicated that Indiana bats captured at a cave along the Meramec River foraged in more upland
situations, although follow-up studies indicated some used floodplain forest (LaVal and LaVal 1980). The results
of light-tagging studies conducted near hibernacula in Indiana closely resemble the results from Missouri (Brack
1983). All of these studies provided evidence that once Indiana myotis arrive in their foraging areas they make
multiple loops through a relatively small portion of that area. These studies also concluded that Indiana bats forage
around and within forested areas, which continues to be supported by recent work.

More recently, radiotelemetry has been the technique of choice for studying the foraging of Indiana bat.
Radiotelemetry studies have revealed Indiana bats foraging in areas as far as 10.3 km away from their roosts,
although most travel less than half that distance (Table 1). As in the earlier studies, most foraging is associated with
wooded areas (Gardner et al.1991a, b, Hobson and Holland 1995, Butchkoski and Hassinger 2002, Romme’ et
al.2002, Brack and Whitaker 2004, Brack et al. 2004, Murray and Kurta 2004, Sparks et al. /n Press), although the
type of woodland used may vary throughout the range. In western Illinois, floodplain forest was the most preferred
habitat type (Gardner et al.1991a,b). Near hibernacula in Kentucky, Missouri and West Virginia as well as at a
maternity roost in Pennsylvania, upland forest was extensively used (Hobson and Holland 1995, Kiser and Elliot
1996, Butchkoski and Hassinger 2002, Romme’ et al. 2002). In Michigan, forested wetlands were extensively used
by a maternity colony, while the bats used floodplain forest primarily as a commuting corridor (Murray and Kurta
2004). Near Indianapolis (Figures 2-4), woodlands are preferentially used over other land covers for both foraging
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and commuting, although we did not separate these woodlands into habitat types because so little woodland is
present (Sparks et al. In Press, Sparks, Whitaker, and Ritzi Unpublished).

Given the large and variable distribution (Gardner and Cook 2002, Brack et al. 2002) of the species, it should come
as no surprise that differences in foraging habitat have been recorded between different parts of the summer range,
or between bats on the maternity range and near hibernacula. Such differences in the type of woodland used by
Indiana bats as foraging habitat may be caused by competition with other species (LaVal et al. 1977, Murray and
Kurta 2002) or differences in habitat between different sites. For example there are few forested wetlands similar to
those used for foraging by Indiana bats in Michigan (Murray and Kurta 2004) in central Indiana where the species
has been most intensively studied (Cope et al.1974, Humphrey et al. 1977, Brack 1983, Sparks et al In Press, Sparks,
Whitaker, and Ritzi Unpublished). The fact that bats in Michigan rarely foraged in floodplain forests (Murray and
Kurta 2004) may simply be the result of the forested wetlands being an even more preferred habitat type. In
addition, competition with other bats in different parts of the range may lead to differences in the habitat used by
Indiana bat across the range (LaVal et al. 1977, Murray and Kurta 2002). Indiana bats may limit competition with
other species in Indiana by feeding on different prey or at different times (Belwood 1979, Lee 1993, Whitaker
2004). Future studies of the foraging ecology of Indiana bats should continue to explore the impacts of differing
landscapes and communities of bats.

Although most authors have commented on the availability and use of different habitats for foraging, formal
statistical analysis of habitat used relative to habitat available have been conducted in western Illinois (Gardner et
al.1991a,b) and at IND (Sparks et al /n Press). Gardner et al.(1991a,b) compared the proportions of habitat
available within Fishhook Creek Wildlife Area to habitat contained in foraging areas (delineated by 100% Minimum
Convex Polygons). They found that floodplain forest was most preferred followed by ponds, oldfields, rowcrops,
upland forests, pastures, and other habitats (including developed areas). At IND, comparisons were made at 2
scales. The larger scale compared habitat available within 8.37 km of any roost and habitat contained within
foraging areas delineated using 95% MCPs. Indiana bats selected foraging areas containing woodlands significantly
more than agriculture, low density residential, open water, and these significantly more than pasture, parks, and
commercial lands with high density residential being the least important. At a finer scale, point data were compared
to habitats available within the foraging areas. At this scale, woodlands were most preferred and open water least
preferred. In both Indiana and Illinois, agricultural fields and oldfields were an important habitat component. In
addition at IND, we suspect the bats are frequently foraging along wooded edges, although telemetry error makes
this distinction impossible (Sparks et al. /n Press). We suspect that in heavily forested landscapes such open
habitats may provide critical foraging habitat.

Size of foraging areas varies widely, ranging from a core area of 7 ha (Kiser and Elliot 1996) to a home range of
3026 ha (Romme’ et al.2002). Although some of these differences are due to differences in techniques and the
terrain in which the bats were tracked, the variation seen in other studies also indicates that these differences are
real. A major question that needs to be addressed is how foraging areas change as bats change in age and
reproductive condition. On the summer range in Illinois, Gardner et al.(1991a) noted that post-lactating females had
the largest foraging ranges (438 ha), followed by lactating females (344 ha), adult males (193 ha), juvenile males
(177 ha), pregnant females (159 ha) while juvenile females had used the smallest foraging areas (120 ha). Work in
Michigan found that lactating bats made longer commutes than pregnant bats, but this difference was not significant
(Murray and Kurta 2004). Preliminary analysis of data collected in Pennsylvania (Butchkoski and Hassinger 2002),
in Missouri (Romme’ et al. 2002), and by us at IND show no clear association between size of foraging area and
sex, age, or reproductive class. Fidelity to foraging areas between years by bats in different reproductive classes
also suggests differences in the sizes of foraging ranges may be related to factors other than reproductive class. We
intend to address this question using data from IND once we have an adequate sample of post-lactating bats.
Ultimately, the important question is how individual bats change their behavior throughout a field season. Thus,
information about how the same bat uses its foraging habitat during different parts of the year is critical.

Fidelity to Foraging Areas

Colonies of Indiana bats appear to be loyal to a general foraging area within and between years (Cope et al. 1974,
Humphrey et al. 1977, Gardner et al.1991a,b, Murray and Kurta 2004). For example, at IND we tracked a total of
43 bats between 1997 and 2004; all these bats foraged in the same general area, although home ranges were distinct
(Figure 2).
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Available data support the hypothesis that individual Indiana bats are faithful to their foraging areas between years.
Gardner et al. (1991a) noted that females returned to roughly the same foraging areas between years regardless of
whether these bats were initially captured as juveniles and then retracked as adults (their Figure 2) or if these bats
were adults during both seasons they were tracked (their Figure 7). In Michigan, Indiana bats have been recaptured
at and tracked to the same sites (Kurta and Murray 2002, Murray and Kurta 2004). At IND, we have had one
opportunity to collect data on the same bat in 2 different years (Figure 3). Roosting and foraging habits of this bat
were remarkably consistent between years including occasional nocturnal visits to a day roost on the opposite end of
the colony’s foraging range, despite the fact that the bat was pregnant when tracked in 2003 and lactating in 2004.

In addition to returning to the same general foraging area in subsequent seasons, individual Indiana bats return to the
foraging areas during subsequent nights (Gardner et al. 1991a,b, Murray and Kurta 2004). At IND we have found
bats move through their foraging habitat so predictably that we are able to move trackers into position prior to the
bat moving (Figure 4). We suspect each bat may have several foraging areas that it moves sequentially between in
an order determined by food availability, and its current roost.

Night Roosting

After foraging for a period of time, Indiana bats frequently enter a night roost, which is usually located in the core of
the foraging area (Butchkoski and Hassinger 2002, Kiser et al. 2002, Murray and Kurta 2004). Most Indiana bats
apparently use trees as night roosts (Butchkoski and Hassinger 2002, Murray and Kurta 2004), although they do
occasionally use bat boxes (Butchkoski and Hassinger 2002) and bridges (Kiser et al. 2002) as well. At IND, we
observed bats night roosting almost exclusively in trees, despite an abundance of bridges. One exception was an
individual night roosting in an oldfield without trees. Although we were unable to locate the exact roost, we suspect
this bat was roosting in vegetation. Lactating females return multiple times to their day-roosts, or other day roosts
between foraging bouts (Butchkoski and Hassinger 2002, Murray and Kurta 2004, Sparks, Whitaker, and Ritzi
Unpublished), and at IND this included several bats that entered bat boxes known to also be day roosts. Murray and
Kurta (2004) noted that Indiana bats night roosted 0-6 times per night, usually for an average 14 minutes per bout.
Murray and Kurta (2004) used a single observer with a radio receiver to document night roost sites by approaching
the bat as close as possible. Similar efforts to examine night roosting behavior were made in Pennsylvania
(Butchkoski and Hassinger 2002) and by us at IND only to have the bats exit the roosts and either return to foraging
or switch roosts. As such, studies of bats night roosting in trees remain a difficult undertaking.

Night roosting remains poorly understood. For Indiana bats, Murray and Kurta (2004) suggested the primary
benefits to be resting, digesting newly captured food, and investigation of potential roosts. Because Indiana bats in
Michigan occupied isolated roosts spread throughout the study area, they discounted the likelihood of bats using
these roosts to exchange information about prey resources, or gain thermal or antipredator benefits from clustering.
At Camp Atterbury, Indiana bats do roost in groups under bridges (Kiser et al.2002) where such benefits cannot be
ruled out. Bats at Atterbury were also much less sensitive to disturbance than bats at IND (C. M. Ritzi Personal
Observation).

Return to the Roost

Although lactating bats frequently return to the roost several times in a night (presumably to nurse pups), bats of
other reproductive classes spend most of their nights in their foraging areas (Murray and Kurta 2004) and return to
the roost immediately before dawn. Bats in Michigan returned to their roosts 10-40 minutes before daylight.
Telemetry at the IND showed that most bats flew directly from distant foraging areas to the roost. On some
occasions, however, we observed radio-tagged Indiana bats foraging over cropfields near their roosts in the early
morning light. Also, checking behavior is common during the early morning at major roost trees, and may be
participated in by numerous bats, even on days prior to nights when few or no bats emerge from the roost.

Food Habits

Diet of the Indiana bat varies across the geographic range of the species, within a season, and even within a single
night (reviewed in Murray and Kurta 2002). Variations within the diet may be linked to selection of particular prey
items available in a foraging area, selection of foraging areas rich in particular prey items, changes in prey
availability across time or geographic space, or a combination of these factors. Although the diet is variable, there
are also striking patterns of similarity. Throughout the species range, and across multiple studies conducted over a
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period of 30 years, the diet of this bat consists primarily of insects belonging to the orders Diptera (flies),
Lepidoptera (moths), and Coleoptera (beetles) (Whitaker 1972, 2004, Belwood 1979, Brack 1983, Brack and LaVal
1985, Lee 1993, Kiser and Elliot 1996, Kurta and Whitaker 1998, N. M. Tuttle, Unpublished Data). Two other
orders: Trichoptera (caddisflies), and Hymenoptera (wasps and ants), may be the predominant food when locally
abundant (Kurta and Whitaker 1998, Murray and Kurta 2002, N. M. Tuttle Unpublished Data, Whitaker 1972). The
remaining portion of the diet consists of a wide variety of other insects along with the occasional spiders and mites
(Table 2).

Several pest species are included in the diet. With the exception of one site in Michigan (Kurta and Whitaker 1998),
mosquitoes (Diptera: Culicidae) represent only a small percent volume of the food consumed by Indiana bats.
Indiana bat frequently forage in areas where mosquitoes are abundant. Mosquitoes are small and mostly solitary
(except for male mosquitoes that advertise for mates by swarming) making it ecologically inefficient for bats to seek
them out as food (Whitaker and Long 1998). Other pests documented in the diet include Asiatic oak weevil,
Cyrtepistomus castaneus; spotted cucumber beetle (adult form of the southern corn rootworm,) Diabrotica
undecimpunctata; and Hessian fly, Mayetoila destructor (Kiser and Elliot 1996, N. M. Tuttle Unpublished). While
the spotted cucumber beetle and Hessian fly occurred only sporadically, the oak weevil was a frequent and
sometimes dominant part of the diet at IND (N. M. Tuttle Unpublished). As such, the Indiana bat may be an
important agent of biological control on this species. The Hessian fly is a characteristic pest of wheat, which is an
uncommon crop in central Indiana. Because the wing venation of the Hessian fly is easily recognized, we encourage
those conducting studies of the diet of Indiana bat in parts of the country where wheat is an important crop to be able
to identify this serious pest.

As we learn to identify a greater percentage of the diet to the specific level, we expect the proportion of pest species

will increase as well. Unfortunately, some studies failed to report the identity of food items below ordinal level. We
encourage future researchers to identify food items to the lowest possible taxonomic level as suggested by Whitaker

(1988). Lower taxonomic groups can then be lumped as needed for statistical examination.
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Table 2. Foods Eaten by Indiana Bats.
% Volume Reported in Study #

Food Item
Lepidoptera
Coleoptera
Diptera
Trichoptera
Hymenoptera
Homoptera
Hemiptera
Neuroptera
Plecoptera
Ephemeroptera
Orthoptera
Phthiraptera
Araneida
Acari

Other

2 3 4 5 6 7 8 9 10
57 48 83 42 31 23 14 30 22
25 18 25 17 1 4227

9 1025 33 26
20 1
3
1
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Key to studies 1= Whitaker 1972, 2=Belwood 1979, 3=Brack 1983, 4=Brack and LaVal 1985, 5=Lee 1993, 6= Kiser and
Elliot 1996, 7=Murray and Kurta 2002, 8=Kurta and Whitaker 1998, 9=Brack and Whitaker 2004, 10=Whitaker 2004.
T= Trace amount reported.
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Figure 1. Comparison of times of initial emergence by Indiana bat to sunset at the Indianapolis International Airport
in 1999. Time of sunset is indicated by a square and the time the first bat emerged is indicated by a triangle. The
circled emergence is an evening when we observed a red-bellied woodpecker chase a bat from the roost
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Figure 2. Home Ranges of 43 Indiana bat radiotracked near the Indianapolis International Airport from 1997-2004.
Home ranges are illustrated by 95% minimum convex polygons, and each year is color coded.
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Figure 3. Data collected on the same bat in 2003 (when pregnant) and 2004 (when lactating). Note the overall
similarity of the areas used between the 2 years. Also note the telemetry locations south of Interstate Highway-70.
Although we were unable to obtain telemetry “fixes” on the bat in 2003 in both years it flew from its roosting area
and then roosted in a second roost.
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Figure 4. Example of a bat with multiple foraging areas. This bat (a juvenile female) would emerge and forage in
the area surrounding its roost (area 1). It would then move south along the East Fork of White Lick Creek until it
reached foraging area 2, in a series of constructed wetlands. The bat would then move across a county road and
forage for a period near a small pond (area 3) before moving to a final foraging area (4) where it would usually night
roost. On 2 nights (white symbols), the bat changed this pattern on 7 August, it passed through, but did not stay in

area 3. On 9 August it night roosted in area 3 and never flew to area 4.
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ROOSTING ECOLOGY AND BEHAVIOR
OF INDIANA BATS (Myotis sodalis) IN SUMMER

Allen Kurta
Department of Biology
Eastern Michigan University
Ypsilanti, Michigan

Abstract

An analysis of 393 roost trees from 11 States indicates that at least 33 species of tree have been used as roosts by
adult female and young Indiana bats (Myotis sodalis), although 87% are ash (Fraxinus), elm (Ulmus), hickory
(Carya), maple (Acer), poplar (Populus), and oak (Quercus). On average, roost trees are 56% covered by bark, 45
cm in diameter, and 20 m tall; height of the roosting area/exit is about 9 m. Roost trees are larger in diameter than
nearby apparently suitable trees, but amount of bark is not a factor in roost selection. Roosts most often are in open
sites in agricultural areas with fragmented forests. Indiana bats change trees every 2—3 days, traveling up to 5.2 km
between successive roosts, but they are loyal to their home area between years. Adult males use similar roosting
sites and species of tree (n = 239), but average diameter of trees used by females is 36% greater than that of trees
occupied by males. Loss of roost trees may fragment a maternity colony and reduce reproductive success.

Introduction

The Indiana bat (Myotis sodalis) originally was listed as endangered because of perceived problems during
hibernation. Nevertheless, the population continues to decline, despite restoration and/or protection of all major and
many minor hibernacula, suggesting that factors affecting mortality or reproductive success may be operating in
summer (Clawson 2002). Little was known about summer roosting habits of female Indiana bats before the advent
of miniature radiotransmitters in the 1980s, but since that time, hundreds of Indiana bats have been radiotracked
throughout the species’ range. The purpose of this report is to summarize data from published and unpublished
reports concerning the roosting ecology and behavior of Indiana bats in summer, with an emphasis on females and
their young at maternity sites. In addition, I will speculate on the potential effects that loss of a roost tree might
have on a colony and its members.

Microhabitat

Female Indiana bats almost invariably occupy trees in summer. Members of a colony may use over 20 different
trees during the reproductive season, with individuals constantly switching back and forth (e.g., Kurta et al. 2002;
Sparks 2003). Some trees are used more consistently and by a greater number of bats than other trees, and these
“focal” or “primary” roosts probably are more important to the colony than “alternate” roosts that are used
infrequently and by fewer animals (Barclay and Kurta in press).

Bark or Crevice

The most common roosting site for females in summer is under slabs of exfoliating bark, but the bats occasionally
use narrow cracks within trees (Callahan 1993; Carter 2003; Kurta et al. 1993a, 1993b, 2002). For example,
crevices in the top of a lightning-struck tree (Gardner et al. 1991) or trees that were snapped by a tornado (Kurta et
al. 2002) can shelter maternity colonies. Although other species of bat reside frequently in tree hollows that were
created by rot or woodpeckers (Barclay and Kurta in press), such cavities have never been used by maternity
colonies of Indiana bats.

Species of Tree

Over 30 species of tree have supplied roosts for female Indiana bats and their young (Table 1), and 87% are various
ash (Fraxinus; 13%), elm (Ulmus; 13%), hickory (Carya; 22%), maple (Acer; 15%), poplar (Populus; 9%), and oak
(Quercus; 15%). At one time, it appeared that oak and hickory were used more commonly at southern sites
(Callahan et al. 1997; Garner et al. 1991), whereas elm, ash, maple, and cottonwood were occupied more often in
northern areas (Kurta et al. 1996, 2002; Whitaker and Brack 2002). Recent work, however, shows Indiana bats
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occupying ash and elm in southern Illinois (Carter 2003) and hickories in Vermont (Palm 2003), so type of tree
seems related more to local availability than broad regional preferences. Nonetheless, some common trees, such as
American beech (Fagus grandifolia), basswood (Tilia americana), black cherry (Prunus serotinus), box elder (4.
negundo), and willows (Salix) have rarely or never been used, suggesting that they are not suitable for primary
TOoSts.

All roost trees of female Indiana bats at maternity sites are deciduous species, except a few trees recently discovered
in the Great Smoky Mountains (Britzke et al. 2003) and in New England (K. Watrous in litt.). Although this may
indicate a preference for deciduous trees, it also simply may reflect availability. Maternity roosts of Indiana bats are
located most frequently in agricultural areas that once were prairies, savannahs, or deciduous forests, and maternity
colonies are almost totally unknown from southern States or the eastern mountains where conifers are more common
(Gardner and Cook 2002). Many other species of bat roost in conifers (Barclay and Kurta in press), and Indiana bats
use conifers during autumn swarming (Gumbert et al. 2002); consequently, there does not appear to be anything
inherently poor about conifers as roosts.

Many species of tree apparently make suitable roosts (Table 1), but some species are preferred. Kurta et al. (1996),
for example, demonstrated a preference by Indiana bats for green ash (F. pennsylvanica) over silver maple (4.
saccharinum) in Michigan, and Carter (2003) showed that these bats chose green ash and pin oak (Q. palustris)
more often than expected based on availability in Illinois. Both studies occurred at sites with very high snag
densities. However, if suitable trees are less abundant, other factors that influence roost selection (e.g., canopy
cover, exposure to wind, distance to foraging sites, etc.) may mask preferences that were displayed by bats in areas
of superabundant roosts.

Living or Dead Trees

Most trees that are occupied by female Indiana bats in summer are dead or nearly so. Indiana bats also occasionally
roost under the peeling bark of living trees, most often shagbark (C. ovata) or shellbark hickories (C. lacinosa), and
these trees may be used as alternate roosts during exceptionally warm or wet weather (Callahan et al. 1997;
Humphrey et al. 1977). Carter (2003), however, suggests that living trees are used as alternates only when suitable
dead trees are not available.

Size of Tree

Roost trees vary in size (Table 2). Although the minimum diameter reported so far is 6.4 cm for a male roost
(Gumbert 2001) and 11 cm for a female roost (Britzke 2003), such small trees are never used as primary roosts, and
most trees favored by maternity colonies are greater than 22 cm in diameter. For example, average diameter of roost
trees (primary and alternate) is 62, 55, and 41 cm for Indiana, Missouri, and Michigan, respectively (Callahan et al.
1997; Kurta and Rice 2002; Whitaker and Brack 2002). Differences in average diameter among States likely reflect
differences in species of tree contained in each sample—the Indiana sample is dominated by cottonwood; Missouri,
by oak and hickory; and Michigan, by ash. The smallest mean diameter in Table 2 (28 cm) is for five trees in
Pennsylvania; however, the primary roost for this colony was a building, and no tree sheltered more than four bats
(Butchkoski and Hassinger 2002).

Larger-diameter trees presumably provide thermal advantages and more spaces for more bats to roost in. As in most
tree-roosting bats (Barclay and Kurta in press; Hayes 2003), female Indiana bats probably select trees, especially
primary roosts, that are larger in diameter than nearby, apparently suitable, but unoccupied trees (Britzke et al. 2003;
Kurta et al. 1996 2002; Palm 2003; Sparks 2003). Nevertheless, whether a statistical difference in diameter is
detected between roost and randomly selected trees is affected by the definition of a “suitable” or “available” tree.
Differences between roosts and random trees have been found when the minimum diameter of available trees is set
at4.5, 10, or 15 cm (Kurta et al. 1996, 2002; Palm 2003; Sparks 2003) but not at 18.5 or 25 cm (Callahan et al.
1997; Carter 2003). Inclusion of small trees in the pool of randomly selected trees seems justified, because there are
numerous instances of one or more Indiana bats using them; hence, they are “available” to the bats.

Average heights of roost trees range from 16 to 26 m (Table 2). Variation in height among studies likely reflects
species differences in the sample of roost trees but also in the manner in which the trees died. For example, roost
trees at one site in Michigan were killed by inundation and had an average height of 25 m, whereas roosts at a
second site were snapped by a tornado and averaged only 18 m (Kurta et al. 1996, 2002). Minimum tree heights are
3 m for an alternate roost (Carter 2003) and 3.7 m for a primary roost (Callahan 1993). Absolute height of the roost
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tree probably is less important than height relative to surrounding trees, because relative height can affect the
amount of solar radiation impinging on the tree, ease of finding the tree, and ease of safely approaching the roost
while in flight (Barclay and Kurta; in press; Hayes 2003).

Bats often gain air speed when taking flight by dropping from their roost, and a certain height may be needed to do
this without hitting the ground or coming within reach of terrestrial predators. Surprisingly, minimum exit height
for an alternate roost is only 0.6 m, and for a primary roost, 1.8 m (Callahan 1993). However, mean height of the
exit, which is assumed to be the height of the roosting area, is 7-10 m (Table 2); height of the exit is correlated with
height of the tree (Kurta et al. 2002). Absolute height of the exit probably is not as important as height relative to
surrounding vegetation.

Other Factors Affecting Access and Sunlight

In addition to height, other factors influence the amount of sunlight striking a roost tree and simultaneously impact
the ease and safety of access for a flying bat (Barclay and Kurta in press). For example, roosts of the Indiana bat,
especially primary roosts, typically are found in open situations, although definitions of “open” vary (Callahan et al.
1997; Carter 2003; Gardner et al. 1991; Kurta et al. 1993b, 1996, 2002; Palm 2003; Sparks 2002). The immediate
vicinity of a roost, especially a primary roost, often is open forest, or roosts may occur along the edge of a woodlot,
in gaps within a forest, in a copse of dead trees, part of a wooded fenceline, or in grazed woodlands, pastures, or hog
lots. When present in denser forests, primary roost trees often extend above the surrounding canopy (e.g., Callahan
et al. 1997). Roosts occasionally occur in low-density residential areas with mature trees (Belwood 2002; A. Hicks
pers. comm.).

Canopy cover at the base of roost trees is one measure of openness around a roost, but mean values are variable
among studies, ranging from <20% to 88% (Table 2). Some variation undoubtedly is related to differences in
methodology, but high canopy cover may be associated with use of many living shagbark hickories as alternate
roosts. Also, it is important to remember that usual measures of canopy cover reflect conditions at ground level and
not necessarily at the height of roosting bats. Carter (2003), for example, estimated canopy cover at roost height to
be about half that at ground level.

Access by a flying bat and incident sunlight presumably are decreased by high canopy cover, but both also could be
affected negatively by presence on the trunk of living or dead vines, such as wild grape (Vitis spp.) or Virginia
creeper (Parthenocissus quinquefolia). In Michigan, all roost trees discovered so far (n = 74) lacked vines at or
above the roosting area, although no comparison was made with randomly selected trees (Kurta and Rice 2002; A.
Kurta, unpublished data).

Amount of Bark Remaining

Amount of bark remaining on a tree is another parameter that often is measured, although not always in the same
way. Some biologists record the total amount of bark remaining on a tree, whether the bark is suitable for roosting
or not (e.g., Callahan et al. 1997), whereas other researchers record only the amount of exfoliating bark under which
a bat might roost (e.g., Gardner et al. 1991). The two techniques must be distinguished because they mean different
things and could yield different results. For example, a randomly selected tree that recently died may be covered
totally by bark and yield a value of 100%; however, the same tree would be totally unsuitable for roosting, because
all bark is still tight to the trunk, thus yielding 0% for loose and peeling bark. Although there is potential for
confusion, neither the amount of total bark or of exfoliating bark apparently affects roost selection by female Indiana
bats (Britzke et al. 2003; Carter 2003; Callahan et al. 1997; Gumbert 2001; Kurta et al. 1996, 2002; Palm 2003).

Sexual Differences

Some adult male Indiana bats form colonies in caves in summer, but most are solitary and roost in trees. Adult
males have been radiotracked to 239 trees of 26 species in 8 States (Table 1). Species of tree are similar to those
chosen by females. Males at two sites in Kentucky often roosted in pines (Gumbert 2001; Kiser and Elliott 1996),
which were abundant in those study areas, but most other males (40%) used elm. Although males roost in trees up
to 95 cm in diameter (Kurta and Rice 2002), males accept small trees more often than do females; consequently,
mean diameter of trees used by males was 36% less (33 cm; n = 219) than the average for females (Tables 2 and 3).
Like the females, males roost primarily under bark and less often in narrow crevices; in addition, two males were
tracked to small cavities (Gardner et al. 1991; Gumbert 2001).
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Artificial Roosts

Although some species, such as the little brown bat (M. lucifugus) and big brown bat (Eptesicus fuscus), have the
behavioral plasticity to roost in trees, rock crevices, bat houses, or buildings (Barclay and Kurta in press; Hayes
2003), female and juvenile Indiana bats in summer are restricted almost totally to trees. Adult females apparently
used a crevice in a utility pole in Illinois (Ritzi et al. in press), and adult males were found under brackets on utility
poles in Arkansas (Harvey 2002). There also are a few instances of adult males and juvenile Indiana bats day-
roosting under concrete bridges in Indiana (reviewed in Kiser et al. 2002). Although a number of Indiana bats have
been captured in buildings during migration (before 15 May or after 15 August; Belwood 2002), only three
maternity colonies have been located in buildings. These include an abandoned church in Pennsylvania (Butchkoski
and Hassinger 2002), a house in New York (A. Hicks, pers. comm.) and a barn in Iowa (Chenger 2003).
Nevertheless, there are almost 400 roost trees for female Indiana bats indicated in Table 1, and probably hundreds of
others are described in unpublished reports of consultants and government agencies, suggesting that use of buildings
by maternity colonies is uncommon.

Similarly, bat houses rarely are occupied by Indiana bats. Reproductive females from the church in Pennsylvania
also used a large picnic-shelter-style bat house as an alternate roost (Butchkoski and Hassinger 2002). Before 2003,
the only other records of Indiana bats using bat houses were two, solitary, juvenile males using different bird-house-
style bat boxes and a group of females in a rocket box after the reproductive period (Ritzi et al. in press; Carter et al.
2001). However, Ritzi et al. (in press) recently found groups of reproductive females using two bird-house-style bat
boxes for prolonged periods. Use of these artificial structures coincided with destruction of two primary roosts, and
the authors speculated that portions of the colony were using the boxes as temporary replacements. The boxes had
been in place for 11 years before being occupied and were two of 3,204 artificial structures of various styles that had
been constructed. Placement of bat houses of current design is not an acceptable alternative to maintaining a supply
of suitable dead trees for this endangered species.

Landscape Structure and Macrohabitat
Distance to Environmental Features

Distances from roosts to nearby environmental features rarely were measured. Trees used by a colony in Illinois
were closer to unpaved than paved roads and closer to intermittent streams than to perennial streams, although no
comparison was made with randomly selected points (Gardner et al. 1991). In Michigan, roost trees were closer to
perennial streams than random locations, but there was no difference between roosts and random points in distance
to roads of any type or to lakes/ponds (Kurta et al. 2002). Although insectivorous bats typically obtain 20-26% of
their daily water from drinking (Kurta et al. 1989, 1990), water sources are ubiquitous in most areas where Indiana
bat maternity roosts occur, and distance to water likely does not impact selection of individual trees. At one
maternity site in Michigan, for example, average distance from a random point to a perennial stream is only 910 m
and to a lake or pond, 541 m (Kurta et al. 2002); these distances are small and energetically insignificant. Although
distance to water probably is not a factor in day-to-day roost selection, accessible sources of water might affect
location of the home range of a colony on a broader landscape, i.¢., colonies may locate in areas of more abundant,
accessible sources of water (Carter et al. 2002).

Commuting Corridors

Indiana bats frequently follow tree-lined paths rather than cross large, open areas (Carter 2003; Chenger 2003;
Gardner et al. 1991; Murray and Kurta 2004). Therefore, suitable patches of forest may not be available to the bats
unless they are connected by a wooded corridor, i.e., a component of suitable habitat may be the connectedness of
different forest patches. Unfortunately, biologists do not know how large an open area must be before Indiana bats
hesitate or refuse to cross. There are observations of Indiana bats crossing interstate highways (R. Rommé, pers.
comm.) or open fields (Brack 1983), but such behavior appears uncommon, relative to observations of the bats
foraging in or commuting along wooded sites. Murray and Kurta (2004), for example, showed that Indiana bats
increased commuting distance by 55% to follow tree-lined paths, rather than flying over large, agricultural fields,
some of which were at least 1-km wide.
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Surrounding Habitats

At one time, the Indiana bat was considered a riparian specialist (Humphrey et al. 1977), but this categorization is no
longer valid. Maternity roosts of some colonies are primarily in riparian zones (Humphrey et al. 1977), mainly in
upland forests (Gardner et al. 1991), or are partly riparian and partly upland (Callahan 1993). Indiana bats in
Michigan (Kurta et al. 2002), in contrast, preferred roosting in wetlands; although some roosts were in the floodplain
of a major river, most were in low areas not associated with the river. Differences among studies probably reflect
the location of intact woods in different agricultural landscapes (Murray and Kurta 2002, 2004).

Presence of Indiana bats is not correlated with high forest cover. Miller et al. (2002) compared macrohabitats
surrounding sites where female Indiana bats were caught to sites where they were not caught and found that the
percentage of land that was forested did not determine presence of Indiana bats, although occupied sites contained a
higher density of large-diameter trees. Similarly, after analyzing a model for predicting habitat suitability, Farmer et
al. (2002) concluded that amount of land in forest, number of different habitats available, and area of water were not
useful for predicting presence of Indiana bats. They reported, however, that Indiana bats were more likely to occur
in areas with a high density of potential roost trees (see also Clark et al. 1987).

Composition of the landscape surrounding a colony’s home range was determined for a few maternity colonies. In
Missouri, amount of forest within a 3-km radius of four maternity sites varied from 19 to 30%, whereas amount of
agricultural land was 58—-81% (Callahan 1993). In Illinois, 67% of the land was agricultural, 33% was forested, and
0.1% consisted of farm ponds (Gardner et al. 1991). In Michigan, land cover consisted of 55% agricultural land,
19% wetlands (including lowland hardwood forest), 17% other forests, 6% urban development, and 3%
lakes/ponds/rivers (Kurta et al. 2002).

Using GIS, Carter et al. (2002) compared habitats in circles that were 2 km in diameter surrounding all roost trees
known in Illinois with habitat surrounding randomly selected locations. Areas around roosts had fewer and smaller
urban patches and more and larger patches of closed-canopy deciduous forest compared with random sites. Area
and number of patches of coniferous forest did not differ between roosting and random locations, but roosting areas
had more patches of water (ponds, lakes, etc.) than random sites. Finally, roosts typically occurred in highly
fragmented forests, with roosting areas containing more patches of agriculture than randomly chosen circles.

On a much larger scale, Gardner and Cook (2002) examined land cover in 132 counties in the United States for
which there was evidence of reproduction by Indiana bats. Nonforested habitats, primarily agricultural land, made
up 75.7% of the total land area in those counties. Deciduous forest covered 20.5% of the land, whereas coniferous
forests and mixed coniferous/deciduous woodland occupied 3.4%.

Thus, studies examining roosts used by single colonies, all colonies within a State, or all counties within the United
States with evidence of reproduction are consistent in showing that Indiana bats typically reproduce in agricultural
areas with fragmented forests and do not usually form colonies in areas of extensive forest. Most females from the
major hibernacula in Indiana, Kentucky, and Missouri migrate north for summer, into agricultural landscapes of the
Midwest (Garner and Cook 2002; Whitaker and Brack 2002). Similarly, recently discovered colonies in Vermont
and New York also occur in agricultural regions with fragmented forests. These bats hibernated in New York and
were followed with aircraft as they left hibernation; they ignored nearby forests of the Adirondack Mountains in
favor of agricultural areas of the Lake Champlain Valley and southern New York (A. Hicks, pers. comm.). Itis
tempting to conclude that Indiana bats prefer an open or fragmented landscape, although climate also may play a
role, with southern portions of the species’ range perhaps too warm and forest-covered mountains too cool for
successful reproduction (Brack et al. 2002; Clark et al. 1987; but see Britzke et al. 2003). Additional factors that
may contribute to where Indiana bats typically reproduce on the continent are distance from suitable hibernacula,
competition for food with other species of bat, and competition with other bats or birds for roosting sites (Clark et al.
1987; Foster and Kurta 1999; Kurta and Foster 1995; Murray and Kurta 2002; Sparks 2003).

Colony Size, Fidelity, and Roost Switching
Size of Maternity Colonies

The number of bats comprising a maternity colony is difficult to determine because colony members are dispersed
among various roosts (see below). Most exit counts at primary roosts indicate the presence of at least 20-100 adults.
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The mean maximum emergence count after young began to fly is 119 bats (12 studies; Table 2), suggesting a typical
maximum of 60—70 adults in a primary roost at any one time.

Intraseasonal Behavior

All colonies use multiple trees during a season and at any one time. However, the exact number is not known,
because not every bat in a colony can be tracked simultaneously, especially over an entire season, and because
number of trees used by a bat is correlated with number of days that it is radiotracked (Britzke 2003; Gumbert et al.
2002; Kurta et al. 1996, 2002). On any day, a colony is dispersed among numerous trees, with many bats occupying
one or more primary roosts, while individuals and small groups reside in different alternate roosts. The number of
alternates used on any day probably varies, but bats from one colony occupied at least eight trees on a single day
(Carter 2003). Maternity colonies use a minimum of 8-25 different trees in one season (Callahan et al. 1997; Carter
2003; Kurta et al. 1996, 2002; Sparks 2003).

Roost trees are clustered in space (Kurta et al. 1996, 2002), because groups of trees are subjected to the same
mortality factors at the same time (e.g., storms, flooding, and disease). Although roosts are clustered, there may be
more than one cluster within a home range. Consequently, minimum distance between two trees used by a colony in
the same season is 1 m (Kurta et al. 1996), but the maximum is 8.2 km (Kurta et al. 2002).

Indiana bats probably have a fission-fusion society, similar to that of cetaceans and primates (Barclay and Kurta in
press; Kurta et al. 2002; Willis and Brigham 2004). In summer, Indiana bats typically change roosts every 2—3 days,
with lactating females changing less frequently than pregnant or post-lactating adults and bats roosting in crevices
changing less often than those roosting under bark; both males and females apparently change roosts less frequently
during cool weather in early spring (Britzke 2003; Carter 2003; Gumbert et al. 2002; Kurta et al. 1996, 2002;
Schultes 2002). Individuals or perhaps small groups may change roosts, but the entire colony typically does not
shift en masse to a single new tree overnight. Reasons for frequent switching are not understood, but some shifts
may be a response to changing weather or changing needs of females in different reproductive conditions, or an
attempt by the bats to maintain social contacts or knowledge of alternate roosts (Barclay and Kurta in press).

Indiana bats often do not move to the nearest alternate roost, but average distance moved depends somewhat on
habitat. At a site with a superabundance of suitable roosts, mean distance moved was only 74 m (n =37), but ata
different site where potential roosts were less abundant, bats moved an average of 686 m (n = 78; Kurta et al. 1996,
2002). Minimum distance moved overnight is 1 m (Kurta et al. 1996), but the maximum reported so far is 5.8 km
(Kurta et al. 2002).

Interannual Fidelity to Roosts and Roosting Areas

Indiana bats display strong between-year fidelity to summer colony areas, roosts, commuting corridors, and foraging
sites. For example, 41% of banded adult females at one colony in Michigan were recaptured at or near the initial
banding site in subsequent years (Kurta and Murray 2002), and bats from this colony used a wooded fenceline as a
commuting corridor for at least 9 years (Winhold et al. in press). Roost trees often are reoccupied by a colony in
subsequent seasons, with many examples of trees being used for 2—6 years (Barclay and Kurta in press; Gardner et
al. 1991; Gumbert et al. 2002; Humphrey et al. 1977; Kurta et al. 1996, 2002; Sparks 2003).

Although Indiana bats are faithful to their home area, exact roosting sites must change frequently, due to the natural
decay of roosts. As an example, one colony in Michigan shifted the focal point of its roosting activity by 2 km in
just 3 years but apparently maintained the same home range. Most roosts were located in or near foraging areas or
commuting corridors—features of the home range that probably were less ephemeral than individual roosts (Murray
and Kurta 2004; Winhold et al. in press).

Loss of a Roost

Biologists know very little with certainty about the effects of loss of a roost tree on Indiana bats or any other species.
Impacts likely vary with time of year, reproductive state of the bat, whether the tree is currently occupied, and
whether it is a primary or alternate roost. Although Indiana bats may be killed directly during destruction of a roost
(Belwood 2002), most effects appear indirect and probably occur on a continuum, from those associated with loss of
one alternate roost to those that accompany elimination of all known roost trees and foraging sites (i.e., destruction
of the home range).
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Loss of a single alternate roost at any time of year probably has little impact on Indiana bats, because the colony has
10-20 other trees to select from, but loss of a primary roost could be detrimental. For example, a colony of big
brown bats excluded from a primary roost in a building fragmented, and the bats subsequently experienced a 56%
decline in reproductive success (Brigham and Fenton 1986). Reduced reproductive success may be related to stress,
poor microclimate in new roosts, a reduced ability to thermoregulate through clustering, or reduced ability to locate
profitable food patches through information sharing (Brigham and Fenton 1986; Willis and Brigham 2004).
Destruction of a primary roost of Indiana bats also led to fragmentation of the colony (Ritzi et al. in press; Sparks
2003), and it is reasonable to assume that reproductive success was negatively affected, as in the big brown bat
(Brigham and Fenton 1986).

As indicated elsewhere (Kurta and Murray 2002; Kurta and Rice 2002), loss of multiple roost trees over winter
could be devastating under certain circumstances. If a number of alternate roosts, as well as a primary roost that is
favored in early spring, disappear over winter, then the bats would be without suitable shelter when they return in
spring. At this time, they are stressed after a lengthy hibernation period, a long migration, and the demands of early
pregnancy, but despite the high energetic and nutritional requirements, food (flying insects) is scarce, due to cool
and wet weather. The bats’ ability to use torpor probably minimizes mortality. However, unusually cold or wet
weather negatively impacts the reproductive success of bats of other species that are safely ensconced in their roosts
(Grindal et al. 1992; Lewis 1993; Racey 1973; Racey and Swift 1981), and it is reasonable to assume that
reproduction by Indiana bats that find their roosts destroyed also is impacted during poor weather and that even
average spring conditions may cause problems for homeless animals.

The extent of any harmful effects depends on various factors, including number and quality of trees that are lost,
severity of the weather, and how long it takes the bat to discover suitable replacement roosts. The ease of finding
replacements likely is affected by the density of suitable large-sized trees within their home range and whether or
not foraging sites also have been impacted. Any large-scale modification of habitat that includes destruction of
foraging sites would be particularly detrimental, because Indiana bats likely discover their roost trees within
foraging areas or along commuting corridors (Murray and Kurta 2004). Consequently, large-scale destruction of
habitat eliminates previously used roosts, as well as known sources of food and new roosts.

Final Comments

Biologists have learned much concerning the types of trees occupied by Indiana bats and various facets of their
roosting behavior, yet we still do not understand many important aspects of their biology, ranging from reproductive
success to the dynamics of a colony. What proportion of females give birth, and what proportion of young reach
volancy? How are new roosts located? How do individuals find each other after a roost is destroyed? What is the
minimum number of individuals necessary for a viable colony, and is there a maximum size for a colony? How do
new colonies form? Do colonies ever expand or contract their home range? What are the benefits of colony
membership? What are the effects of colony disruption on the fitness of individuals? Do individuals ever switch
colonies? Answers to such questions are unknown but may be crucial for long-term management and recovery of the
species.

Over 630 roost trees of Indiana bats have been discovered so far (Tables 2 and 3)—more than for any other species
on the continent—and it is time to move beyond simple description of roosting sites (Barclay and Kurta in press).
Unfortunately, tree-roosting bats, in general, are difficult to study because of their small body size, secretive nature,
large home range, ephemeral roosts, and dispersed colonies. Furthermore, the home range of most maternity
colonies of Indiana bats encompasses numerous, small parcels of private land (Kurta and Murray 2002), making any
study logistically more difficult than those that occur in extensive, government-owned forests. Nevertheless,
innovative field manipulations (e.g., Brigham and Fenton 1986; Willis and Brigham 2004) must occur, for Indiana
bats and other tree-roosting species, before biologists will understand how individual bats and colonies interact with
the landscape.
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Table 1. Species of Tree and Type of Roosting Site Used by Indiana Bats.

Scientific Name Common Name Type of Number of Percent of Number of Percent of References”
Roost’ trees used trees used trees used trees used
by adult by adult by adult by adult
femalesand females and males males (%)
young young (%)
Acer rubrum Red maple B,C 7 1.8 13 54 2,3,9,12, 13,16, 17
Acer saccharinum Silver maple B 25 6.4 1 04 5,6,8,13,18,19
Acer saccharum Sugar maple B,C 18 4.6 2 0.8 2,3,8,16-19, 21
Acer sp. Unidentified maple B 9 23 0 0.0 13
Betula alleghaniensis Yellow birch ? 2 0.5 0 0.0 3,16
Betula lenta Sweet birch B 1 0.3 0 0.0 4
Carya cordiformis Bitternut hickory B 3 0.8 1 0.4 8, 11,18, 19
Carya glabra Pignut hickory B 0 0.0 3 1.3 12,17
Carya lacinosa Shellbark hickory B 4 1.0 0 0.0 18, 19
Carya ovata Shagbark hickory B 78 19.8 22 9.2 3,5,6,8-13,16-21
Carya tomentosa Mockernut hickory ? 0 0.0 7 2.9 9
Celtis occidentalis Northern hackberry B 1 0.3 0 0.0 18, 19
Cornus florida Flowering dogwood ? 0 0.0 4 1.7 9
Fagus grandifolia American beech ? 1 0.3 0 0.0 3
Fraxinus americana White ash C 1 0.3 0 0.0 5
Fraxinus nigra Black ash B 4 1.0 3 1.3 13
Fraxinus pennsylvanica Green ash B,C 46 11.7 4 1.7 3,6,13
Gleditsia triacanthos Honeylocust B 2 0.5 0 0.0 7
Juglans cinerea Butternut B 1 0.3 0 0.0 20
Juglans nigra Black walnut B 1 0.3 0 0.0 18,19
Liriodendron tulipifera Tulip tree B 1 0.3 6 2.5 9,15
Ostrya virgiana Hophornbeam B 1 0.3 0 0.0 20
Oxydendrum arboreum Sourwood ? 0 0.0 9 3.8 9,12
Pinus echinata Shortleaf pine B 2 0.5 70 29.3 4,9
Pinus rigida Pitch pine B 1 0.3 6 2.5 4,9
Pinus sp. Unidentified pine B 1 0.3 4 1.7 20
Pinus strobus White pine B,C 8 2.0 0 0.0 16, 20
Pinus virginiana Scrub pine ? 0 0.0 15 6.3 9,12
Platanus occidentalis Sycamore C 2 0.5 0 0.0 14,18, 19
Populus deltoides Cottonwood B,C 25 6.4 0 0.0 5,6,8,1316,18-21
Populus sp. Unidentified poplar B 5 1.3 0 0.0 20
Populus tremuloides Trembling aspen B 5 1.3 0 0.0 3,16
Quercus alba White oak B 15 38 18 7.5 5,8,9,17, 21
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Table 1 continued. Species of Tree and Type of Roosting Site used by Indiana Bats.

Scientific Name Common Name Type of Number of Percent of Number of Percent of References”
Roost’ trees used trees used trees used trees used
by adult by adult by adult by adult
femalesand females and males males (%)
young young (%)

Quercus coccinea Scarlet oak ? 0 0.0 5 2.1 9,12
Quercus falcata Spanish oak ? 0 0.0 | 0.4 9
Quercus imbricaria Shingle oak B 0 0.0 1 0.4 8
Quercus palustris Pin oak B 8 2.0 0 0.0 5
Quercus prinus Chestnut oak ? 0 0.0 6 2.5 9
Quercus rubra Red oak B 30 7.6 9 3.8 2,4,5,8,9,12, 13,21
Quercus sp. Unidentified oak B 3 0.8 0 0.0 20
Quercus stellata Post oak B 3 0.8 2 0.8 8
Quercus velutina Black oak B 0 0.0 2 0.8 9,17
Robinia psuedoacacia Black locust B,C 12 3.1 0 0.0 3,20
Sassafras albidium Sassafras B , Ca 0 0.0 2 0.8 8
Tilia americana Basswood B 1 0.3 0 0.0 20
Tsuga canadensis Eastern hemlock B 3 0.8 0 0.0 3,4,20
Ulmus americana American elm B 35 8.9 14 5.9 2,3,8,9,13,16-22
Ulmus rubra Slippery elm B,C 9 2.3 9 3.8 2,7,8,9,13,21
Ulmus sp. Unidentified elm B 8 2.0 0 0.0 6
Unidentified B 11 2.8 0 0.0 6,13
Total 393 100.0 239 100.0

* Type of roost: B = under bark; C = in crevice; and Ca = in cavity. Not all references indicated specifically which species of tree provided a bark vs. a crevice

roost.

b References are: 1, Belwood, 2002; 2, Butchkoski and Hassinger, 2002; 3, Britzke, 2003; 4, Britzke et al, 2003; 5, Callahan, 1993; 6, Carter, 2003; 7, Chenger,
2003; 8, Gardner et al., 1991; 9, Gumbert, 2001; 10, Harvey, 2002; 11, Humphrey and Cope, 1976; 12, Kiser and Elliott, 1996; 13, Kurta and Rice, 2002; 14,

Kurta et al., 1993b; 15, A. Kurta, unpubl. data; 16, Palm, 2003; 17, Schultes, 2002; 18, Sparks, 2003; 19, D. Sparks in litt.; 20, K. Watrous in litt.; 21, Whitaker
and Brack, 2002; and 22, L. Winhold in litt.
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Table 2. Means or ranges (1) for roost parameters and roosting behavior of adult female and/or young Indiana bats in various studies. All means, except
switching frequency, were rounded to the nearest whole number to facilitate comparison. Means were taken from the indicated references or calculated based on
tabulated data contained in each reference.

Location/parameter Diameter Heightof Height of Bark Canopy  Switching  Largest Reference

of tree tree (m) exit or remaining cover (%) frequency exit count

(cm) roosting (%)* (1/days)
area (m)

[llinois 39 (47) 18 (47) 10 (47) 47 (47) 36 (47) 107° Car ter, 2003
Illinois 37 (48) 95 Gardner et al., 1991
linois 56 (1) 16 (1) 5(D) 95 Kurta et al., 1993b
Indiana 51 Humphrey et al., 1977
Indiana 47 (27) 23 (27) 9 (25) 146  Sparks, 2003
Indiana 62 (17) 384 Whitaker and Brack, 2002
Michigan 41 (23) 25(23) 10 (23) 0-20 (23)° 2.9 37 45 Foster and Kurta, 1999; Kurta et al., 1996
Michigan 42 (38) 18 (38) 10 (34) 31(35) 2.4 (108) 54 Kaurta et al., 2002; A. Kurta, unpubl. data
Michigan 43 (3) 26 (3) 16 (3) 60 (3) 54 (3) 34 L. Winhold in litt.
Missouri 54 (38) 73 (21) 67 (38) 132 Callahan, 1993; Callahan et al., 1997
New York, 46 (31) 19 (34) 4.8(7)°43 Britzke, 2003
Vermont*
New York, 48 (50) 21 (50) 7(18) 270 K. Watrous in litt.
Vermont
Pennsylvania 28 (5) 20 (5) 8(5) 51 (5) 4" Butchkoski and Hassinger, 2002
North Carolina, 46 (8) 18 (8) 46 (18) 5.7(?)F 81 Britzke et al., 2003
Tennessee
Ohio 38 (2) 21 (1) Belwood, 2002
Vermont 50 (20) 77 (13) 88 (20) 209° Pal m, 2003
Average + SE® 45+2 20+ 1 9+1 59+£5 50+10 4408 119+31
Number of studies 1511 8 6 6 4 12
Number of trees 35923 114 1 88 128

? Total bark on tree, not just loose and peeling.

® Count occurred before young were flying and was not used in calculation of mean.

¢ A liberal value of 20% was used when calculating the overall mean.

4 Trees were located primarily in April and early May; all other studies were mid-May to mid-August.

¢ Longer residency may be related to increased use of torpor caused by cool temperatures of early spring and in mountainous areas (Britzke, 2003).

"No tree was a primary roost, so value was not used in calculation of overall mean.

& Calculations of overall average and SE used the unweighted values from the various studies. Weighting each study, based on the number of trees, gave very
similar results.
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Table 3. Means or ranges (n) for roost parameters and roosting behavior of adult male Indiana bats in various studies. All means, except switching frequency,
were rounded to the nearest whole number to facilitate comparison. Means were taken from the indicated references or calculated based on tabulated data in

each reference.

Location/ Diameter of  Height of Height of Bark Canopy Switching Reference
parameter tree (cm) tree (m) exit or remaning cover (%) frequency
roosting (%)° (1/days)
area (m)
[llinois 32 (18) Gardner et al., 1991
Indiana 38 (12) 10-70(9)° 49 Whitaker and Brack, 2002
Towa 43 (1) 20 (1) 13 (1) Chenger, 2003
Kentucky ° 31(169) 15 (169) 58(169) 2.2 (463) Gumbert, 2001; Gumbert et al., 2002
Kentucky 31 (8) 61 (3) 2.7 (30) Kiser and Elliot, 1996
Michigan 37(9) 21 (9) 909 Kurta and Rice, 2002
Ohio 32 (14) 16 (14) 56 (14) 81 (14) 2.3(?) Schultes, 2002
Pennsylvania 20 (2) 18 (2) 9(2) 53(2) Butchkoski and Hassinger, 2002
Average + SE* 33+£2 18+1 10+1 57+1 63+10 24+0.2
Number of studies 853 33 3
Number of trees 219 18 9 12 2512 8

? Total bark on tree, not just exfoliating.
® Not used in calculation of mean.

¢ Data collected from April through October; all others apparently were mid-May to mid-August. Data from Gumbert (2001) are confounded slightly with trees
used by adult females (7.6% of bats located were female) and by multiple counting of trees (9.2%) used in more than one season (spring, summer, autumn).
4 Calculations of overall average and SE used the unweighted values from the various studies. Weighting each study, based on the number of trees, gave very

similar results.
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Abstract

The use of mist nets to catch bats can be traced back to as early as 1932. Prior to that time, and
for many years thereafter, the primary method of documenting bats during the summer was by
shooting them as they flew. The Endangered Species Preservation Act, a precursor to the
Endangered Species Act of 1973, was passed on October 15, 1966, and the Indiana bat and
several other bat species have been subsequently listed as Endangered. During the early 1990’s,
the Indiana Bat Recovery Team, in coordination with the U.S. Fish and Wildlife Service,
developed standardized netting guidelines that set criteria for conducting presence/probable
absence surveys for the Indiana bat. The interpretation of these guidelines (March 1999 Agency
Draft Indiana Bat Revised Recovery Plan), an examination of their overall effectiveness, and
information on how to choose net sites on mining projects within different physiographic regions
are presented here. Upper slope and ridgetop roads and water-filled road-ruts have proven to be
optimal net site conditions for capturing Indiana bats in the coalfields of eastern Kentucky,
Virginia, and West Virginia, while stream corridors and roads through bottomland hardwood
forest are more appropriate in western Kentucky, Indiana, and Illinois. Various kinds of
hardware and nets are currently in use and this paper shows how to erect these setups to
maximize bat captures. Appropriate photographic and written documentation of survey results is
crucial for preparing reports and distribution maps for different species. Some pre-mining
activities can bias Indiana bat survey results by altering surface habitats by preventing a biologist
from locating and sampling appropriate net sites.

Introduction

Historic Survey Methodology

Prior to the 1980’s, bat surveys were primarily connected with research projects, the collection of
museum specimens, and for gathering general distribution and natural history data. More recent
bat surveys, especially those focusing on the Indiana bat (Myotis sodalis), have been conducted
to satisfy requirements imposed by various U. S. Fish and Wildlife Service Field Offices under
the Endangered Species Act (ESA). Before the enactment of the Endangered Species
Preservation Act (a precursor to ESA) in October 1966, and the subsequent listing of some bats
as endangered, the primary bat survey method was to shoot bats at dusk as they flew (Merriam
1884; Mumford and Calvert 1960; Mumford and Zimmerman 1963; Easterla 1965; Barbour and
Davis 1969). The shotgun method was used by Mumford and Calvert (1960) to document the
first pregnant female Indiana bat as she flew along the edge of a northern Indiana woodlot.
Mumford and Whitaker (1982) indicated that a few Indiana bats had been shot along small
streams having wooded banks, in open grazed woodlots composed of scattered deciduous trees,




and over a lake. The shotgun method eventually disappeared in areas where protected bat
species occurred and biologists began to rely more heavily on mist nets.

The use of mist nets to capture bats was adopted from ornithologists (Barbour and Davis 1969;
Gardner et al. 1989), and early references of using nets at caves extends back much earlier.
Poole (1932), as cited in Barbour and Davis (1969), captured 65 Keen’s Myotis (M. keenii = M.
septentrionalis) in one night from a net stretched across a cave passage in Pennsylvania.
Numerous accounts of using mist nets to capture bats appeared in Barbour and Davis (1969).
Mumford and Whitaker (1982) learned about the swarming behavior of the Indiana bat by
netting the entrances to Indiana caves during August. Barbour and Davis (1969) discussed the
use of Japanese mist net to document a variety of bat species, especially those species flying late
in the evening, and elaborated on how to net outside of cave entrances. Early mist net use
typically involved a single net stretched between two objects.

Humphrey et al. (1977) were among the first researchers to use multiple nets stacked on top of
each other. They employed a hand winch, ropes, and pulleys to raise and lower the nets.
Between 1977 and 1989, numerous researchers successful used similar mist netting systems to
survey free-flying bats. All of these systems were expensive to construct, difficult to assemble
and position in the field, and time-consuming to assemble and disassemble (Cope et al. 1978;
Brack 1979; Clawson 1986; Clark et al. 1987). Kunz and Kurta (1988) stacked two mist nets
by supporting the ends with poles. They diagramed how mist nets could be erected in different
configurations to maximize bat captures. Possibly, the greatest contribution to mist netting was
made by Gardner et al. (1989) when they developed portable netting system that used
interlocking poles, pulley ropes, guy ropes, tension rope, and mist nets. This system was very
effective at capturing bats and could be erected very easily compared to other methods. Today,
researchers have made numerous variations to the system developed by Gardner et al. (1989), but
the use of interlocking poles and pulley ropes has remained a constant.

History of Mist Net Surveys for Coal Mining Projects

Harvey and Kennedy (1981) conducted the first mist net survey for a coal related project, a
solvent refined coal demonstration plant [SCR-1], at Newman, Daviess County, Kentucky. This
survey resulted in the first documentation of Indiana bat reproduction in the Commonwealth.
The capture of an adult male Indiana bat on October 15, 1992, over a water-filled road-rut at
Railroad Gap, Harlan County, Kentucky (Campbell et al., 1992) was important because it
initiated conversations between the authors and Carol Moore, Department of Surface Mining
Reclamation Enforcement (DSMRE), about the potential for Indiana bats using nearby areas
proposed to be surface mined for coal. In June 1994, a lactating female Indiana bat was captured
over a woodland pond on the Daniel Boone National Forest in Bath County, Kentucky (Huie,
2002). This demonstrated that maternity habitat for the species was indeed present in the Eastern
Kentucky Coalfields, and soon afterward State and Federal regulatory agencies began to require
bat surveys to meet ESA requirements. Serious mist net surveys at proposed surface mining sites
started during summer of 1995 for those mining permits within close proximity of known
hibernacula on Pine Mountain, Letcher and Harlan Counties. Surveys completed that year
resulted in the capture of three juvenile male Indiana bats over water-filled road-ruts at two
widely separated sites, Big Laurel Creek and Big Black Mountain, in Harlan County (Kiser
1995; Bryan and Gumbert 1995). Indiana bats subsequently have been captured during the




summer on numerous proposed mining permits in six Kentucky counties including Harlan and
Perry (Richard Wahrer pers. comm. 2004), Letcher (Kiser et al. 1999), Owsley (Libby et al.
2002), and Breathitt and Magoffin (Joel Beverly pers. comm. 2004).

Current Methodology

Protection and Enhancement Plans & Mist Netting Guidelines

The capture of Indiana bats on proposed coal mining permits in Kentucky prompted DSMRE,
the Kentucky Department of Fish and Wildlife Resources, and the U. S. Fish and Wildlife
Service (USFWS) Cookeville (Tennessee) Field Office to develop criteria to minimize impacts
to the species. Specific issues covered here included the potential take of an Indiana bat, long-
term and short term habitat replacement during reclamation, and an outlined general sequence of
events to follow when a permit applicant is notified of potential impact to the species (DSMRE
1997). Due to the inflexibility of some of the guidelines in the original protection enhancement
plan (i.e. with stream buffer issues), and to better address unique mining permit areas, the
agencies reinitiated discussions to write a revised set of guidelines (Wahrer 2001). The revised
document [“Guidelines for the Development of Protection and Enhancement Plans for the
Indiana bat (Myotis sodalis) November 1, 2000”] outlines when a protection and enhancement
plan is needed, or when mist net surveys can be used to survey for presence/probable absence of
Indiana bats on proposed mining permits (DSMRE, 2000). The mist netting protocol in DSMRE
(2000) follows the methods described in the “Agency Draft Indiana bat (Myotis sodalis) Revised
Recovery Plan, March 1999” (USFWS 1999).

Mist netting guidelines found in Appendix II of USFWS (1999) provide the only mist net survey
protocol accepted for presence/probable absence Indiana bat summer surveys. The guidelines
designate the time period of 15 May to 15 August as the netting season for determining if the
Indiana bat is using a given area during summer. Good sense should be used when netting from
15 May — 1 June due to variations in forest conditions and weather. In portions of the Indiana
bat range overstory trees that usually provide well-defined travel corridors are not leafed out
enough to restrict bats to the corridors, and cool rainy weather often adversely affects early
season surveys by reducing insect and bat activity. Equipment used for mist net surveys includes
nets and supporting hardware. The guidelines require that mist nets be of the finest, lowest
visibility mesh commercially available. The best nets currently on the market are made of 2 ply,
50 denier nylon (denoted as 50/2) with a mesh size of 17 to 1% inches. Additional field
equipment to support nets is not specified in the guidelines and may vary depending on type of
habitat and site conditions. Gardner et al. (1989) and the following Netting Equipment section
will provide additional information on nets and supporting hardware.

The USFWS (1999) guidelines vaguely discuss net placement at a site. According to the
guidelines, nets should be placed perpendicularly across travel corridors such as streams, roads,
and logging trails. Nets should be stacked to extend from near the ground or stream surface to
the bottom of overhanging canopy to block bat foraging and travel corridors. The guidelines do
allow for sites to be netted where a corridor is not present (e.g. small woodland ponds and grassy
openings), which would require net placement modifications. Net placement will be discussed in
more detail in later sections of this paper.



The most frequently asked questions by engineering firms and coal companies involve just how
many survey sites will be needed to meet ESA requirements. This issue is dealt with in the
“Recommended Net Site Spacing” section of the USFWS (1999) guidelines and is outlined for
stream corridors and non-corridor land tracts. For projects involving stream corridors, one net
site per 1 km (0.6 miles) of stream is required. Non-corridor land tracts require two net sites per
1 square km (247 acres) of forested habitat. The USFWS often requires the same level of effort
(one net site per 1 km) for other linear projects such as roads and utility line corridors as for
stream corridors, but surveyors need to consult on such projects with the appropriate USFWS
field office prior to initiating field surveys. Pre-survey coordination with the appropriate
reviewing agency is suggested for every survey conducted to meet ESA requirements, and in
some states is required. In Kentucky, a study plan is required by DSMRE before conducting an
Indiana bat survey for proposed mining permits. This study plan generally contains the location
and mining permit application number, a brief description of habitat at the site, number and type
of mist net sites (e.g. road-rut, stream, road corridor), including photographs and map locations,
proposed sample methodology, and names and resumes of biologists proposed to conduct the
survey.

According to the USFWS (1999) guidelines, the minimum level of effort at each mist net site
should consist of: 1) At least three net nights [one net set (two or more nets supported by poles
on each side) for one night = one net night]; 2) A minimum of two net locations at each site and
erected at least 30 m (98.4 feet) apart, especially in linear habitat such as a stream or road
corridor; 3) A minimum of two nights of netting at each mist net site; 4) Sampling starts at sunset
and extends for at least 5 hours; 5) Each net should be checked approximately every 20 minutes;
and 6) No disturbance near the nets other than to check and remove bats. Typically, two net sets
are erected at each site on two different nights to meet the three net nights of effort and the
minimum of two nights of sampling. Two nets can be set within 30 m (98.4 feet) if they don’t
interfere with each other (i.e. one net over a road corridor and the other across a woodland pond
next to the road). In the eastern time zone mist nets are generally erected prior to dark, collapsed
until dusk (usually between 2045 h and 2115 h), and opened up to catch bats until about 0200 h.
Each net is checked approximately every 20 minutes, except when erected over water and then
they are monitored every 5 to 10 minutes depending on activity. This monitoring effort is to
reduce the risk of bats drowning or being eaten by fish and frogs.

Although Indiana bats have been captured at the onset of thunderstorms and during misty rain
events, such captures are very uncommon and thought to have resulted from bats attempting to
get out of the weather by returning to roost trees. Because weather and moonlight can affect
Indiana bat capture success, the USFWS (1999) guidelines designate minimal weather conditions
that need to occur in order for a survey to be valid. The guidelines are not specific about
precipitation, but long periods of rain should be considered inappropriate netting conditions. If it
starts raining at any time during your survey and then stops within 30 minutes, you can continue
netting, but a time extension should be added to your night. However, if the rain is intermittent
throughout the night then netting should be canceled and the night not counted towards the
survey. Another type of precipitation that affects bat capture is fog. If fog is heavy enough that
it settles on the nets, and makes them difficult to see from a short distance away, then it is too
much precipitation to capture bats. Fog normally doesn’t become this dense until near the end of
the five hour period. Temperature is also a major factor in capture success and the 10 ° C (50.0°



F) minimum listed in the guidelines should be strictly followed. We have noted a drop-off in bat
activity once the temperature drops below about 12 °C (53.6°F). Netting activities should not
occur during strong winds and good judgment needs to be used. If your nets are pushed
outwards, like a flag fully extended, then wind conditions are prohibiting bat capture.

Moonlight can also affect bat capture and is discussed in the USFWS (1999) guidelines. When
the moon is '2-full or greater it is best to set nets in more forested areas where the canopy can
block much of the light. More open netting sites such as open road corridors ponds in fields and
large stream corridors are best netted on nights where the moon is less than %2 full. When nets
are set over roads and larger rivers and the moon is ' full or greater, most of the captured bats
are caught near the ends of the nets close to the forest.

Some biologists have questioned the recommended netting effort (net nights/site) and netting
season (April 15 — August 15) outlined in the USFWS (1999) guidelines. Based on field data
some tweaking of these guidelines may be appropriate. Surveys that have met USFWS
requirements have been most successful in documenting the presence of Indiana bats in regions
where maternity sites are present but much of the local landscape is non-forested (Kiser et al.
2002). However, surveys that have met or even exceeded the suggested netting effort near
known maternity roost trees in heavily forested regions such as eastern Kentucky have often
failed to yield the species (E. Britzke and J. MacGregor, unpublished data). One likely reason
for the discrepancy in capture success is that in less forested areas bat travel is largely restricted
to the cover of riparian corridors, fencerows, and woodlots, whereas in heavily forested areas
bats can fly throughout the forest and are less restricted to riparian corridors, forested road
corridors, and tree lines where mist netting is more feasible.

The netting season outlined in USFWS (1999) guidelines designate the time period of 15 May —
15 August to determine if the Indiana is using the area during the summer. Some biologists have
argued that this time-frame should be reduced to 1 June — 1 August because netting conducted in
May is often very unproductive. In some portions of the Indiana bat summer range, trees do not
fully leaf out to provide good bat capture corridors until late May. In addition, weather
conditions during May, especially in more northern areas and in the Southern Appalachian
Mountains, are often marginal for capturing bats. In these areas it is very common for night-time
temperatures during May to drop below 10° C (50.0° F) between dusk and midnight. Mist netting
is often rained out in May and potential water sources, including ponds and water-filled road-
ruts, are used less by bats because water is not limited. The time period from 1 August — 15
August is a great time to capture bats, but the interpretation of data collected during August is
difficult because many species, including the Indiana bat, have started leaving their summer
habitat. The optimal period for documenting maternity use of an area by Indiana bats extends
from mid-June to mid-July, extending from the time when females are heavily pregnant or
lactating to the time when juveniles are just starting to fly.

Netting Equipment
The art of conducting active-season surveys for bats has evolved during the past quarter-century

with advances in technology (i.e. acoustical detectors) and mist netting techniques. Gardner et
al. (1989) introduced the concept of using poles, pulley ropes, tension rope, and guy ropes to



erect mist nets into the forest canopy where bats fly. Since 1989 many minor modifications have
been implemented into the supporting hardware for convenience and efficiency in setting up this
system. Along with changes in the system, nets have also changed, not for improving bat
capture success but due to changing laws to protect birds from unscrupulous harvest. The use of
supporting hardware and mist nets are discussed in detail below.

Supporting Hardware

Many types of hardware for supporting mist nets are now in use by biologists with the basic
principle still following Gardner et al. (1989). The method presented here has been very
successful and is just one of several variations used. Like Gardner et al. (1989) we use 1 1/4-
inch diameter interlocking poles to support our mist nets. During the past 10 years we have
switched from heavier gauge steel radio-antennae masts to lighter thin-walled aluminum top rails
from chain-link fencing to support mist nets. The chain-link fence top railing comes in 10 %% -
foot long sections. These poles weigh much less than antenna mast poles and can be carried
much more easily into remote areas. Each set of interlocking poles is slipped down over a 36-
inch long piece of -inch diameter rebar that has been pounded into the ground to a depth of 12
— 18 inches. Except in areas with loose alluvial soil or bedrock, the rebar will easily support two
interlocking poles [approximately 20 feet high] and the accompanying nets without requiring
either guy ropes or tension rope. If three or more interlocking poles are used in high canopy
situations, guy ropes attached to the tops of the poles and coming off at a 45° angles are
necessary to prevent them from falling and to maintain tension on the top net.

Gardner et al. (1989) drilled holes through interlocking poles and used eye rings to attach pulley
ropes. We use water hose clamps and C-rings to attach pulley ropes to the poles (Fig. 1). This
setup allows us to move them up and down on the pole to accommodate different lengths of
pulley ropes. Non-stretch ropes with pulleys are used to raise and lower the nets. The pulleys
must be substantial enough to allow the ropes to move freely. Some biologists (i.e. Mark
Gumbert pers. comm. 2002) have suggested that the pulleys themselves may allow the pole ropes
to twist, often entangling and destroying mist nets. The use of ropes without pulleys does indeed
seem to eliminate this twisting, and we now recommend using ropes that pass directly through
the C-rings (Fig. 2). Nets are attached to the pulley ropes by metal shower-curtain rings (Fig. 3).
The top strand of the first net placed on the pulley rope should be attached through the knot on
the pulley rope to prevent the entire net from sliding to the bottom of the rope. Shower-curtain
rings allow nets to be placed on the pulley ropes much quicker than older techniques. Shower-
curtain rings can also be used to provide more slack on the bottom strands of the net, if it is
lowered down near the ground to prevent bats from flying underneath the net. By interlinking
several shower curtain-rings to the bottom of the pole and attaching the end ring through the
bottom loop of the net (Fig. 4), it allows the bottom of the net to be at ground or water level
while maintaining the consistency of the tension throughout higher sections of net.

Mist Nets

Some researchers may have access to monofilament nets, but most of us use regular nylon nets,
the only commercially available nets that can adequately capture bats. These nets are
constructed with 50/2-denier nylon and have a mesh size of 38 mm (1 1/2 inches). Each net is
2.6 meters high, and has 5 horizontal main lines with loops on each end, resulting in an
arrangement with 4 shelves, or bags, when the net is deployed. The type of net most appropriate



for capturing bats has reduced bags. Nets having large bags (pockets) create almost a double
layer effect and allow for easier detection by bats. Nets without bags are also unacceptable since
bats often hit the net and slide downwards into the bags. Mist nets are commercially available in
2.6, 6,9, 12, and 18 meter lengths. The 6 meter and 9 meter nets are the most commonly used
sizes for Indiana bat surveys in eastern Kentucky. These easily block most stream and road
corridors in mountainous regions where most mine permit surveys occur. The 2.6 meter trail
nets are usually only used to survey cave entrances and mine portals where harp traps are
impractical, but may also be used over narrow ATV trails. Longer nets such as 12 and 18 meters
are used primarily over large streams and embayment areas along the margins of lakes and
reservoirs. We use these lengths very rarely because they tend to sag in the middle, and this is
really a problem once moisture settles on the net.

Conducting a Survey

Once you have identified your survey objectives, determined the amount of effort required,
obtained appropriate state and federal collecting permits to complete survey, and assembled the
necessary equipment, it is time to locate mist net sites and conduct the survey. When it comes to
selecting mist net sites and placing nets at a site nothing can substitute for experience. The
following sections will discuss mist net site selection, net placement, and pre-survey habitat
modifications.

Net Site Selection

The approach to use when selecting net sites is different from merely conducting a habitat
assessment for the Indiana bat. Romme et al. (1995) and Farmer et al. (2002) identified criteria
important for summer habitat and developed habitat suitability indices for the Indiana bat that
applied to the species core range. Currently, no habitat suitability index is available for the
heavily forested, mountainous portion of the species range such as eastern Kentucky,
southwestern Virginia, West Virginia, and southeastern Ohio where much of the coal is mined.
A habitat assessment evaluates the entire project area, where as net site selection focuses on
individual sites. Occasionally, a project area will contain excellent Indiana bat habitat and
provide no potential netting sites. This occurs on contour mining permits where no previous
surface mining activities have occurred. Unlike habitat assessment, the art of selecting mist net
sites is dependent on the presence of conditions that either attract or force the Indiana bat to fly
low enough to be caught. Selection of mist net sites is affected by physiographic region, local
topography, project area location, project size, the presence of water and/or closed canopy
corridors (streams and roads), and weather.

Knowing the characteristics of the physiographic region where the project is located can be vital
in understanding the types of net sites that might be available. The “lay of the land” has a
tremendous affect on human use and bat use of a particular area. In western Kentucky, where
much of the landscape is flat to rolling, most of the remaining forest is found in riparian and
wetland areas. Due to flooding concerns much of this forest was saved from agriculture and thus
provides suitable Indiana bat habitat and netting sites. Although water is not limiting in this area,
the general lack of forest cover largely restricts the bats to areas along the streams. Travel
corridors are limited in highly fragmented landscape, which can provide for better capture
success. The opposite occurs in eastern Kentucky where most of the flat land that people could



develop is located in the river valleys. Much of the riparian forest and wide valley bottoms have
been cleared and converted into residential areas leaving most of the slopes and ridgetops in
forest. Most undisturbed streams are small, high gradient and do not provide well-defined flight
corridors for bats to use.

The mountainous terrain may also affect specific habitat requirements of the Indiana bat. Due to
limited solar exposure on steep slopes and river valleys, we hypothesize that more favorable
Indiana bat roosting conditions occur on upper slopes and ridgetops due to the longer periods of
solar exposure required at maternity roost trees (Kurta et al. 2002; USFWS 1999; Callahan et al.
1997). Kurta et al. (2002) found that roosting areas in Michigan typically received more than 10
hours of sunlight each day; such conditions occur almost nowhere in mountainous terrain except
on ridgetops and upper slopes. Both Kiser and Elliott (1996) and Gumbert (2001) found spring
and autumn roosting Indiana bats did indeed favor ridgetops and upper slopes. If roost trees are
largely restricted to these areas, access to drinking water may be a limiting factor due to
headwater stream channels that are obstructed by dense shrubs. This could help explain why
capture success of bats (including the Indiana bat) in nets set over upland water-filled road-ruts
and small ponds in eastern Kentucky is high.

The location and size of project area is important for locating potential mist net sites. In
mountainous terrain, proposed mining permits for sites located on the lower slopes generally
have only three choices for mist net sites: stream corridors; road corridors; and oxbow ponds.
Although stream corridors and low-lying road corridors in non-mountainous terrain may be
excellent places to capture Indiana bats, only two individuals have been captured on proposed
mining permits at these types of sites in eastern Kentucky (Beverly pers. comm. 2004).
Proposed mining permits on upper slopes and ridges normally provide a variety of small
woodland ponds and road corridors or ATV trails with water-filled road-ruts. The majority of
the Indiana bats captured in eastern Kentucky during the summer months have been taken in
such habitats. Some of the smaller project areas may contain potential habitat but provide no
reasonable mist net sites, but suitable numbers of sites can usually be located on the large surface
mine permit areas.

Early surveys for the Indiana bat focused on streams, riparian forest, and adjacent wetlands
because of early observations and captures in low lying terrain of Indiana and elsewhere in the
Midwest (Humphrey et al. 1977). Mist net sites along streams having nice canopy cover created
by intact riparian forest still remain good capture sites for the Indiana bat in non-mountainous
terrain. Based on capture data from eastern Kentucky, upland wildlife ponds and water-filled
road-ruts have the highest capture success for bats - especially rare species - and provide optimal
netting sites for upland projects. MacGregor and Kiser (1995) reported that their highest capture
success, 12.03 bats/net night (373 bats/31 net nights) occurred over upland ponds. Capture
success over water-filled road-ruts was also high at 10.00 bats/net night (480 bats/48 net nights)
and resulted in the capture of more rare bats. Netting efforts over streams produced 8.17 bats/net
night (392 bats/48 net nights) and only yielded one rare bat species, the gray bat (Myotis
grisescens). On the Wayne National Forest in southeastern Ohio, mist netting during three
summers, involving 232 net nights of effort, captured the most bats (7.21 bats/net night in 33
nights) over upland ponds. The remaining survey effort was almost evenly divided between
streams (100 nights) and upland road-ruts (99 nights) with 3.45 and 3.00 bats/net night captured,



respectively. Upland ponds in forested settings, woods road corridors, and roads or trails at the
edges of grassy openings provide the best opportunity for catching Indiana bats. This data shows
that netting upland ponds and water-filled road-ruts is very productive and successful in
capturing Indiana bats during the summer in hilly to mountainous forested terrain.

Current and seasonal weather affects bat capture results at various types of sites. Netting success
over water-filled road-ruts is much lower following a daily rain event and also during seasons
where monthly precipitation is higher than normal. Capture success over water-filled road-ruts
and upland ponds on the Wayne National Forest during a wet year dropped nearly 1.5 bats/net
night, and 1.0 bats/net night, respectively, in comparison with dry years. Even with the
influence of above normal precipitation during the summer, the upland ponds remained the most
productive capture sites. If a project contains a variety of net sites, one should select stream sites
and dry road corridors to survey following daytime rains and save upland ponds and water-filled
road-ruts for days without precipitation.

Net Placement

Once a suitable site is selected, correct net placement becomes crucial for a successful bat
survey. Kunz and Kurta (1988) provide several diagrams of net placement and configuration and
discuss how to erect nets over water. They emphasize placing the bottom of each net very close
to water to prevent bats from flying under the sets and selecting sites with calm water and
overhanging tree branches that funnel bats downward. Net placement is a science and
experience will improve a person’s ability to successfully capture bats. On the basis of more
than 500 nights of mist netting experience, we provide some placement techniques below that
have proven to be successful in capturing bats.

Some type of corridor (e.g. a road, stream, or trail) is usually present at the great majority of sites
sampled by bat biologists. Regardless of where these sites are located, they must have
overhanging tree branches closing to within 9 meters of the surface that forces most bats to fly
downward where they can be captured in nets. The only exception to this rule is when a pond or
a large water-filled road-rut is present and no other water source is available to the local bat
fauna. Some biologists prefer areas with high canopy cover where they can place 9 meter high
or higher net sets. However, we have found that portions of corridors where the canopy is lower,
approximately 6 meters high, can also be netted quite successfully for Indiana bats. When
netting corridors, the net poles and the ends of the nets should extend into the forest on both
sides to prevent bats from flying along the edges of the corridor and zipping around the nets.

Net sets placed at the junction of two roads or the confluence of two streams are typically more
productive than those set up anywhere else along a corridor because they funnel bats traveling
from more than two directions. However, these sites often may have no canopy cover. In these
cases, a surveyor should place net sets across each road or stream as close as possible to the
junction and where adequate canopy cover is present.

Other areas along corridors that provide better capture opportunities include bends in streams
and rivers, curves in roads, water-filled road-ruts, areas near caves and abandoned mine portals,
and forest roads adjacent to or leading to ponds. We have often noted that nets erected across
bends in streams and rivers or curves in roads appear to capture greater numbers of bats than nets



that block straight corridors. We believe this is because the bats have less reaction time once the
net is detected and avoidance of net is reduced. When netting a water-filled road-rut or pond, the
bottom of the lowermost net should be just above the water’s surface. Canopy cover is not as
important at these type of sites, but side closure along the corridor is crucial or the bats will
obtain water by flying parallel to the net set [we have observed this numerous times while
watching net sets through night vision goggles]. The majority of Indiana bats captured in eastern
Kentucky have been from net sets located over water-filled road-ruts.

Netting across corridors near caves, abandoned mines, and even concrete bridges can be
effective ways to take advantage of night roosting behavior exhibited by the Indiana bat (Kiser et
al. 2002; Ormsbee et al. In Press). Although nets can be placed across nearly any type of travel
corridor near caves and abandoned mines, it is imperative that they be set up immediately beside
any concrete bridge that has deposits of guano stuck to the underside and is suspected of being
used as a night roost by Indiana bats. A net set that was erected across a stream in Indiana
approximately 100 meters downstream from a concrete bridge known to be used as a night roost
by more than a dozen Indiana bats failed to capture the species, but when the net was placed next
to the bridge several individuals of each of 5 species (including Indiana bats) were captured.
Nets placed across road corridors and stream corridors near abandoned mine portals during the
summer can sometimes capture bats in large numbers. These bats may be swarming early or
simply using the abandoned mines as night roosts.

Pre-Survey Habitat Modifications

The modification of surface habitat on proposed mine permit areas by the permittees or their
associates occurs very frequently and usually makes locating appropriate net sites and
conducting valid pre-mining surveys difficult. The most common pre-survey habitat
modifications that occur on proposed mining permits in Kentucky and Virginia involve the
removal of timber and elimination of would be netting sites, especially ridgetop and upper slope
road corridors. In addition, some stream corridors may be converted into logging roads or
become filled with sediment. These disturbances not only alter potential Indiana bat habitat by
affecting roost trees, eliminating water (road-ruts), and changing insect diversity, but also
eliminate or degrade mist net sites. When most of a proposed permit has been high-graded for
the best logs, and the woodland roads have been widened into two-lane roads, Indiana bats may
still be present but there are no places left to successfully conduct required surveys. Indiana bats
have been captured during mining permit surveys in eastern Kentucky either adjacent to or
within %2 mile of areas where timber was recently harvested using high-grade techniques. By
opening up the forest and leaving large numbers of non-merchantable or less valuable trees -
some of which may have been damaged - the logging activities prior to permitting mine sites
may actually attract Indiana bats to permit areas. In situations where potential habitat occurs
without netting sites, surveyors should either mist net the closest good site(s) to the permit (and
be ready to use radio-telemetry if an Indiana bat is captured), obtain a written statement from the
mining company that if an Indiana bat is captured off-permit area they will assume it is also
using the permit area, or assume presence and complete a protection and enhancement plan
(PEP).




Documentation

Documenting the results of an Indiana bat survey is one of the most important aspects of mist
netting. Good written and photographic documentation of the habitat, site selection, net
placement, weather conditions, and survey results are irreplaceable when final reports to fulfill
ESA requirements are being completed.

Written Documentation

Documenting the results of a survey on paper is very important and is often under-appreciated
until it comes time to prepare a report or a publication. Some biologists prefer to maintain a field
journal which contains a day by day account of their biological efforts. The majority of
biologists conducting surveys as part of a consulting project have developed field data sheets
(Fig. 5). The use of data sheets allows for easier access to and reproduction of survey results
when preparing a report. Regardless of what type of written documentation is used, there are
several data items that always need to be recorded. Site information should include location
(state, county, nearest community, road and/or stream name, and topographic quadrangle and/or
latitude and longitude), date, observers, time started and finished, habitat, nets erected, bat
species captured, weather, sky condition, moon phase, and wind. Bat captures are generally
recorded by the time of capture and species name; other data recorded for each bat includes age
(adult or juvenile), sex (male or female), reproductive condition (pregnant, lactating, post-
lactating, or non-reproductive for females; and scrotal or non-scrotal testes for males), mass,
forearm length, capture height, and which net the bat was caught in (if multiple sets are used). If
the bat is banded with numbered bands, this is recorded for future reference in case the bat is
ever recaptured; it is our opinion that Indiana bats captured during mine permit surveys should
always be banded. Other information that may or may not appear on data sheets may include
whether or not guano, hair, and tissue samples were collected.

Weather information is generally recorded hourly and includes temperature, sky condition (clear,
partly cloudy, mostly cloudy, cloudy), precipitation (rain, drizzle, thunderstorm, fog), and wind.
The Beaufort Wind Scale is used to determine wind speed and is generally recorded on data
sheets by code number. By recording weather hourly it allows reviewers to determine if and
how bat capture may have been affected by the weather.

Photographic Documentation

Documenting site conditions and species captured should be done with photographs. The use of
such photographs in final reports is recommended to show the quality of sites surveyed and to
enable a person to verify species identifications, if questions arise. Normally, the authors use
either ISO 100 or 200 film to photograph habitat, net site selections, and species, but digital
cameras can also be used. When photographing habitats and site characteristics conditions, we
recommend choosing even lighting conditions (evenings, early mornings, or overcast days)
without patches of harsh sunlight and shadow, and including a large enough frame to show the
corridor and adjacent forest. The use of flash, while great for closeups of individual bats, is not
recommended for photographing habitat and net sites.

The use of a manual 35 mm or digital camera with a macro-lens (capable of taking close-up
photos) and an on-camera flash unit is suggested for photographing a bat in hand. For film



cameras, the shutter speed should be set at 1/125 second and the lens aperture (which determines
the depth of field) should be set at f-11 or smaller. For systems without automatic flash
exposure, multiple images should be taken while changing the aperture setting to -8 and f-16
[photographers refer to this as “bracketing”]. When photographing bats, be sure to focus on the
eyes and face of the bat with the aid of a flashlight, but remove the flashlight prior to taking the
photograph so as not to cause the colors in the photograph to be altered by the yellow to orange
cast from the flashlight beam [Note: this is by far the most common mistake made by people
who photograph bats for documentation; the other common mistake is to try and focus too close
with a lens that is not designed for such use, which causes the picture to be out of focus].

Once you are familiar with your camera and ready to photograph a bat, you need to know what
the main characters are that should be documented. We always take a photograph of the entire
bat (facing the camera) to show overall size and color. The bat should be secured gently by
another person who grasps each wing near the wrist and places it against his/her chest (Fig. 6),
preferably with a solid grayish-colored shirt as a background (for accurate color rendition).
Additional photographs of diagnostic characteristics should be obtained, and for the Indiana bat
that would include the face, keeled calcar, and dorsal fur coloration (Fig. 7 — 8). If the animal is
lactating or pregnant, a close-up photo of the abdominal area while also showing the keeled
calcar provides a great photo, if the identification and/or reproductive condition is ever
questioned (Fig. 9). If a bat is photographed that was also banded, photograph the side of the bat
containing the band. This may help differentiate between multiple bats photographed on the
same night. Photographs are only as good as the data associated with them, so when you get
photographs back from a film lab be sure to label them properly. We label all of our
photographs by writing the date, species and band number (if banded), county and state, and
project name on them with permanent ink.
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Figure 1. How to use water hose clamps and C-rings to attach pulley ropes to poles.

Figure 2. Use of rope with ends tied together and run directly through C-ring to prevent rope
twisting.



Figure 3. Nets attached to pulley ropes with metal shower-curtain rings.

Figure 4. Several shower-curtain rings being used to provide additional slack in bottom strands
of net.



Figure 5. Bat capture data sheet used for mist net surveys (provided by Mark Gumbert)

Site # Project/Firm /
Date
Location
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Quadrant
GPS: N W Waypoint # Observers:
# | Time Species Age |Sex/Repr.| Wt. (g) F(?n/nll))p Net / Height | Guano K];(alljjc;’v Freq. # Moon PE?SS: et
1 / / / Moon
2 / / / Sun
3 / / /
g ; ; ; Time T(e;r)lp Sky W ind E;ﬁ
6 / / /
7 / / /
8 / / /
9 / / /
10 / / /
11 / / /
12 / / /
13 / / / Av.
14 / / /
15 / / / Sky Code
16 / / / 0 [Clear
17 / / / 1 |[Few clouds
18 / / / 2  |Partly cloudy
19 / / / 3 |Cloudy or overcast
20 / / / 4  |Fog or smoke
21 / / / 5 [Drizzle or light rain
22 / / / 6  [Thunder Storm
23 / / /
24 / / / Beauford Wind Code
25 / / / 0 |Calm (0 mph)
26 / / / 1 |Light wind (1-3 mph)
27 / / / 2  |Light breeze (4-7 mph)
28 / / / 3 |Gentle breeze (8-12 mph)
29 / / / 4 |Moderate breeze (13-18 mph)




Figure 5 cont.
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Figure 6. Position used to hold bats for photographic documentation

Figure 7. Example of photograph showing facial characteristics of an Indiana bat.



Figure 8. Example of photograph showing hind foot and calcar characteristics of an Indiana bat.

Figure 9. Example of photograph showing reproductive characteristics of a female Indiana bat.



ACOUSTIC SURVEYS OF BATS IN THE EASTERN UNITED STATES

Eric R. Britzke
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Forrest City, Arkansas

Abstract

Ultrasonic detectors have been employed to study a variety of different aspects of bat ecology. Common studies
involve using detectors to quantify bat activity in an area or to identify bats using their echolocation calls. Bat
activity is compared across habitat treatments to investigate factors influencing bat use. While quantification of bat
activity is commonly accepted, acoustic identification of bats in the eastern United States is not widely accepted.
Initial efforts of acoustic identification showed the ability to identify some species, but members of the genus Myotis
showed much lower accuracy rates. The genus Myotis is particularly important as there are two Federally
endangered species the gray bat (Myotis grisescens) and the Indiana bat (Myotis sodalis) are present within the
eastern United States. Recent research has provided the ability to accurately identify all six species of Myotis
present in the eastern United States. Statistical approaches provide classification rates that are used to quantify the
probability of a species being present at a site, without depending on experience of the researchers. However, many
factors still need to be addressed before widespread use of acoustic identification is undertaken. First, classification
rates from the statistical models need to be verified using an independent data set to ensure that classification rates
are consistent. Additionally, the impact of structure of the habitat on the detectability, ability, and accuracy rates of
echolocation calls needs to be studied. Finally, research is needed on the most effective sampling protocols using
ultrasonic detectors. Unfortunately, the ease of use of the Anabat system allows for researchers to start collecting
data without the background on the appropriate uses and limitations of this system for the study of bat ecology.
Current effort should be made to design studies and interpret results in accordance with the current limitations of
this technology. Once appropriate limits can be determined, ultrasonic detectors can be effectively employed to
increase our knowledge of the ecology of bats throughout the eastern United States.

Keywords: Anabat, echolocation, sampling, ultrasonic detectors
Introduction

In the late 1700's, Leonardo Spallinizinni showed that bats could navigate in the dark unimpaired without vision, but
lost ability to navigate when their ears were plugged. It was not until the 1930's, when Don Griffin used equipment
capable to detecting sounds above the range of human hearing (ultrasound), that bats were shown to be using
echolocation to navigate (Griffin 1958). Early ultrasonic detectors were too cumbersome and expensive to be in
widespread use. It was not until advances in technology resulted in smaller and less expensive detectors that use of
ultrasonic detectors for the study of bats exploded in popularity.

Calls are single sound emissions produced by bats and call sequences are series of calls produced by a single bat
(Fenton 1999; O’Farrell et al. 1999). Echolocation calls of bats are divided into threes phases based on the
conditions in which they are produced. Bats produce search phase calls as they search for potential prey items and
while they orient to their surroundings. These calls are produced at regular intervals (about 10 calls / second) and
represent ~ 90% of the calls produced by bats. Acoustic identification of bats is typically focused on use of search
phase calls due to their consistency in structure within a species and differences in structure among species. As a bat
detects a potential prey item, it produces calls with an initial jump in frequency range (bandwidth) called approach
phase calls. As approach phase continues, bandwidth, duration, and time between calls decrease. Immediately prior
to prey capture, the bats produce a feeding buzz where calls continue to decrease in bandwidth, duration, and time
between calls. At the end of the feeding buzz a bat may produce 200 calls / second. Bats produce search phase calls
shortly after prey capture. The three phases of bat echolocation are not distinct types, but represent a continuum of
call structures produced by bats. Bats also produce these phases whenever they approach another object (e.g.
landing site, water surface, another bat, etc.).
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The Use of Utrasonic Detectors in Bat Echolocation

Bats in the eastern United States typically produce echolocation calls with ultrasonic frequencies that are above the
range of human hearing (>20 kHz), although the hoary bat (Lasiurus cinereus) produces human audible
echolocation calls. Therefore, ultrasonic detectors have been developed to allow researchers to study bat
echolocation. Today ultrasonic detectors are generally classified into four types based on the technique used for
getting the ultrasound ready for analysis. These detectors are heterodyne, frequency division, time expansion, and
direct recording. Time expansion and direct recording systems are sometime combined, but I have separated them
due to their differences in capabilities of the two systems. Each system has its own advantages and disadvantages
for the study of bat echolocation. The Anabat bat detector system (Titley Electornics, www.titley.com.au) is a
system that uses frequency division for sound analysis. The Anabat system is a versatile system that can be used in
a number of sampling designs (Britzke 2004). Because of its widespread use and our current state of knowledge, the
rest of this paper will focus on work with the Anabat system; however, general topics discussed can easily be
applied to other types of ultrasonic detectors.

Different Type of Study Designs - Recording Methodologies

Ultrasonic detectors can be deployed either actively (researcher present) or passively (researcher absent). Active
monitoring involves moving the ultrasonic detector around in an attempt to maximize the possibility of detecting a
bat in an area and to follow a detected bat to increase the length of the call sequence. It can be done at a specific site
(e.g. near a mist net site) or can be used to sample a large area by moving the detector along a transect. Active
recording has the advantage of having higher call quality and longer call sequences, but is limited by the need to
have a researcher present for recording (Britzke 2004). Alternatively, passive recording involves setting the
ultrasonic detector up and letting the equipment automatically save the detected echolocation calls. Passive
recording permits the simultaneous sampling of a number of sites, thereby providing increased comparability in
habitat use studies. However, increased comparability among sites comes at the cost of lower call quality. Passive
sampling is well suited for sites in which a more complete picture of bats activity is needed such as a pond that
cannot be effectively netted, large river, etc. Recording methodology used in a study should depend on the
equipment available, the number of researchers present, and the objectives of the sampling.

Acoustic Identification

Acoustic identification involves comparing an unknown call to a known species call library. Qualitative
identification is accomplished through visual comparison of an unknown call to a call library. With experience,
qualitative identification allows for quick and generally accurate species identification; however, this approach is
dependent on the experience of the researcher with the call repertoire of the species present in the community and
the members of the bat community present in the study area. Accuracy rates have been shown to be variable both
within (O’Farrell 1999) and among researchers (O’Farrell et al. 1999). In fact, Betts (1998) showed an inverse
relationship with those people that had higher confidence in their qualitative identifications actually had lower
accuracy rates. This lack of consistency in identification rates seems to limit comparability among studies.

Quantitative identification is an objective method for acoustic identification that uses statistical procedures to
classify unknown calls based on comparison with a call library. Generally, this approach uses discriminant function
analysis (Britzke 2003; Krusic and Neefus 1996; Parsons and Jones 2000) or neural networks (Broders et al. 2004;
Burnett and Masters 1999; Parsons and Jones 2000) to identify unknown call sequences. Quantitative identification
allows for repeatable (both within the same individual as well as among researchers) identification, but requires
more time in terms of analysis before call sequences can be identified.

Few studies have examined the acoustic identification of bats in the eastern United States. Commonly acoustic
identification is most contentious when discussing the acoustic identification of the members of this genus. This
genus is of increased interest due to the presence of the two Federally endangered species within it (gray bat, Myotis
grisescens; Indiana bat, Myotis sodalis). While several studies have shown the ability to identify some species of
Mpyotis (Britzke et al. 2002; Broders et al. 2004; O’Farrell 1999), Britzke (2003) has demonstrated the ability to
accurately identify all six species of Myotis in the eastern United States.

Classification rates are rarely below 100%, thereby signifying uncertainty in species identifications of call
sequences. However, classification rates from quantitative models and the number of call sequences identified as
each species statistically determine probability of presence of each species at a site (Britzke et al. 2002). For
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example, species A is correctly identified 90% of the time and misclassified as Species B 10% of the time and vice
versa, so a sequence identified as species B could be correctly classified species B or misclassified species A.
However, if there are five call sequences identified as species B and none of species A, the probability is that those
five calls are not misclassified species A call sequences but represent presence of species B with a known
probability. The number of call sequences required to determine species presence at a site increases as the
misclassification rates increase. This approach is a conservative approach as a single bat produces about 10 / second
(or 36,000 calls / hour of foraging or commuting). If a species is using the area, a number of call sequences should
be recorded. The requirement that multiple call sequences must be recorded before a species is identified as present
at the site, seems a prudent limitation of the methodology.

With the quantified probability of presence or absence at a site, acoustic surveys for Indiana bats can be conducted
with increased confidence. Studies have shown that bat species presence is best supported by use of both capture
techniques and acoustic methods (Murray et al. 1999, O’Farrell and Gannon 1999). Thus, added use of ultrasonic
detectors in surveys for Indiana bats would provide the potential for increasing the effectiveness of surveys. These
increase surveys should improve and direct our effort in conservation of this species.

Recommendations for Further Study

Implementation of ultrasonic detectors for the study of bats opens up a large number of research possibilities.
However, until further research is conducted to determine appropriate limitations of this technology, current
applications should be restricted. Below is a list of the major topics that identify the types of issues that need to be
addressed before ultrasonic detectors can be deployed at a large scale to study bat ecology.

Type of Ultrasonic Detector

Different types of ultrasonic detectors retain different amounts of incoming signal. Frequency division detectors
have been shown to permit accurate identification of bats in the eastern United States (Britzke 2003). Time
expansion and direct recording detectors retain the more complete signal, but do so at a cost of increased computer
resources. Research is needed to see if the additional information provided by the other two systems improves
classification rates achieved using frequency division systems. Any differences in classification rates must then be
weighed against the costs of the use of the system to determine the appropriate detector type for study objectives.

Geographic Variation

Previous research has shown an impact of geographic variation on echolocation calls (Barclay et al. 1999; Thomas
et al. 1987), thereby prompting recommendations that a known call library must be recorded from the same
geographic area in which the acoustic identifications will be attempted. However, these studies had small samples
sizes, differences in recording methods, or other uncontrolled factors that may be responsible for differences
observed. Recently, two studies with large sample sizes showed that large call libraries from a small area would
contain most of the call repertoire exhibited by a species throughout its range (Murray et al. 2001; O’Farrell et al.
2000). In fact, Indiana bats in 2 regions of the country were acoustically identified before any known calls were
collected in those areas (pers. obs.). Thus, as call libraries become available, efforts can be shifted to other research
topics without continued recording of call libraries for specific areas.

Habitat

Most known call libraries include call sequences that were recorded from bats flying in open areas. This maximizes
the time bats can be followed, thereby increasing the chance of obtaining high quality echolocation calls.
Researchers commonly want to use calls collected in this manner to identify sequences recorded in a variety of
different habitat types despite studies showing an impact of habitat on the structure of echolocation calls of some
bats (Kalko and Schnitzler 1993; Obrist 1995; Tibbels 2002). Calls produced by bats in open areas exhibit the
longest duration and the smallest frequency range exhibited by the species. However, when an individual
encounters structural clutter (i.e., limbs, leaves, other bats), calls generally get shorter in duration and exhibit the
largest bandwidth of the species (similar to shift undertaken during approach phase calls). The resulting change in
echolocation call structure depends on many factors including: species, distance to the clutter, and presence of
conspecifics.
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While there is a predicted relationship between echolocation call characteristics and the amount of structural clutter
encountered by bats, the extent of change in echolocation call structure is poorly known. Tibbels (2001) showed
that three species of bats in the eastern United States showed a significant impact of habitat type on echolocation call
parameters. However, these results were not totally as predicted, as the species best adapted for foraging in clutter
showed the greatest change in parameters values. These results illustrate the need to examine the effect of habitat
type on acoustic identification more closely. Additionally, variation due to habitat should be compared to other
sources of variation (both intraspecific and interspecifc) to determine the impact of habitat structure on acoustic
identification of bats.

Sampling Design

Currently, bat researchers may place detectors near net sets that are erected following mist netting guidelines (U. S.
Fish and Wildlife Service 1999). However, this eliminates the advantages of the ultrasonic detectors in their ability
to effectively sample sites that cannot be sampled using captured techniques (lakes, large rivers, open fields, etc).
Future research is needed into development of effective sampling protocols for use of ultrasonic detectors (Hayes
2000). Development of a sampling protocol using ultrasonic detectors depends on a variety of factors such as study
objectives (presence/absence vs. habitat use), habitats to be sampled, the duration of recording within a night, and
the numbers of nights to conduct the sample. For example, researchers conducting habitat use studies place a single
detector in each stand type to be compared, however, initial research suggest that variation in bat activity present
within a habitat stand. Initial efforts suggest that the more highly cluttered a habitat (i.e., forested) the more
variation in bat activity there is within the stand. This translates into the need for multiple detectors in a single
habitat stand to adequately sample bat activity within the stand (Britzke 2003). With the ability to acoustically
identify bats, emphasis should be placed on determining sampling protocol using ultrasonic detectors that effectively
uses this technology to it greatest benefit.

Regional Identification Models

Large call libraries include many species, some of which may not be present in a study area. Removal of species not
present in the area is attractive as it would likely increase the accuracy rates of the remaining species, particularly
for those species that are misclassified with the removed species. However, the removal of this species would result
in loss of the ability to identify the calls of this species if they were detected. Because female Indiana bats were not
thought to occur in the southern Appalachians and in New England before 2000, we could have removed them from
the identification model. However, their removal would have resulted in them not being detected despite their
presence in these areas. Benefits of removing a species from the list for species identification must be weighed
against the knowledge of the distribution of bats in an area. Without a vast dataset on the distribution of bats in the
area, species should be left in the identification model for potential identification.

Learning Curve

With any new technique or piece of equipment there is a learning curve to achieve appropriate use. Use of
ultrasonic detectors requires many steps. The amount of time and training required to correctly setup, record, and
analyze detected echolocation calls varies considerably among different detector types. Detector placement can
greatly impact the number of files recorded and/or the quality of the recorded calls. Problems can be minimized by
keeping in mind that the detector is sampling a cone in front of the microphone. Appropriate recording is done
when the cone is oriented to sample the area that bats are expected to utilize. For example, a cone should be placed
parallel to a flight corridor, thereby maximizing the amount of time a bat is within the detection cone of the
microphone. A beginning researcher must take time to set up and record in a variety of different areas. They should
then examine recorded echolocation calls to determine suitable detector placements for future surveys.

Those that attempt to use ultrasonic detectors for acoustic identification experience a steep learning curve. The
shape of the curve depends on such factors as the species present in the project area and the identification method
used. Some areas contain bat species that are readily identifiable with minimal training. However, in areas with
multiple species of Myotis present (or potentially present), identification requires more experience. For qualitative
identification, the learning curve is very steep as the researcher must learn the entire repertoire of each species
present. Quantitative identification greatly reduces the learning curve for the identification stage in this process.
Quantitative identification permits comparability among studies as all studies experience the same accuracy rates,
independent of differences in experience with researchers in identification. Ultrasonic detectors, like any other piece
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of equipment, require hands on experience to operate properly. There are many steps in the process of acoustic
identification and it should be noted that each step requires time and effort to properly learn.

Current Status

The lack of a complete, final picture on the use of ultrasonic detectors should not nullify the application of this
powerful technique for the study of bat ecology. However, caution should be used in appropriate application of this
technology (Barclay 1999). Due to limitations of our knowledge of ultrasonic detectors (and ultrasonic detectors
themselves), it is imperative that effort be placed into developing appropriate study designs and acknowledging
limitations of this technique before the research is conducted. However, this does not mean that ultrasonic detectors
cannot be effectively used to improve studies of bat ecology and distribution. For example, ultrasonic detectors can
be used to pre-screen sites before mist netting as there are commonly more potential net sites than can be sampled.
Instead of simply using researcher experience, ultrasonic detectors can be deployed to record bat activity at a
number of sites. Recorded files are then analyzed with the resulting information from this sampling used to develop
a prioritized list of mist netting effort. This can be done without definite acoustic identifications being made. As
our knowledge on acoustic identification grows, this basic use of ultrasonic detectors can be expanded.

Due to the newness of ultrasonic detectors, studies using them are often more highly criticized than studies that use
traditional capture techniques. This is unfortunate as capture techniques are widely known to have inherent biases.
Correct use of capture techniques requires experience in mist net placement, handling and identification of captured
bats; traits very similar to studies using ultrasonic detectors. The more accurate picture of the species presence is
revealed when both capture techniques and ultrasonic detectors are used and should support the limited use of
ultrasonic detectors. Better data on species community presence (and increased support for non presence
determinations) serves to improve the decision making process. With the basic understanding of limitations of the
use of ultrasonic detectors for the study of bats, there is now a need for researchers and regulatory agency staff to
determine the appropriate uses of ultrasonic detectors in bat surveys.
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INDIANA BAT (Myotis sodalis) RADIO TRACKING AND
TELEMETRY STUDIES — GETTING STARTED

Calvin M. Butchkoski
Wildlife Diversity Section
Pennsylvania Game Commission
Petersburg, Pennsylvania

Abstract

Radio tracking of Indiana bats (Myotis sodalis) can provide a wealth of insight into foraging, roosting, travel routes,
behavior, and migration information. The success of a project depends on planning, personnel training, equipment
familiarization, animal handling, data management, and, in some cases, trial and error. Transmitters used vary from
~0.35¢g (10 day battery) to ~0.52g (21 day battery). The accepted rule is to keep the weight of the attached device
under 5% of the bat’s body weight. This rule often has been exceeded for projects that require the 21-day battery,
but always keeping transmitter weight under 10% of the bat’s body weight. Detailed summer habitat studies require
a field staff of three or more people equipped with vehicles, field packs, telemetry receivers/antennas, two-way
radios, Global Positioning System (GPS) units, field maps, compasses, and data forms. Two manned stations are
needed for rough triangulation, with three or more preferred to validate the animal’s location. Field triangulation
should be checked in the field, either manually on a field map or with the use of a portable computer with
Geographic Information System (GIS) software. A field team leader is needed to monitor triangulation fixes, to
recognize errors, and to relocate stations to obtain the best possible geometry for triangulation. Field data can be
processed with triangulation software programs to obtain point locations, error estimates, and home range estimates.
Long distance spring migration studies, in which attempts are made to track Indiana bats from hibernacula to
summer habitats, do not allow for the collection of detailed location information. In these studies, aircraft and a
ground support crew are needed. Ideally, both the aircraft and surface vehicles should be outfitted with
receivers/antennas, portable computers, GIS software, GPS units and two-way radios. Each mobile station tracks its
location in real time on the computer and ground personnel keep notes on estimated locations of the migrating
animals. Extensive testing and troubleshooting of these mobile stations is required. The New York Department of
Environmental Conservation has been successful in using this technique where bats traveled <50 km from
hibernacula.

Introduction

The detailed physics, electronics, engineering, and other variables of telemetry are beyond the scope of this author’s
knowledge. However, as a user of the equipment I will attempt to explain some of the basics learned through trial
and error.

Radio telemetry is the process used to track animal movements using a transmitter attached to an animal and
receiver/antenna to detect the transmitter’s signal. Triangulation involves using two or more (preferably three or
more) known receiver locations that are obtaining a signal and are capable of communicating with each other. The
stations simultaneously use a compass to get a signal direction (making certain to avoid magnetic distortions by
backing away from electronics and metal objects) by sighting the compass along the direction the antenna is
pointing. Compass azimuths drawn from each receiver location should converge. Various difficulties can occur,
such as the signal bouncing off landscape objects, giving a false direction, or phase cancellation, where two signals
are received out of phase and cancel each other out, resulting in no signal being heard when the transmitter is in
direct line of sight. Changing location or using three or more receiver stations for triangulation will usually
eliminate these problems.

Bat telemetry is challenging for several reasons. The bats are small, the transmitters are correspondingly small with
weak signals, most of the work is at night, and you are often working with a fast-moving target. For a successful
project it is important that field personnel be familiar with all equipment and able to quickly and reliably obtain
necessary data. To do so requires testing of equipment and training of personnel. Both equipment and personnel
should be tested in the field prior to a project’s start. There are a host of equipment suppliers. A good starting point
is a biotelemetry website (http://www.biotelem.org) which includes links to equipment manufactures, software,
online papers, and references.
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Receivers

Receivers are tuned to a frequency range (MHz) when purchased. Both the transmitters and antennas must be tuned
within the frequency range of the receiver you intend to use. Multiple transmitters of specific frequencies can be
programmed for your receiver allowing you to identify the animal by its detection frequency. Labeling all receivers,
transmitters, and antennas with their tuned frequencies is recommended. Your study area should also be queried for
other telemetry projects to avoid frequency conflicts with those projects.

The receiver can be a scanning or non-scanning type. Generally the scanning receivers are more expensive. Non-
scanning receivers need to be adjusted manually (using knobs and/or buttons) to fine tune to a specific transmitter’s
frequency. Scanning receivers usually provide the option to enter specific transmitter frequencies that can then be
scanned for detection.

The receiver detects direction through the antenna. When the antenna is pointed directly at the transmitter the signal
is more intense. The intensity is indicated to the operator through sound, but other manufacturer options can include
a display meter, LED lights or other visual display. Within several meters of the transmitter, the antenna can be
disconnected and the receiver itself used to find a roosting bat or dropped transmitter. If you think you are very
close to the transmitter and you cannot get a direction with the antenna, always consider the option of removing the
antenna to see if you get a signal with the receiver alone.

A scanning receiver worth investigating but not listed on the biotelemetry website is the R-1000 by Communications
Specialists, Inc. (http://www.com-spec.com).

Antennas

Antennas must be tuned to the frequencies of your transmitters and receiver. Make certain that the frequency range
of your antennas encompasses the frequencies of your transmitters.

A variety of directional antennas can be used with the receiver and are attached using a coaxial cable. Cable mounts
may vary so make certain the connections are compatible. In general, the more elements on the antenna, the more
gain and directional specificity the antenna will have. More elements also create a larger antenna. Because of their
compact size, 2-element (H-antenna), and 3-element (yagi) collapsible antennas are usually used in bat fieldwork.
Yagis generally allow you to get a direction more quickly, but are more cumbersome in dense vegetation than the H-
antennas. For more precise directions, consider using 3-element collapsible antennas for triangulation.

Antennas can be handheld or mounted on masts. FAA approval is needed for mounting on aircraft. Manufacturer’s
specifications should be consulted when mounting on masts, vehicles or aircraft. Mounting techniques on vehicles
vary. Special mounts can be made, rigged onto roof racks or secured on the inside of a door with the mast extending
out of a partially closed window. In any event, the antenna mast should be secure for trouble free driving.

Antennas are connected to the receiver with a coaxial cable. If mixing receiver/antenna manufacturers, make certain
the connections on the coaxial cable are compatible and that the length of the cable is adequate for your application.

Directional antennas have a front that is used to get the strongest signal. The rear of the antenna will also receive a
signal that is usually not as strong. Once a direction is suspected, the antenna should be rotated 180° to verify the
correct direction.

Transmitters

Because of weight, transmitters are by far the most limiting factor in Indiana bat telemetry. The accepted rule is to
keep the weight of the attached device under 5% of the bat’s body weight. This rule has often been exceeded for
projects that require a 21-day battery, but always keeping the transmitter weight under 10% of the bat’s body
weight. Transmitters used weigh from ~0.35g (10 day battery) to ~0.52g (21 day battery). Custom orders can alter
the life of these transmitters by varying the pulse rates and by making the pulse rates more temperature sensitive as
well as position sensitive (vertical or horizontal). Consult with the manufacturer for custom options.
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The author currently knows of two manufacturers of these small transmitters. Holohil Systems Ltd.
(http://www.holohil.com) in Canada offers a selection ranging from10-day transmitters weighing .35g (LB-2N) to
21+ day transmitters weighing .52g (LB-2). Titley Electronics (http://www.titley.com.au) in Australia offers
comparable .35g (LTM) and .5g (LT1) transmitters. It is important to make certain that the manufacturer offers
these small transmitters in the frequency range of your receiver. Recovered transmitters can be refurbished for a
nominal price.

Transmitters are attached with glue. Using scissors, remove a small patch of fur from the mid-dorsal region
(between shoulder blades), then glue the transmitter to the bat's skin with a latex, medical adhesive (Skin-Bond
Cement, Smith & Nephew, Inc., Largo, Florida). Glue is applied to the bat and to the transmitter and then joined to
form a secure bond according to manufacturer recommendations.

Discussion - Which transmitter to use when?

In general this is a judgment call based on the project and the condition of the bat in question. In my experience,
reproductive female Indiana bats on summer habitats will usually groom the transmitter off within 10 days. Also,
after parturition the females are lighter and have greater energy demands. For these reasons, I use the lighter
transmitters for the summer work. Before transmitters under .4g became available, we used the larger transmitters
with no ill effects noticed, but for summer work there is no gain on our part with the heavier transmitter.

As described below, we have a project involving tracking female bats by aircraft from hibernacula to summer
habitats. It may take days or weeks for these animals to reach their summer territories. In these cases, use 21 day
transmitters and select heavier (>7g) animals leaving the hibernacula. This necessitates stretching the 5% rule.
Another issue is scanning for transmitters from the air. Scanning for a large number of transmitters is challenging.
Depending on flight speed, you may only have 10 or 15 seconds of detection time on a transmitter. The cycle time
for scanning through more than 5 transmitter frequencies may cause you to miss a transmitter. For this reason, we
plan to use all transmitters set on the same frequency to avoid losses due to scanning. Another issue is that the
crystals used in these transmitters are not entirely precise, requiring over-ordering to get enough transmitters of the
same frequency. Transmitter frequencies are tested to select those closest to one another for use in the project.

Aircraft

If your budget allows, aircraft can be used in certain projects. They can also be helpful in finding lost animals. If
equipped and ready for telemetry, they may be more cost-effective than ground searches. Assistance for outfitting
an aircraft can be obtained through your telemetry equipment manufacturer. They can often provide FAA-approved
mounts for specific aircraft. In general, an antenna is attached to the struts below each wing with cables running to a
switch box. Antennas are usually angled down ~30° from horizontal. The switch box attaches the two antennas to
the receiver and has a middle setting on which you can listen to both antennas for a signal. Once a signal is heard
the operator switches from one antenna to the other to see which antenna has the signal. The pilot then circles in to
the signal to get a general location of the transmitter. Ground crews can follow up and obtain precise locations. It is
useful to have a laptop with GIS software (maps) connected to a GPS unit to provide real-time tracking of the
aircraft’s location. An example of relatively inexpensive software with statewide maps can be found at
www.maptech.com. Two-way radio communication is also needed when directing a ground crew.

It should be noted that laptops, GPS units, cable routing, and other electronics should be thoroughly tested with the
transmitters that will be used. This enables you to get a reliable detection distance off each wing. This distance will
vary with flight altitude, electronics, antenna placement, terrain, leaf-out, and possibly even the cable routings. Old
cables should be routinely replaced. Never crush cables in doors or windows. Poor connections and damaged
cables will lessen reception quality. It may also be necessary to move or change equipment to lessen interference.
Hopefully you will be able to get 2.4 km (1.5 mi.) or more off each wing. If this is the case you will be able to cover
a 4.8-km (3 mi.) swath when searching for transmitters. Usual flight altitudes vary from ~300 — 600 m (~1,000 to
2,000 ft.) above the ground. When flying, a dummy transmitter should always be available on the ground to make
certain the system is working properly.

A resource for aircraft outfitting is Procedures for the Use of Aircraft in Wildlife Telemetry Studies (Gilmer et al.
1981). A printable online version is available on the Advanced Telemetry Solutions Inc. website at:
http://www.atstrack.com/Support/Literature/Aircraft.pdf .
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Ground Crew

Depending on your project, a ground crew may be the only personnel needed. Tasks for the ground crew include,
animal handling, triangulation to get locations/data points, locating roosts, monitoring behavior, support for aerial
searches, and data entry. It’s important that they be well trained in using the equipment and materials provided.
This includes map and compass skills. The number of people needed depends on your project. If only identifying
roosts, one person may be all that is needed. To collect location information using triangulation, two people will be
required to obtain rough locations with three or more needed to verify triangulation locations. We often provide
several days of training for new personnel. Suggested equipment and materials include:

Vehicle with mast-mounted antenna (use the same detachable antenna or provide another for quick use on foot).

Receiver and antenna cables (have spare cables).

Two-way radios for communication.

GPS unit for entering location information. GPS units should be configured to display location data in a

selected datum (NAD27, WGS84, etc) and units (decimal degrees, UTM, etc). These units should match those

you will be using to process the data.

5. Field maps. Maps (Fig. 1) should have a grid with the same datum and units as GPS settings. This allows field
personnel to plot their locations from GPS readings.

6. Compass with magnetic declination setting. For processing, it is usually best to record azimuths from true
north. This allows you to pre-set your local magnetic declination on all field compasses.

7. Light that is head-mounted for easy use and a back-up emergency light.

Spare batteries for all electronics and lights.

9. Data forms, pencils, straight edge, etc. for recording data such as triangulation marks, roost trees, etc. Data
must be recorded in the format used by the processing software.

10. Reflective tape used to mark all equipment so that it is easily seen or found at night.

11. Duct tape for emergency repairs.

12. Flagging tape to identify field locations requiring a return trip.

13. Rain gear and plastic garbage bags to protect electronics and surveyor when caught in rain while on foot.

14. Field pack for carrying equipment.

15. Bat “nightly schedule.” A map and timeline can be provided to the crew to summarize the night’s work (Fig.
2). The crewmembers label general locations on the map and provide a timeline of the bat’s activities. This is
especially helpful during the analysis of telemetry data.

16. Laptop with GIS software for checking triangulation data in field. This is especially helpful if a team leader is
working from a vehicle and is in radio contact with triangulation crew or if the crew is following an animal in
an unfamiliar area. The laptop/software is used for general navigation, to check triangulation data or possibly
even enter data as it is reported. Triangulation monitoring can also be accomplished by hand with a field map,
straight edge, and compass when all personnel are on foot. Team leaders can identify problems and relocate
field personnel to get the best possible triangulations. The laptop should be capable of connecting to the GPS
receiver for real-time location information.

17. Power source for laptop. Most laptop batteries will not last through the night. If working from a vehicle, a
power inverter is usually needed.

18. Timepiece. Needed to record time for triangulation marks.

bl

*

Software for Processing Data

When conducting triangulation to plot data points, a software program will be needed. The stations’ (locations from
which signal directions are recorded) data are grouped by target transmitter and time of record. Station data is read
by the software from a spreadsheet or database. It is important to know the formats of the software you intend to use
so that data collection can be formatted for that specific software. The software plots the two or more station
locations on a grid, draws the compass azimuth reading from each station and plots a location point using various
location estimators. If three or more stations are used, it should also estimate an error (usually in meters or
hectares). For identifying foraging areas, we generally strive for errors of less than one hectare.

Some programs also offer home range analysis tools such as minimum convex polygons and kernel estimators for
utilization distribution. In addition to software listed on the biotelemetry website, others include Ecological
Software Solutions (http://www.ecostats.com/software/software.htm), and Missouri’s GTM v2.3.6 (Sartwell, 2002).
The GTM program computes triangulation and has various analysis tools including kernel estimators. Once data
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points are estimated, further analysis can also be addressed by importing into Geographic Information Systems such
as ArcView or ArcGIS (Environmental Systems Research Institute, Redlands, California).

Putting It All Together

Assuming the field crew, equipment, data collection, and software all mesh together, you are ready to tackle the
project. It is important to have a recognized goal. This can be as general as locating roosts, or as specific as looking
at utilization distribution on the landscape or even travel lanes.

A Practical Example - Documenting An Indiana Bat’s Foraging Area

The field crew has managed to keep track of a radio-tagged bat after capture in a church attic roost and within the
first few nights has identified the bat’s nightly routine and found locations effective for conducting triangulation.
Over a period of eight nights, the three-person crew has collected ~980 individual detection readings, many of which
are time-marks collected at five minutes intervals. Some of the readings are individual station records, used to get
an idea of the bat’s general direction. Coordinated time-marks result when all stations communicate through 2-way
radios and simultaneously record of the direction of a signal from known coordinates. These readings are then
entered into a spreadsheet and grouped by date and time, which will allow them to generate a point by triangulation.
The spreadsheet is then imported into a triangulation program. In this case, GTM v2.3.6 (Sartwell 2002) is used.
By using the software’s tools, some readings are found to be unusable for triangulation (not synchronized with other
stations) and some have too large of an error. However, from those 980 individual readings, 192 good data points
are generated. These data points are also grouped as traveling or major foraging area locations and imported into
ArcView. Using ArcView’s animal-movement extension (Hooge and Eichenlaub 1997), minimum convex polygons
(MCP) are created for all points and for major foraging area points (Fig. 3). We want to look at the utilization
distribution (UD) within the major foraging area, so, once again using the animal movement extension, a fixed
kernel estimate is generated for 50, 75, and 95 percents for the major foraging area points. Portions of this data,
along with the field crew’s notes, are then used to create a bat activity schedule with core foraging areas of 50% UD
(Fig. 4). Figure 5 illustrates primary foraging area cores for 12 Indiana bats and 8§ little brown bats at our study site
at Canoe Creek in Blair County, Pennsylvania. At that site, primary foraging cores for Indiana bats are located on
intermittent streams and dry forested hillsides, while cores for little brown bats are located on and adjacent to major
bodies of water (river and lake). A primary foraging area is where an individual bat spent most of its time foraging.
Both Indiana bats and little brown bats also had detached, secondary foraging areas where less time was spent.

Spring Migration Telemetry

A relatively new application of Indiana bat telemetry is the attempt to track migrating females from hibernacula to
summer maternity sites. In Pennsylvania, several ground-tracking attempts using aircraft as backup were
unsuccessful, with bats out-distancing the ground crew and no contact from follow-up air searches (Sanders and
Chenger 2000, Butchkoski 2004). The Pennsylvania bats, from 2 hibernation locations, appear to be heading in an
easterly direction and were lost >50 km from the hibernacula.

The New York Department of Environmental Conservation (NYDEC) has successfully used aircraft as the primary
tracking tool in following Indiana bats from 2 different hibernacula. The animals are primarily dropping into the
Lake Champlain valley of Vermont (19 detected of 24 released) and the lower Hudson River valley of New York
(11 detected of 20 released) with travel distances of <50 km from the hibernacula (A. Hicks pers. comm.).
Pennsylvania is planning another migration study using aircraft as the primary tracking tool in the spring of 2005.

In past years, the main female Indiana bat exodus from hibernacula has taken place in mid-April at the start of a
warm high-pressure system with daytime temperatures >20°C and nighttime lows >10°C. Hibernacula are trapped
at this time and bats are radio-tagged. Optimally, bats will be released the same evening with an aircraft overhead.
However, in the New York projects, bats were successfully fed and held until the next evening when the aircraft was
available. Upon release, directions that bats are heading are monitored from the aircraft and air searches are
conducted the next day to find the roosting bats. This intensive procedure is repeated until the final roosts are found.

Working with Indiana bats exiting hibernacula requires special consideration in animal handling. Lethal
temperatures of 34-35° C were reported for Indiana bats taken from caves by Henshaw and Folk (1966). This may
seem surprising based on average summer roost temperatures of 36.5°C (Butchkoski and Hassinger 2002) and skin
temperatures of 35-40°C (Kurta et al. 1996). However, some mortality of Indiana bats occurred with the NYDEC
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projects when the animals were held at room temperature after exiting the cold hibernacula temperatures (A. Hicks
pers. comm.). It is possible that overheating contributed to the mortality. The bats may require gradual acclimation
to warmer temperatures. It is recommended that captive bats always be kept in a cool location. If bats must be held
until the next evening when an aircraft will be available, they can be fed meal worms, wax worms or crickets (while
in a cool environment), then placed back in the cold hibernacula in a protected enclosure until the next evening.

Conclusion

Radio-telemetry has the potential to gather valuable information for management of Indiana bats. It also has the
potential to report inaccurate information. Limitations of the equipment should always be considered. When the
researcher observes something unusual, it should be double-checked by more intensive study. For example, in the
summer of 2004 the author’s field crew identified a female Indiana bat that appeared to be spending a significant
amount of time foraging over a wheat field. Although not impossible, this was an unusual occurrence at the research
site and required verification. Getting good geometry for triangulation would require access to some private lands.
The landowner was contacted, permission obtained, and the next evening the crew was in place to monitor the
activity. The bat did not move onto that area until the next evening, but the crew was still prepared. With better
station locations, we were able to determine that the animal was foraging on a forested hillside rather than the wheat
field. The crew still insisted that the animal was over the field on the night in question, but continued monitoring on
that private land never documented the suggested scenario. Indiana bats generally forage in wooded areas
(Butchkoski and Hassinger 2002, Brack 1983, Gardner et al. 1991, LaVal et al. 1997, Murray and Kurta 2002).
Also, through repositioning and more accurate telemetry it was noted that the bat was foraging farther (~5.5 km)
from the day roost than any other bat studied at the site. Previously the farthest distance was 4.5 km (Butchkoski
and Hassinger 2002). Most Indiana bats in Illinois forage within 2 km of their roost (Gardner et al. 1991) and within
3.5 km in Michigan (Murray 1999).

As previously noted, the NYDEC has been successful in identifying Indiana bat maternity sites in the Hudson River
valley through spring telemetry with aircraft. The animals that were found were within 50 km of the hibernacula.
Pennsylvania’s largest Indiana bat hibernaculum, in Blair County, has a maternity roost nearby at 2.4 km
(Butchkoski and Hassinger 2002). An attempt to track migrating Indiana bats in 2003 (Butchkoski 2004) was
unsuccessful and bats were lost beyond 50 km heading east. During the Blair County project, bats previously
banded at the nearby maternity roost were not included in telemetry because the goal was to find additional roosts.
Had the maternity site not been identified earlier, the spring migration study would probably have found it. It is
likely that a well-prepared spring study at other Indiana bat hibernacula would prove successful in locating a nearby
maternity roost. However, when considering a spring migration study, one should be prepared for failure. The
maximum migration distance from hibernacula is estimated at ~520 km (Gardner and Cook 2002). Bat migrations
approaching this distance are probably beyond the ability of available technology to keep up with them.
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Cal Butchkoski has been working with bats since 1982 with the Pennsylvania Game Commission. Bat specialties
include artificial roosts and cave/mine surveys/management. Since 1997, he’s been studying Indiana bats using a
building as a maternity roost and used telemetry to identify foraging habitats, travel corridors, and use of artificial
roosts. He has initiated several attempts at tracking Indiana bats from hibernacula to summer habitats and worked
closely with New York’s Department of Environmental Conservation migration success. Plans are underway for
another migration tracking attempt in spring of 2005. It’s hoped that using the techniques learned through various
trials and the success demonstrated by New York’s Department of Environmental Conservation, that another
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