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ADIOTELEMETRY HAS BECOME AN IMPORTANT tool in
studies of animal behavior, ecology, management, and conservation.
From the first decades following the introduction of radio transmitters,

radiotelemetry emerged as a prominent and critically important tool in wildlife
science for the study of physiology, animal movements (migration, dispersal, and

home range), survival, animal abundance, and resource selection. Advancements
in technology since 1988 include subminiaturized transmitters, improved receiv-
ing systems, satellite receivers, and global positioning systems (GPS), as well as

increased computer hardware and software capabilities to process data collected in
radiotelemetry studies. These advancements have revolutionized radiotelemetry
studies and made it possible to use this tool for increasingly smaller species.

The use of radiotelemetry requires an understanding of the techniques, limita-

tions, and appropriate applications of this tool. Kenward (1987, 2001), White and
Garrott (1990), Millspaugh and Marzluff (2001), and Fuller et al. (2005) provide re-

views and detailed information on the technology, study design, and analysis of
radiotelemetry for wildlife studies. This chapter provides an overview of consider-
ations for using radiotelemetry in studies of the ecology and behavior of bats. We
first discuss study design and the collection of radiotelemetry data, because these
affect subsequent analysis, interpretation, and inferences. We then summarize and
discuss analysis options. We focus primarily on techniques for working with mov-
ing bats because less attention has been given to this topic than to the use of radio-

telemetry to locate roosts. Due to rapid developments in both equipment and ana-
lytical procedures, bat researchers should continue to review literature and
electronic sources and to consult with colleagues and equipment suppliers to re-

main current.
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DESIGN OF RADIOTELEMETRY STUDIES

Historically, bat telemetry studies were mainly de-

scriptive. Although descriptive studies have a role for rare,
elusive, or previously unstudied species, research studies
designed to quantitatively investigate relationships be-

tween bats and their environment are now achievable.
The first consideration when designing a quantitative

study is to identify specific objectives and the scope of
inferences; these decisions will guide many of the re-

maining considerations, including whether radioteleme-
try is an appropriate tool for achieving the objectives.
The population of interest, geographic area, and scale of
the proposed question will guide other decisions, includ-
ing appropriate experimental units, measures of preci-

sion for hypothesis testing or model building, and num-
bers of individuals to be radio tagged (Garton et al.,
2001).

Carefully designed studies maximize the amount and
reliability of information obtained. Key considerations in
radiotelemetry studies include selection of animals (i.e.,
randomly) for radio tagging, the number of animals, and

the number of locations per animal (Worton, 1995; Sea-
man et al., 1999). Gender, age, reproductive condition,
geographic location, and other unique characteristics con-

tribute to variability or bias; therefore, stratification by
sex or age is recommended when inference objectives dic-
tate. Most analysis methods currently available for habitat
studies assume random selection of individuals, if ran-
domization and stratification are impractical, the research
question, study design, or type of analysis may require
modification to overcome violations of assumptions that
may invalidate results. Analysis of movements may in-
clude differential patterns based on the individual, sex,
age, season, and representative activity. Some bat species
spend considerable time foraging in a relatively small area
(Henry et al., 2002); others move rapidly from roost sites
to more distant foraging areas (Kerth et al., 2001; Bonta-
dma et al., 2002). Careful consideration of these factors

will aid in determining appropriate time intervals to doc-
ument movement rates and will guide the cost—and ulti-
mately the feasibility—of a specific study. General guid-
ance is available regarding numbers of animals (Alldredge
and Ratti, 1986, 1992; Leban et al., 2001, Winterstein et al.,
2001) and the number of locations per animal (Seaman et
al., 1999; Kernohan et al., 2001). Having a proposed study

design reviewed by a biometrician before embarking on
any field work potentially avoids costly mistakes, such as
biased data or inappropriate inferences, caused by defi-
cient design. Ratti and Garton (1994) provide detailed
information on experimental design; Kenward (1987,

2001), White and Garrott (1990), Carton et al. (2001),
Kernohan et al. (2001), and Millspaugh and Marzluff
(2001) provide additional information on radiotelemetry
design issues.

Costs associated with radiotelemetry vary consider-

ably depending on the objectives of the study and data

analysis methods selected. Simple projects to find specific
roosts may be relatively inexpensive, short term, and con-
ducted by a few individuals; projects to quantify home

range or foraging behavior require a much larger invest-
ment of personnel, equipment, and time to obtain ade-

quate data to make inferences. To determine the feasibil-
ity of a study, a budget based on study objectives, including
sample size and number of relocations required, should be

developed early in the design process. Project cost esti-
mates should include the purchase of equipment (trans-
mitters, antennas, and receivers), salaries and expenses for

field personnel, and transportation (e.g., vehicles, aircraft).
If the budget is limited, some objectives will not be feasible
and either additional funding should be sought or study

objectives should be reevaluated.

EQUIPMENT AND TECHNIQUES FOR
RADIOTELEMETRY PROJECTS

Equipment for Telemetry Systems
The basic components of a radio-tracking system in-

clude (1) a transmitting system consisting of a radio trans-

mitter, a power source, and a propagating antenna, and (2)
a receiving system including an antenna, a signal receiver,
and a power source. Although several types of radiotelem-
etry systems are currently used in wildlife research, in-
cluding very high frequency (VHF), ultra high frequency
(UHF), satellite, and GPS, VHF radiotelemetry is the only
type currently available that meets the size and weight re-
strictions for smaller bat species. Technology, including use
of satellite tracking and GPS telemetry, is rapidly advancing;
the minimum weight of currently available equipment is
approximately 9.5g for solar-powered platform transmit-
ter terminal (PTT) units and 20g for battery-powered
units. GPS-enabled PTTs weigh a minimum of 30 g. These
weights may allow use of these methods for large species
but render them unsuitable for smaller species. Current

satellite technology is considered less accurate than VHF;
differentially corrected GPS telemetry theoretically in-
creases accuracy to ±5m. However, CPS units are also

several times more expensive than standard VHF and
non-GPS satellite units. These technologies hold promise
for future applications, as units will likely decrease in size

and expense.

Transmitters
Transmitters attached to microchiropterans typically

weigh less than 1.1g (Barclay et al., 1996; Brigham et al.,
1997; Lacki and Schwierjohann, 2001; Willis and Brigham,
2002) and have proportionally small batteries and weak

signals that place strict requirements on the receiving

equipment, especially on the receiving antenna. Trans-
mitters weighing 0.25-0.65g, with magnetic reed switch
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or manual activation, are available from several sources
(Appendix 3.1). Larger transmitters, suited to larger spe-

cies, provide significantly longer battery life and thus lon-
ger tracking time (for bats over 75 g, a 2-3 g transmitter
lasts 10 weeks or longer; Fuller et al., 2005).

Transmitters that provide temperature measurement

of the bat use a sensitive thermistor that varies the pulse
rate of the transmitter. The pulse rate is determined with

the aid of a stopwatch and converted to a temperature us-
ing a calibration curve. The system is sensitive to 0.1°C

and does not increase the volume of the transmitter.

Telemetry studies of small bats typically use surgical
glue or a similar nonirritating adhesive to attach the trans-
mitter between the scapulars (Wilkinson and Bradbury,

1988). Some species are particularly adept at grooming the

transmitter off before the transmitter fails. Many bat spe-
cies chew at the contact between the transmitter body
and the antenna, which can fray or become detached from
the antenna. Strengthening this junction with glue, ep-
oxy, or heat shrink-wrap is sometimes enough to maintain
the integrity of the device. Other species can destroy mul-
tifilament antenna wire, requiring the use of single strand
antennas. The tracking period for bats wearing small
transmitters can be affected by the attachment adhesive,

the amount of chewing on the transmitter, or molt condi-
tion, as well as battery life.

For some larger species of bats, transmitters can be at-
tached to collars or necklaces (Spencer and Fleming, 1991).

These devices should be shaped carefully to fit the ani-
mals neck contours and must be sufficiently wide and

smooth to evenly distribute the transmitter mass to avoid
cutting or chafing. The fit must accommodate swallow-
ing and seasonal changes in neck circumference. The ma-

terial must be durable yet sufficiently flexible to respond
to neck, shoulder, or chest movement. The mass of the

transmitter and material should be positioned to keep it
from interfering with the animal's natural movements
(Fuller et al., 2005).

Animal handling and transmitter attachment will have
some effect on all species, and the effect can be expected
to differ among age groups and physiological status of
the individuals (Kenward, 2001). Effects on flight may be

either physiological or related to transmitter mass and
drag (Pennycuick et al., 1989; Hickey, 1992). Aldridge and

Brigham (1988) found an inverse relationship between a
bat's increased mass due to the attached radio transmitter

and its ability to maneuver. They suggested that decreased
maneuverability is likely to result in bats choosing open
sites over cluttered sites for foraging. Neubaum et al.
(2005) found that adult female big brown bats can carry
transmitters that are 5% or less of their body mass with-
out long-term impacts on survival, reproduction, or body
mass, which is consistent with literature from other taxa

(Withey et al., 2001). The current recommendation by the

American Society of Mammalogists (1998) is that total

mass of the transmitter, adhesive, and any other markings
should weigh less than 5% of the preattachment weight of
the bat. In the case of pregnant females, special consider-

ation should be given to whether attachment is appro-
priate at all. If the female is tagged, preattachment mass
should be estimated from the normal mass range for the
species, or by subtracting the estimated fetal mass based
on fetal development (a full-term fetus may represent 20-
30% of female body mass; Hayssen and Kunz, 1996). It is,
therefore, important to justify the need, understand the

impacts, and minimize complications of transmitters for
scientific, economic, humanitarian, and legal reasons
(Murray and Fuller, 2000; Withey et al., 2001). A "com-
mon sense" rule is used by many researchers: (1) always
consider the ethics of attaching tags; (2) consider the be-
havior, load carrying capacity, and wing metrics of the

study animal (load carrying ability varies considerably);
(3) aim for a tag that weighs less than 5% of the bat's body
mass; and (4) tags shouldi definitely be less than 10% of
body mass if carried for more than a few days (O'Donnell,
2006).

Receivers
Receivers must be able to detect and distinguish sig-

nals of specific frequencies. The receiver must amplify

the weak signal f 'm a bat transmitter and reject similar
frequencies from stronger sources. A basic receiving sys-
tem consists of a battery-powered receiver, a receiving

antenna, cables to connect the receiver to the antenna,
and accessories that may include headphones, brackets for
mounting receiving antennas to vehicles and aircraft,
scanners to enhance searching for numerous signals, spe-

cialized recorders to aid in data collection, and various
types of software.

Radio receivers designed for wildlife applications are

available from a number of companies (Appendix 3.1). Be-
cause of the weak signal produced by bat transmitters,
receivers with the highest sensitivity are desirable. Typi-
cal receivers cover bandwidths of I to 45 MHz (Fuller et
al., 2005). Standard receiver components include a power
switch; controls for gain, channel, band, and fine fre-
quency adjustments; and jacks for an external antenna,
headphones, a recorder, and external power. Some receiv-
ers also have a volume control. Volume differs from gain
in that an increase in gain increases signal sensitivity (up
to a point beyond which the sensitivity does not increase),
whereas increasing volume affords no greater signal sen-
sitivity. Separate gain and volume controls allow the
tracker to set the gain high and reduce the volume so that
the background hiss is reduced without sacrificing sensi-
tivity. A fine frequency adjustment is useful because sig-
nal drift can occur in the field due to temperature and
battery fluctuations (Mech, 1983). Handheld receivers
(352g) that can store up to 999 frequencies are also avail-
able. Receivers that can store about 100 channels are suf-

A
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ficient if a maximum of about 20 bats are tagged in a ses-
sion (this number will cover initial tagging, retagging

during the session, and beacons). Some receivers have
channel memories and are programmable; they can auto-

matically scan for several frequencies at user-defined in-
tervals from 2 seconds to 10 minutes (Fuller et al., 2005).
Some receivers require frequencies to be entered by dials
whereas others are digitally programmable. Receivers
may also include gauges indicating battery power and sig-
nal strength. Most portable receivers are powered by re-
chargeable batteries or can be powered externally from
vehicle power outlets.

Antennas
The antenna serves to both increase the gain (signal

gathering capacity) of a receiving system and to assist the
operator in determining the direction from which a signal
is coming. A receiving antenna has a three-dimensional
pattern of power oriented in relation to the element(s) of
the antenna (Fuller et al., 2005). Larger antennas (more
elements) generally yield greater gain and directionality
but at the expense of portability. Selection of the appropri-
ate antenna is important; even in ideal situations only half

of the signal's power captured by the antenna is actually
delivered to the receiver (the other half is re-radiated)
(Samuel and Fuller, 1996). The signal's energy is trans-
ferred from the antenna to the receiver by a coaxial cable
that shields the electronic signal against extraneous noise
and helps minimize signal power loss (Samuel and Fuller,
1996). If signal loss along the cable leading from the an-
tenna to the receiver (transmission line) is too great, pre-
amplifiers can be incorporated between the antenna and
the transmission line (Kenward, 1987).

The simplest kind of receiving antenna is a straight
wire or "dipole" attached to the receiver's antenna jack.
Dipole antennas are omnidirectional and have limited
range, and are therefore most appropriate for presence/
absence studies over short distances (Mech, 1983).

A multielement Yagi antenna consists of a horizontal
length of metal (the beam) with 3 to 17 perpendicular
lengths (the elements) attached to it, all in one plane. The

length of the elements and their spacing depend on signal
frequency. Yagi antennas are directional, with shorter
elements at the forward end of the antenna. Maximum

sensitivity is in the "front" direction, but there is also a
somewhat reduced peak 180 degrees away, in the "back"
direction. The ratio of these two sensitivities, called the

front-to-back ratio, will determine how easily the signal
direction can be discerned. As this ratio increases, the
probability that 180-degree errors will occur is reduced.
As number of elements is increased, front-to-back ratio
increases (Fuller et al., 2005).

Another type of receiving antenna is the H-antenna.
This antenna is often used for handheld applications be-

cause it is smaller than the Yagi; however, it has reduced

gain and has a poor front-to-back ratio. Although it has
been successfully used with many taxa, the H-antenna
does not work well for triangulation of bat locations.

Factors Affecting Transmitter Signal Detection
and Accuracy and Precision of Acquired
Azimuths
Accuracy is the degree to which the estimated location

is different from the actual location. Precision is the re-

peatability of measurements. Precise but inaccurate azi-
muth measurements are just as bad as imprecise but some-
times very accurate measurements. Inaccurate telemetry

data are misleading and are as counterproductive as few,
or no, data. Not understanding factors that affect signal
detection, accuracy, and precision of azimuths can cost

time and effort in homing studies and can result in poor
data in triangulation studies. There are usually no, or few,
opportunities to confirm a bat's actual location using tri-

angulation (see section Increasing Signal Detection and
Reducing Error for ways to maximize accuracy). Results
and inferences from studies poorly planned or executed

can be wrong, but if published, become accepted by the
scientific community.

Telemetry Systems
Recent advances in the design of antennas and receivers

have led to a refinement of VHF telemetry tracking and

to a better understanding of potential problems. Reliable
equipment is a must, and understanding the characteristics
of radio wave propagation is essential to success. Design of
the antennas for both transmitter and receiver systems is
important because it determines how well energy is trans-
ferred from one antenna to the other. Factors affecting this
transfer include gain, directionality, and polarization.

Actual radiated signal strength will diminish as the
transmitting battery's power drops or damage occurs to
the transmitting antenna. A damaged receiving antenna
(bent elements), cable, or receiver will diminish effective
sensitivity of the receiving equipment. Frequency drift in
the transmitter occurs often; the result is the perception
of diminished signal strength or failure to detect the sig-
nal at all until the receiver is adjusted.

The precision of acquired azimuths for a receiving an-
tenna system is specific to the particular design. Larger
antennas have several advantages over smaller ones. As
the number of elements increase, sensitivity (gain) in-
creases, and directionality improves. As a result, trans-
mitter signals can be detected at greater distances, and the
inherent error in precision due to the antenna decreases.

Polarization refers to the orientation of the energy field
(radio wave) produced. As a bat flies, the relative positions
of the transmitting and receiving antennas change, caus-
ing variability in the efficiency of energy transfer from the

transmitter to the receiver. This causes the apparent sig-
nal strength at the receiver to vary. Signal strength ap-
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pears stronger when the elements of the receiving an-

tenna are parallel to the transmitting antenna and weaker
when they are perpendicular. The bats flight pattern will
cause the relative polarization to change constantly and
rapidly. Because it is not possible to predict at any given

instant what the polarization of the transmitting antenna
will be, it is not possible to compensate for polarization
with the receiving antenna. This problem can be miti-
gate1 by selecting the highest signal strength with a mini-
mum gain setting to ensure that the perceived nulls are

the true nulls and not a change in polarization.
For triangulation, determining the azimuth as accu-

rately as possible is crucial. A compass attached in line at

the mast and in line with the antenna saves valuable time
and increases accuracy and precision of azimuths. An
electronic compass calibrated to eliminate interference

from mounting materials and attached to a digital readout
is preferable (Amelon et al., 2003), but a magnetic compass

also works. Electronic compasses that consistently pro-
vide readings with an accuracy of±0.5 degrees are com-
mercially available (Appendix 3.1).

Environmental Factors
Propagation characteristics of radio waves are subject to

many variables that affect the range and performance of a
system. The two main considerations are (1) partial or com-
plete loss of the signal along the transmission path between
the transmitter and receiver and (2) signal path alterations.
Factors affecting signal loss are obstacles (trees, buildings,
terrain) and power loss (humidity, temperature). The signal
path can be altered by terrain, trees, or buildings, causing
radio shadow, reflection, or refraction. Fresnel effect and
multipath can severely limit the range of reception. Mag-
netic anomalies in rocks near the receiving station can dis-
rupt magnetic compass readings. Many phenomena affect-
ing radio signals are beyond the scope of this chapter;
additional information can be obtained from sources in
Appendix 3.1.

Ideally, telemetry readings are "line of sight" (LOS),

where the radio wave travels directly from the transmitting
antenna to the receiving antenna without obstructions.
Maximum line-of-sight transmission distance is determined
by antenna sensitivity and height. In LOS transmission path,

signal power decreases in proportion to the square of the
distance (Matthews, 1965). In actual practice, power drops

off much faster because of attenuation due to factors includ-
ing the ambient humidity, the animal's body, the Fresnel
effect, and local soil, water, and geology.

Radio shadow (signal is blocked), refraction (signal
bends), and reflection (signal bounces) are well-known

problems that affect signal detection and cause errors in
azimuths. The tracker is usually unaware these factors
are influencing the signal's path and is unable to compen-
sate during the azimuth's acquisition, even if a problem is
suspected. Preventing or minimizing the influence of

these factors is discussed in the section Increasing Signal
Detection and Reducing Error.

On flat terrain, one might assume good signal detection

and LOS, and therefore accurate azimuths; however, this is
not always the case. Multipath can cause severe interfer-
ence, which can be mitigated by elevating the antenna.

Acquiring and Estimating
Locations: Techniques
Telemetry has two main techniques: homing and tri-

angulation. The most appropriate technique depends on
the objectives of the study. The equipment and number of

people needed, and therefore the cost and complexity, dif-
fer between the two techniques.

Homing
Homing involves searching for a stationary transmit-

ter and "homing" in to obtain the location by direct obser-
vation. The study objective can be to locate a day roost,
night roost, or a feeding station. Visual observations of
radio-located animals provide the best confirmation of
the accuracy of the location data, although they are often
difficult to obtain with many species of bats. Homing
uses directionality and signal strength to move toward
the signal. When a signal is detected with a minimum
gain setting, the animal should be relatively close. Using
the receiver with minimum gain or without the antenna,
the tracker can usually isolate the roost location. With
practice, foliage roosting species may be visually located
with binoculars; the antenna of crevice-dwelling species
may be seen protruding from under bark or from a tree or
rock cavity, or may be heard. For species that roost in
colonies, watching the roost at dusk or with night vision
equipment may allow for visual roost confirmation.
Mine/cave obligates are more difficult to locate in this
manner because the signal is usually dampened by the
earth.

A variation of the homing technique is to circle the

signal to within a small area and assume the animal is
within the area (White and Garrott, 1990). This "close ap-
proach" method has been used by Law and Lean (1999)

with the common blossom bat (Syconycteris australis), by

Smith and Racey (2005) with Natterer's bats (Myotis nat-
tereri), and by O'Donnell (2001) with New Zealand long-

tailed bats (Chalinolobus tuberculatus).
Aerial tracking is a special instance of homing in which

aircraft are used to cover large areas systematically. Air-
craft tracking has recently been used to follow bats as they
leave their hibernacula in New York (Hicks et al., 2002).
Kenward (1987, 2001), Fuller et al. (2005), and Mech (1983)
have provided detailed information on these techniques.

Regardless of estimation methods, careful field calibra-
tion tests to determine accuracy of locations are required
to use these estimates unless a visual verification can be
acquired.

sh
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Triangulation
Triangulation is used to obtain locations of moving or

stationary bats. Study objectives can be to identify home
ranges, foraging areas, or commuting routes; this tech-
nique is also the most efficient way to identify locations of
day-roosts and night-roosts for far-ranging bats (locations
are subsequently confirmed by homing). In this method,
bearings on the transmitter signal are determined from

two or more geo-referenced locations (preferably at angles
approximating 90 degrees). The polygon created by the
intersection of the azimuths and their associated error
(the error polygon) theoretically contains the animal's

true location. Obtaining good data through triangulation
is considerably more difficult than through homing. For

this reason, a more detailed discussion about data collec-
tion by this method is presented later in this chapter.

Locating Receiving Stations
Where ample road access permits, mobile vehicle sys-

tems are especially useful to obtain the best position for
triangulation or to cover long distances (Fig. 3.1). Anten-
nas for mobile tracking are limited to a size suitable for
the vehicle used.

Remote study areas can require trackers to hike to lo-
cations not otherwise accessible. Specialized equipment
designed to be lightweight, collapsible, and easily field-
assembled is necessary. A tripod can be modified to accept
the bottom of a 2-in aluminium mast, which holds a five-
element Yagi antenna and the antenna for a two-Way com-
munication radio. The mast frees the tracker from hold-
ing the antenna in hand the entire night, minimizing
observer fatigue. Mobile trackers can hike, stopping as
frequently as necessary to obtain an azimuth while hold-
ing a three-element Yagi.

Aerial systems in which Yagi or H-antennas are
mounted on each wing strut are useful for areas difficult

*71

Figure 3.1. Photograph of two five-element Yagi antennas mounted on
a vehicle in parallel design.

to access by foot or vehicle or when a bat moves long dis-
tances very quickly. Complete descriptions of the process

of aerial tracking can be found in Whitehouse and Steven
(1977) and Mech (1983).

Null-to-null Method of Obtaining Azimuths
Azimuths on bats in flight should be obtained using

the null-to-null method. Even in a high-gain antenna, the
peak (signal sounds strongest) is perceived over several
degrees. In the null-to-null method, azimuths are ob-
tained by first rotating the antenna to the approximate
direction of the strongest signal. Nulls are points to either
side of this estimated peak azimuth where the signal
strength is undetectable. The antenna must be moved

back and forth several times to find the "real" null, as po-
larization may be changing as the bat is flying. The azi-
muth to the signal is determined by bisecting the angle
between the nulls. Turning the gain down so that the

nulls fall within about a 30° angle of the suspected azi-
muth makes bisecting the angle easier.

Error Polygons
An error polygon is created when an estimated loca-

tion is determined through triangulation. The polygon
can be calculated, resulting in a measure of precision for
the point estimate equivalent to the area of the polygon.
The size and shape of the error polygon is determined by
(a) the precision of the directional antenna, (b) the dis-
tance between the receiving points, (c) the distance of the
transmitter from the receiving points, and (d) the angle

of the transmitter from the receiving points. The most
accurate estimate of an animal's location is usually ob-
tained by multiple receiving stations that are close to the
animal and at approximately 90 degrees from each other.
For habitat studies, the error polygon must be small
enough to accurately place the animal within a single
habitat patch. If the estimated location is near a patch
edge, the number of tracking stations should be increased

and stations moved in closer to decrease error size. Radio-
telemetry studies should include and describe procedures

used to estimate errors as well as an indication of the mag-
nitude of the errors. White and Garrott (1990) provide
comprehensive information on methods for error calcula-
tions in radiotelemetry studies. Withey et al. (2001) de-
scribe methods for site-specific evaluations. Additional

information on minimizing error polygons follows this
section.

Many software programs that calculate error polygons
require three or more azimuths. Two-way crosses, in which
the azimuth error can be estimated, will also have an as-

sociated error polygon that can be estimated by plotting.
White and Garrott (1990) and Fuller et al. (2005) provide
comprehensive discussions of triangulation techniques;
they also discuss newer methods that are replacing error
polygons.
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Increasing Signal Detection and Reducing Error
Accuracy of location estimates has potentially serious

impacts for interpretation of resource selection. A bearing
error of one degree (most bearings have greater error)

translates into a linear error of 17.5 meters per km dis-

tance from the receiving unit (Fuller et al., 2005). When

the entire data set is derived from triangulated bearings
whose accuracy cannot be verified, minimizing error is
critical. Because transmitters frequently are groomed off

the animal after several days, acquiring many locations
within that time frame is also critical to ensure sufficient

data points.
Estimation of animal locations is affected by variability

in radio wave propagation, equipment performance, envi-
ronmental factors, and operator factors, as well as the
movements and behavior of the animal (Fuller et al., 2005).
The techniques for minimizing error and increasing sam-
ple size discussed below will contribute greatly to the suc-

cess of the study.

Elevation of Antennas
Receiving stations should be situated on the highest

points in the study area to detect the greatest number of
signals. In hilly or mountainous terrain, radio shadow,
reflection, and refraction can be serious problems; elevat-

ing stations is the only way to reduce these problems. In
flat areas, multipath interference can often prevent detec-
tion of a direct-path signal; signal detections will increase

by elevating stations.
An elevated tower system can greatly enhance recep-

tion distance of small bat transmitters (Amelon et al.,

2003). Stationary tower systems can be fixed or rotating to

record presence and absence data or rotated to determine
the direction of the signal (Smith and Trevor-Deutsch,

1980; Mech, 1983). White and Garrott (1990) and Woecket

al. (2002) described techniques for determining favorable
locations for stationary receiving stations to increase ac-
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curacy and coverage. Samuel and Fuller (1996) discuss the

positioning of antennas with respect to vegetation, large
buildings, obstructive terrain, and its effect on the range

of signal reception.

Multiple Receiving Stations
Multiple tracking stations can decrease error polygons

(i.e., increase precision) of triangulations and increase
confidence in the accuracy of estimated locations. If esti-
mated locations require three-way crosses, more than
three tracking stations are usually needed; three azimuths
do not always cross, and the bat is not always detected by

all stations. In our experience with hike-in trackers, six
tracking stations are usually the minimum needed. If the
target species remains in a relatively small area, most azi-

muths will be LOS. Tracking stations can make adjust-
ments in location and three or four stations may be suffi-

cient. Ideally, there should be enough observers so that
the perimeters of each bat's range can be established. Re-
searchers without funds for sufficient trackers risk a poor

data set; changing objectives or obtaining additional funds

is recommended.
Under LOS conditions, azimuths should converge on

the "real" position. If a location is estimated from two azi-
muths, the validity of the position cannot be confirmed.
One or both azimuths could be LOS, or they could be re-
flected or refracted. Even with three azimuths, the triangu-
lated position can be unclear if the three azimuths do not all
converge, a common situation. It is the agreement among

several receiving stations on the point of convergence (the
triangulated position) that strongly suggests the estimated

position is reliable. The example in Figure 3.2 shows that

the position estimated from six azimuths is about 2.5 km

from the position estimated from two azimuths.

Simultaneous Azimuths
Foraging bats move quickly, therefore, azimuths from

multiple trackers must be obtained simultaneously for

TN

Jf 1 km

Figure 3.2. Estimated bat location using azimuths: A, estimate from two receiver locations; B, estimate using
azimuths from six receiver locations.
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triangulations to produce accurate locations. Good results
require practice and coordination of observers. Trackers
need synchronized watches and/or radio contact with

other trackers and/or a coordinator (discussed below). A

concise radio protocol or systematic sampling approach
allows coordination with a minimum of distractions. For
a specific signal frequency, an azimuth is determined by

finding the range of the nulls. The tracker makes a final
determination of the azimuth by bisecting the angle be-
tween the nulls at a specific time, and then a compass azi-
muth is taken and recorded over the next few seconds.

The time between azimuths is used to relocate the nulls
and repeat the process. Trackers note their degree of con-
fidence for each azimuth (e.g., 128 0, -"128°, SE). Azimuth,
gain level, signal strength, and other data (e.g., signal lost
abruptly) are recorded. An alternative technique for situa-
tions in which bats move to foraging locations in which a
single "base" is not effective uses teams of three or more

trackers assigned to bats foraging in close proximity. Each
team operates with a systematic sample scheme for the
bats foraging near their location. Readings are recorded
for each bat on a predetermined schedule to obtain simi-
lar numbers of locations for each bat in track. Trackers
communicate with each other when a bat goes out of
range. During slower periods, one team member plots

azimuths. This technique works well with vehicular and

stationary tower systems and ensures locations on all bats
in track are obtained throughout the night.

In order to coordinate and make preliminary decisions

about the night's tracking locations and strategy, each
team needs to have a map of the study area on a laptop
computer, with tracking stations and beacons marked. Ei-
ther a GIS interactive software program that plots bearing

on georeferenced map or at least a minimal set of com-
puter drawing tools is required to determine if azimuths
are converging or if adjustments need to be made.

Coordinating Multiple Trackers
If budget and communication systems permit, a cen-

tral dispatch, or "base," station that coordinates and
guides data collection during the night will result in effi-
cient data collection. "Base" assigns trackers to specific

tracking frequencies when more than one bat is detected
at the same time and decides how long trackers should
take azimuths on a particular bat. During slow times,

trackers call in azimuths, and "base" plots the data. If mo-

bile trackers are deployed, "base" guides them along the
easiest route and keeps them at angles optimum for trian-

gulation. The base station can coordinate tracker locations

and deal with safety and equipment problems throughout
the night.

High-gain Antennas
Greater reception range and more precise directional -

ity can be obtained by using larger antennas and elevating

receiving antennas (Anderka, 1987). As the number of sig-
nal detections are increased; azimuth error and error
polygon size is reduced.

Typical systems used for fixed telemetry stations in-
clude 5- to 14-element Yagi antennas (Banks et al., 1975;
Kenward, 1987, 2001), Five-element antennas have been
used for over 15 years by two of the authors (DD, SW)
with routine detection of 1.1-g transmitters at 16 km. For
small transmitters (0.5-0.6 g) in forested situations, anten-
nas with more elements improve both accuracy and pre-
cision of azimuths and allow transmitters to be detected
routinely at 2-5 km, and for high-flying species, at up to
15 km. A phased array in a peak configuration (bats
move too quickly to use a peak-null configuration) can
also be deployed in one or more strategically located, el-
evated locations. Trackers on foot use three-element

Yagis, which are superior to H-antennas for bat teleme-
try; both flexible-element and folding-element types are
available.

Beacons
The accuracy of azimuths can be greatly affected by

the terrain, magnetic anomalies, condition of the equip-

ment, and the operator. Accuracy can be determined by
the precision and bias of repeated azimuths taken in field
tests (White and Garrott, 1990). These values are funda-
mental to determining location error (Amlaner and Mc-

Donald, 1980; Cederlund and Lemnell, 1980; Anderka,
1987; Kenward, 2001). Parameters of precision and bias, as
well as detecting equipment problems, can be determined

through the use of several reference beacons. These are
transmitters (the size used in the project) attached to an

AA battery and placed in elevated, geo-referenced loca-
tions. Prior to the start of the project, beacons can be used
to delineate regions of LOS reception and regions where

radio shadow, refraction, or reflection occurs. At the be-
ginning of each night, trackers take azimuths on beacons

and verify the system is properly calibrated. Equipment
problems can be identified and corrected before the track-
ing begins, thus preventing loss of data. If necessary, the
station can be moved, operator error addressed, or azi-

muths corrected during the night's plotting of data. Bea-
con locations that cannot be detected by particular sta-
tions may provide insight to bat locations obtained, or not
obtained, from those stations during the night.

Fast-pulse Transmitters
Fast-pulse transmitters (up to two pulses per second)

are beneficial to bat telemetry projects using triangula-

tion. Faster pulses allow a tracker to quickly obtain azi-
muths on flying bats. The battery on a fast-pulse transmit-
ter has a shorter life. Fast-pulse transmitters allow trackers
to consistently take azimuths once a minute. Depending

on study objectives, the benefits of using fast-pulse trans-

mitters may justify the shortened battery life. Transmitter
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manufacturers can adjust the pulse rate and battery life to

best fit a specific study.

Strategies for Location and Type
of Tracking Stations
The techniques and equipment used to acquire track-

ing locations may differ based on the study objectives and
geographic scale of interest. Broader-scale movements,
whether daily (species that fly directly to distant foraging
locations or switch day-roosts) or seasonal (between win-
ter and summer locations), may require greater emphasis
on techniques (e. g., vehicle or aerial systems) with less

initial emphasis on accuracy of location data. Long-range
data is also possible with stations on elevated sites. For

example, lesser long-nosed bats (Leptonycteris curasoae)
have been tracked to foraging areas and day-roosts about

32 km from the capture site using this method (M. Bogan,

USGS, pers. comm.).
Specific foraging patches, or specific plant locations in

the case of nectar feeding species, require locations with
fine enough resolution to describe the resources used by

the bat. Moving fixed receiving stations closer, both to
each other and to the bat, is one solution. Another solu-
tion is to have at least two trackers on foot using three-
element Yagis and GPS units and in communication with
either each other or a coordinator. Depending upon the
objective, homing can be then used to obtain a visual con-

firmation of the bat's location.

Increasing Data Quantity
Due to the short life of most transmitters, continuous-

interval or short-interval discontinuous sampling are the
best options. Longer time intervals yield too few estimated
locations for meaningful analysis. In order to obtain ade-

quate usable locations—and to make valid inferences—
bats should be tracked all night long for as many nights as
possible, preferably until most or all transmitters are

dropped. Fast-pulse transmitters (discussed earlier) may
also increase the number of locations acquired; however,
if the analysis method requires independent locations,

closely spaced readings may be problematic.

Additional Factors Affecting the Success
of a Telemetry Project
In addition to developing a good study design, other

advance work is necessary to execute a successful teleme-
try project. Good knowledge of the study area, permis-
sion for access and pre-locating potential tracking stations
(those with good radio coverage) and access to stations

(road or cross-country hiking) are essential.
The tracking crew will make or break the project; they

produce the entire data set. Hiring seasoned field workers
who are conscientious, detail-oriented, and work well
alone and with others, and then training them and paying
them well, will result in quality data sets.

Trackers with sufficient training before the start of the

tracking session will have fewer problems and collect
more and higher-quality data during the session. Training
should include radio theory and how it applies to track-
ing, practice with the equipment on stationary beacon
transmitters, and a simulated tracking session on multiple

beacons being moved in cars or on foot.
Bat radiotelemetry projects that include both roosting

and foraging require a crew large enough to allow for day
and night shifts. By having a day and night crew, effi-
ciency of the project is improved; day staff will locate
roosting locations and can be available to obtain equip-
ment repairs and to determine if receiver locations or tim-
ing sequences from the previous night need adjustment. If
duration of transmitters is short, work hours are long dur-
ing the life of transmitter. Adequate staff is needed to en-
sure crews are able to get sufficient rest for safe operations

and accurate data collection.

ANALYSIS AND APPLICATIONS
OF RADIOTELEMETRY DATA

To assess typical applications of bat radiotelemetry
studies, we conducted a literature review of studies pub-

lished between 1983 and 2004 using Wildlife and Ecology
Studies Worldwide (online database from NISC, the Na-

tional Information Services Corporation; http://www

.nisc.com). Sixty-three peer-reviewed studies were catego-
rized as technology development or advancement, effects
of transmitters, simple movement, behavior observation,

habitat use and/or home range, or measuring a physiolog-

ical process (Fig. 3.3). Most studies (90%) were one season

in duration, followed a descriptive design, and monitored
fewer than six bats of a particular demographic group.

Habitat use and observation of roosting or foraging
behavior objectives accounted for much of the increase

between 1998 and 2004. The majority of habitat use studies

35
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Figure 3.3. Type and number of radiotelemetry studies reported in the
literature from 1983 to 2004. Counts of peer-reviewed publications
were obtained from a search of NISC's Wildlife and Ecology Studies
Worldwide database, which yielded 63 articles.
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focused on roost site selection using methods other than
triangulation. This focus in part was due to limitations

associated with potential effects of transmitters on flight
behavior when using transmitters exceeding 5% of body
weight and partly due to lack of availability of transmit-
ters within the 5% rule for many species. Recent introduc-
tions of micro-sized transmitters coincide with increasing
numbers of bat habitat use and movement studies. The

remainder of this section focuses on applications of radio-
telemetry data to studies with objectives relating to move-
ment, home range, or habitat use.

Analysis of Spatial and Temporal Resource Use
Radiotelemetry is an appropriate tool to obtain spatial

and temporal data for bats over various geographic scales.
Research objectives, geographic scale of interest, accuracy

of location estimates, and frequency of relocations deter-
mine appropriate analytical approaches for spatial and

temporal data (Fuller et al., 2005). Early spatial studies fo-
cused on general distances moved by bats between roosts.
More recently, spatial and temporal information has been
related to foraging (Henry et al., 2002; Lacki et al., 2007),
seasonal movements (Kurta and Murray, 2002), and daily
movements (Bontadina et al., 2002).

Movement

Many movement analyses require plotting locations by
individual bat. Movement rates are calculated from se-
quential locations (distance moved divided by time inter-

val). Several approaches to analysis of movements are
fully described by White and Garrott (1990). Kernohan
et al. (2001) categorized approaches to modeling animal
movements as (a) descriptive approaches that estimate or

describe movement patterns without reference to an un-
derlying model, (b) general movement models, and (c) a

priori mechanistic models that incorporate biological at-
tributes of the species under investigation. Additional in-
formation on biological and mechanistic models can be
found in McCulloch and Cain (1989), Turchin (1996), Fo-
cardi et al. (1996), and Moorcroft et al. (1999).

Estimation of daily movement distances is an example
of a descriptive approach; no underlying model is assumed

and distances and routes are used to determine move-

ments from roosting areas to foraging areas. Shiel et al.
(1999) described daily foraging movements of Leisler's
bats (Nyctalus leisleri) from two nursery colonies in Ire-
land; distances from roost and duration of foraging bouts

by season were quantified, as was dispersal distance of
two juveniles. Kalko et al. (1999), working in Panama,

characterized the foraging behavior of d'Orbigny's round-
eared bat (Tonatia silvi cola) and the fringe-lipped bat (Tra-
chops cirrhosus) using descriptive movement approaches.

Movement locations over shorter time intervals are
necessarily spatially autocorrelated to depict incremental
changes. The sampling frequency relative to flight speed

and diversity of the flight pattern of the bat influences
how well the actual path can be represented (Pace, 2001).
Sampling frequency must be frequent enough to capture
the important characteristics of the movement path and

to account for location errors and other noise in the data.
Variability also occurs from plotting, coordinate system,
and operator errors. Because of these errors, movement

paths are estimates of true movement paths. Turchin
(1991, 1998) discussed sampling frequency with respect to
error-free location data and foraging behaviors. Pace

(2001, 2000) described a moving window approach to
smooth errors in location estimates based on pooling loca-
tions over short time intervals.

Home Range

Movements of many animals, including bats, can be
viewed as use of an overall area representing relocations
in space and time. The concept of home range originated
by Burt (1943) is "the normal area used by an animal in its
life activities." This concept has recently been described as
"an area repeatedly traversed by an animal during a speci-

fied time period, with a boundary defined by proportion
of occurrence" (Kenward, 2001). The underlying assump-
tions are that an area with high quality resources will be

used more than one with low quality, that availability of
or access to resources is not uniform, and that use of the
home range may change with availability or time frame
(Manly et al., 2002; Buskirk and Millspaugh, 2003). Hayne

(1949) proposed the concept of "centers of activity" to
identify areas of higher use within the larger area used.
This term was replaced with the term "core area" (Kauf-

man, 1962) and implies the ability to distinguish between
differential intensities of use by an animal. Techniques
such as utilization distribution based approaches are par-
ticularly helpful in identifying differential use patterns.

Behavioral activities can be grouped into those associated
with relatively short-range movements within a consis-

tent area or timeframe or with longer-range movements
between areas or timeframes. Quantifying the area used,

differences in areas used during different life history peri-
ods, and areas in which use is centered are fundamental
approaches to understanding bat ecology and behavior
(Kernohan, 2001).

A variety of methods have been used to estimate an
animal's home range, including minimum convex poly-
gon (Hayne, 1949), bivariate normal (Jennrich and Turner,

1969), and fixed and adaptive kernel (Silverman, 1986;

Worton, 1989). Home range estimators can be categorized
into (a) polygon, (b) grid cell, or (c) probabilistic methods.
Home range estimators have been reviewed (Kenward,
1987; White and Garrott, 1990; Kernohan et al., 2001).

The accuracy and suitability of each home range esti-
mator is affected by sampling design, including number of

observations (Seaman et al., 1999), sampling scheme (Otis

and White, 1999), and accuracy of locations (Anderson



Radiotelemetry	 67

Table 3.1. Comparison of home range estimators relative to requirements for sample size, distribution assumption, bias

associated with small sample size, multiple centers of activity, use of utilization distributions, bias at inner and outer contours

and sensitivity to outliers

Allows for

Home Range	 Minimum	 Assumes	 Relative Bias	 Multiple	 Includes	 Performance Performance

Estimator	 Estimator	 Sample	 Underlying	 w/Small	 Centers of	 Utilization	 at Inner	 at Outer	 Sensitivity

Method	 Type	 Size	 Distribution Sample Size	 Activity	 Distribution	 Contours	 Contours	 to Outliers

	

Minimum	 Non-	 >100	 No	 High

	

Convex	 parametric
Polygon

	

Bivariate	 Parametric	 >20	 Yes	 Low

Normal

	

Harmonic	 Non-	 >70	 No	 High

Mean	 parametric
Fixed Kernel Non-	 >30	 No	 Moderate

parametric

	

Adaptive	 Non-	 >30	 No	 Moderate

	

Kernel	 parametric

No	 No	 NA	 NA	 High

No	 Yes	 Good	 Poor	 Moderate

Yes	 Yes	 Poor	 Poor	 Low

Yes	 Yes	 Moderate	 Good	 Low

Yes	 Yes	 Good	 Moderate	 Low

II

et al., 2001). Selecting an estimator for home range analy-

sis should consider biological considerations given the
study design (e.g., whether assumptions of the method are

met) and research objectives (Schoener, 1981). The sam-

pling scheme should be compatible with the assumptions

required by the home range estimator method selected.

Fuller et al. (2005) offer a list of recommendations for se-

lecting an appropriate space use estimator. A comparison
of home range estimators is presented in Table 3.1.

Analysis Considerations
Sample Size
Radiotelemetry studies must take into account two

measures of sample size: (1) the number of individuals

tagged, and (2) the number and timing of relocations of

each individual. An inherent limitation of all home range
estimators and resource selection analysis is sampling

error, which decreases with increasing sample size. Spe-
cific recommendations on sample sizes are difficult to
make because of differences in animal use patterns, habi-

tats that are available, and objectives of each study. Study

designs that emphasize few bats with many locations for

each bat can provide detailed knowledge for these partic-
ular bats, but they have limited application to a larger
population. Such designs might be more applicable when
the research population is small (e.g., endangered species),
if the study objectives are focused on a few individuals or

a specific area (e.g., a refuge), or if the study is designed to
collect preliminary information on a relatively unknown
population. Designs that emphasize the opposite extreme

(many individuals with few locations per animal) also
should be avoided. This design will not provide sufficient
information to assess the habitat selection patterns ofindi-

vidual animals and how these patterns might vary among
animals. Given that the appropriate sampling unit in re-

source selection studies is the individual (Aebischer et al.,

1993; Otis and White, 1999), attempts to collect a truly

representative sample of habitats used by an animal is

more important. Explicit attention should be given to de-
veloping a sampling protocol that characterizes each time
period of activity of interest. For example, many bat spe-
cies will forage in familiar areas during early hours of the

night, but it is fairly common for bats to make excursions
of some distance from their usual locations; these may be

just prior to night roosting or just prior to dawn. These
movements may represent biological (i.e., exploration for

new foraging or roosting areas) or methodological (i.e.,

improved telemetry methods that document previously

undetectable movements) observations.
An additional consideration is seasonal shifts in use

patterns. Although this may be of lesser concern due to
the short life typical of small transmitters, considerable
changes in use patterns have been documented between
pregnancy, lactation, and postlactation periods (Racey,

1985; Rydell, 1989; Kurta et al., 1989; Feldhammer et al.,

2001). When comparing between animals or studies, tim-

ing and intensity of data collected should be comparable.
Several researchers have focused on the question of

the number of animals versus the number of locations to
collect using simulation approaches. Alldredge and Ratti

(1986) compared habitat selection analyses for different

numbers of animals, locations per animal, and number of
habitat types available. They observed that several meth-
ods work well when the number of habitats is small (e.g.,

five types), more than 20 animals are used, and 50 loca-

tions per animal are obtained. In general, as the number
of animals or the number of observations increases, the
test is more powerful in detecting differences between

habitat use and availability. They recommended against

having few observations (e.g., 15) on few animals (<20),

RL	 E
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because this design can easily result in the conclusion that
no habitat selection is occurring. Similarly, Leban et al.
(2001) evaluated sample size effects on compositional
analysis, and Neu et al. (1974) evaluated six resource fea-

tures (aspect, distance to cover, forage, open roads, per-

cent canopy closure, and vegetation types) using field
data. They reported that increasing the number of obser-

vations had little influence on compositional analysis re-
sults. Their suggestions paralleled Alldredge and Ratti
(1986) in that a minimum of 20 animals with 50 observa-
tions each is needed to estimate resource selection during
the period of interest (i.e., season). Nevertheless, mean-

ingful results can often be obtained with 30 locations each
from 10-20 animals if selection effects are reasonably

strong, as in the original demonstration of compositional
analysis (Aebischer et al., 1993). Alldredge and Ratti (1986)
further concluded that Type I and Type II error rates
should be considered in selecting sample sizes when habi-
tat selection studies are planned.

Some home range estimators are based on assump-
tions about the distribution of data. The accuracy of all

home range estimators depends on sample size. Since ani-
mal distribution within an area during a specific time pe-
riod rarely conforms to a simple statistical distribution,
sample sizes required to accurately assess home ranges
also vary. For kernel-based estimates of home range size,
Seaman et al. (1999) suggested 30 (and preferably 50) loca-
tions per animal be used. Unlike other estimators, Sea-
man et al. (1999) found that adaptive kernel methods are
overestimated with fewer than 30 locations. With other
estimators, such as the minimum convex polygon, in-
creasing sample sizes results in increased home range
sizes (Kernohan et al., 2001).

Analysis Software
A number of analytical methods are available to esti-

mate an animal's position based on triangulation meth-
ods. White and Garrott (1990) provide SAS/FORTRAN

programs for estimating an animal's location from trian-
gulation techniques. Software packages that link these
programs to a database and digital maps have also been de-

veloped. For example, GTM (Sartwell, 2003) is a Windows-
based system that imports and incorporates geographic
information coverages (GIS) from a wide variety of spatial
data formats: ArcView, Mapinfo Vector, AutoCad DWG,

TIFF Image, and Windows BMP. Telemetry azimuths,
animal sightings, and internally generated location or

home range estimates are then stored graphically as data
overlay layers on top of the base map(s). A variety of coor-
dinate systems is supported, and coordinate conversion is

available. The software is designed for real-time field use
on laptops or portable computers. Location estimators

currently include maximum likelihood estimators (MLE),
Huber rn-estimators, and Andrews rn-estimators. Infor-
mation on available software is included in Appendix 3.2.

Analysis of Resource Use
Resource selection is a hierarchical process of behav-

ioral responses that result in differential use of habitats

(Block and Brennan, 1993). Radiotelemetry locations or
visual observations of locations involved with the ani-
mals' daily pursuit of its environmental needs are referred
to as "used" resources. Specific environmental and habitat
covariates can be associated with these resources. "Se-

lected" resources are used more often than their availabil-
ity, and "avoided" resources are those used less often than
their availability in the environment. Resource "prefer-
ence" refers to situations when an animal has equal access
to all available resources, such as in a controlled experi-

ment, to determine those preferentially selected if offered
on an equal basis.

Four designs for resource selection studies have been
identified (Thomas and Taylor, 1990; Manly et al., 2002),

based on level of resource use (population or individual
animal) and measures of resource availability. Design 1

studies determine use at the population level, with avail-
able, used, or unused resource units sampled or censused

for the study area or to encompass all animals. This de-
sign assumes a relationship between density and relative
preference, an assumption that is violated if detectability
of animals varies among habitats, which is commonly the
case for bat species that use both open and heavily for-
ested habitats (Thomas and Taylor, 1990). Design 2 studies

determine use by individual animals, but availability is
measured at the population level. Design 3 also identifies
individuals, but both used and available (or used and un-

used) resources are sampled or censused for each animal.
Design 4 identifies individuals with availability defined

for every location (Erickson et al., 2001). Inferences about
selection are made at the population level within the study
area in designs 1 and 2, whereas designs 3 and 4 make in-
ferences about selection within home ranges or feeding
sites (Thomas and Taylor, 1990). Aggregating results across

many animals studied under design 3 can result in
population-level inferences about the variability of third-
order selection among individuals.

Habitat selection may occur at four levels: (1) the spe-
cies' physical or geographic range, (2) the individual home
ranges within the geographic range (3) the use of features
within its home range, or (4) for particular elements such
as food items (Johnson, 1980). Patterns of resource selec-
tion may be scale dependent if the value of the resources
to animals in terms of promoting long-term reproductive
fitness differs between levels (Rettie and Messier, 2000).

This hierarchical process of resource selection necessi-
tates that an investigator carefully consider which scale(s)
to study resource selection. Although multiple scales are

often studied, explicit consideration of scale is critical be-
cause that defines inferences from the study and identifies
key features such as experimental units.
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The concept and quantification of resource availability
is central to most resource selection studies. Because re-

source selection studies have traditionally compared used
resources to available resources, the scale and context of

what is defined as "available" to an animal is ultimately
important. Determination ofavailability should be matched

to the appropriate scale of the analysis and the behavioral
characteristics of the animal under study. Buskirk and

Millspaugh (2006) reviewed the nuances and techniques

to define available habitats.
Accurate determination of habitat use (e.g., animal lo-

cation) is an underlying assumption of most analysis pro-

grams. Errors in tracking (e.g., triangulation) or obser-
vation (e.g., incorrectly marking the location on a map)

can bias studies on resource selection (Nams, 1989; White
and Garrott, 1990; Samuel and Kenow, 1992; Rettie and
McLoughlin, 1999). Errors in classification of habitat use
will result in incorrect rankings or reduce the power of

statistical tests for habitat selection (White and Garrott,
1986; Nams, 1989). Some researchers have directly consid-
ered use as the general area surrounding the location esti-

mate (Rettie and McLoughlin, 1999). When telemetry er-
ror is large relative to patch size, this approach may be
appropriate. Samuel and Kenow (1992) proposed a method
to account for telemetry error for habitat selection tests by
using the error distribution of each animal location to as-

sess habitat misclassification. Buskirk and Millspaugh (2006)
discuss other currencies of use, such as distance traveled,
and the inherent advantages and disadvantages of each.

Numerous analytical methods have been developed
for analyzing resource use data. These include univariate
methods such as chi-square goodness of fit (Neu et al.,

1974), rank-order tests (Johnson, 1980); and compositional
analysis (Aebischer et al., 1993), as well as multivariate
methods including logistic regression (Thomasma et al.,

1991), polytomous logistic regression (North and Reyn-
olds, 1996), and discrete choice (Cooper and Millspaugh,
1999). Each of these methods has strengths and weak-
nesses that range from appropriate identification of the
experimental unit to accuracy of point estimates. All-
dredge et al. (1998) reviewed methods of resource selec-
tion and concluded studies that characterize locations
seem to require logistic regression, or more generally, re-
source selection functions (Manly et al., 1993), in which

the probability of a resource unit being used is propor-
tionate to the value of characteristics measured for the
unit. Resource selection functions provide a model-based

approach that is preferable to previously used ad hoc
methods (Alldredge et al., 1998) and are determined by
various analysis methods from simple univariate rank-
ings to more complex multivariate approaches (Fig. 3.4).

The Neu et al. (1974) method uses a chi-square goodness-

of-fit analysis to determine whether resource use equals
resource availability. A significant chi-square test indi-
cates a difference in use and availability; these differences

Figure 3.4. Resource selection function calculated for elk in South
Dakota. From Milispaugh et al., 2006.

can be investigated using confidence intervals on the dif-
ference in percent use and percent availability (Byers et al.,
1984; Cherry, 1996). The goodness-of-fit test assumes that
habitat availability is measured without error, which is
problematic in light of issues identified above. The tech-
nique also assumes that all observations of habitat use are

independent, which is problematic when multiple animals

are relocated together (e.g., bats foraging in the same gen-
eral location). Ignoring this assumption inflates Type I
error rates. Dasgupta and Alldredge (1998) suggested a

method to incorporate data on dependent behavior of

radio-tagged animals into the chi-square framework.
Thus, they alleviate the need to count multiple animal
observations at one location as one (Alldredge and Ratti,

1986, 1992).
Aebischer et al. (1993) were the first to propose use of

compositional analysis, a multivariate analysis of vari-

ance, for studies of wildlife habitat selection. Composi-

tional analysis helps overcome several common problems
in wildlife studies (Aebischer et al., 1993; Pendleton et al.,
1998), and for this reason it has become a popular tech-
nique (e.g., McLellan and Hovey, 2001; Morrison and
Humphrey, 2001). In compositional analysis, the animal,

not the individual location points, are the experimental
unit. This helps overcome problems of unequal weighting

among animals when the number of locations across ani-

mals is not equal (Pendleton et al., 1998). The log-ratio
transformation used in compositional analyses Aitchison

ft	 li-A
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(1986) helps 
overcome the unit sum constraint (i.e., sum of	

Traditional binary logistic regression has become a pop-the habitat use and habitat availability proportions equals 	 ular technique to compare resources at used and availableone) imposed on many other resource selection analyses 	 sites due in part to its availability in standard statistical
(Aebjscher et al., 1993). Last, compositional analysis pro- 	 packages and exploratory power (Manly et al., 2002). Lo-
vides a mechanism for evaluating differences in group-	

gistic regression differs from linear regression in that the
specific resource selection patterns, 	

former uses a binary response variable Often, relocation

	

Despite overcoming several common problems in re-
	

points define the used resources and random points withinsource selection studies, a few issues complicate the use of
	

the home range or study area define available points, al-

	

compositional analysis. First, because log-ratio analyses
	

though variations exist (Compton et al., 2002; Manly et al.,

	

do not allow for zeroes (because they are 
undefined), dif- 	 2002). 

The technique is useful because it relates the re-

	

ficulties arise when either use or availability of a habitat
	

Sponse variable (used or available, or presence or absence)

	

type is nil. Often, zeroes are replaced by a small constant
	 to one or more independen t variables that are of interest.

	

(Aebjscher et al., 1993), which can inflate Type I error 	
The resulting resource selection function (Manly et al.,

	

rates (Bingham et al., 2004). For this reason, Bingham	 2002) estimates the probability the site will be used by the
et al. (2004) questioned the use of compositional analyses	 animal as a function of importan t resource variables or a

	

when habitat categories contained very small areas of
	

priori models derived through the analysis process. How-availability and 0% use. Recently, Milispaugh et al. 
(2006)	

ever, "available" locations may actually bedeveloped a utilization distribution weighted composi- 	 "used" points
meaning that the sample of available locations may con-tional analysis approach that accounts for differential use 	
tain observations of both used and unused sites, whichintensities within the home range, 	
causes difficulty in interpreting results of use versus avail-Multivariate methods have also been used with greater	 ability (Keating and Cherry, 2004). In addition, there arefrequency in recent years, partly because of advanced corn-
	 concerns using this procedure when telemetry error isputing and software capabilities (e.g., GIS). Naturally, we
	

high because features are measured at relocation pointswould assume that multiple resources (e.g., vegetation type, 	
(e.g., distance to water, habitat at site).distance to roads and water, elevation) could influence ani- 	

Using polytomous or multinomial logistic regressionmal resource selection Thus, many researchers have con-	
to assess resource selection was first proposed by Northsidered multivariate procedures that allow insight into
	 and Reynolds (1996). In contrast to traditional binary logis-

various interacting categorical and continuous types of	
tic regression, which relies on used and available resources,resource data. Manly et al. (2002), Millspaugh and Mar- 	
the polytomous logistic procedure (North and Reynolds,

ziuff (2001), and other sources, such as special sections in	 1996) 
does not compare the characteristics of used to avail-

	

the Journal of Wildlffe Management (forthcoming) and the	 able sites. Instead, characteristics of varying use-intensity

	

Journal of Agricultural Biological, and 
Environmental Statis-	

sites (e.g., low, medium, and high patches) are compared to

	

tics (1998), 
have reviewed multivariate procedures for	

determine those resources that most differentiate among

	

analysis of resource selection by animals. With recent ad- 	
use sites. In other words, it models the p robability that site

	

vancements in GIS technology and supporting software
	 belongs to a use-intensity group as a function of impor-

	

to compute landscape metrics, the Potential number of
	 tant resource characteristics Because the procedure does

	

covariates is large. The number of possible factors to con-
	

not consider areas where locations were not 
observed, it

	

sider must be carefully selected based upon the objectives
	

only considers used locations, which might be beneficialof the study, hypotheses to be tested, limitations of loca-
	

when trying to quantify resource availability (North and
tion data, available resource information, and most im-	 Reynolds, 1996).	portantly, consideration of the ecology and behavior of 	

Use of discrete choice modeling, a common techniquethe animal. The principle of Parsimony suggests that a
	

in the economics literature (Ben-Akiva and Lerman, 
1985),

model should have the smallest possible number of pa-
	

was proposed by Cooper and Millspaugh 
(1999, 2001) to

rameters for adequate representation of the data" (Box	
study wildlife resource selection Arthur et al. (1996) used

and Jenkins, 1970, p. 17). Burnham and Anderson (2002)	
a similar approach when evaluating habitat use by polaroffer some useful advice in selecting covariates and candi- 	
bears. The data necessary to estimate the multinomialdate models. They recommend the painful exercise of	
logit form of the discrete choice model are similar to datathinking about the objective of the modeling exercise and
	

required for the standard logistic regression model de-
model alternatives prior to collecting or analyzing the	

scribed above (Cooper and Millspaugh, 
1999). The main

data. For many resource selection studies, the procedure
	

benefit of discrete choice is that the researcher has maxi-of developing these a priori models to test specific hypoth-
	 mum flexibility in defining resource 

availability. Although
eses may help advance our understanding of bat and habi- 	

it compares used to available sites, as with traditional bi-
tat relationships. There is adequate information for many	 nary logistic regression, discrete choice allows the investi-
bat species that allows the development of good testable 	

gator to pair used with available sites. In this way, discretecandidate models,	

choice can be thought of as a 'case control" design be-



Radiotelemetry	 7'

cause each point of use is paired with one or several points

of availability. This procedure is particularly beneficial
when an investigator has data observations over short pe-
riods of time, when restricting what was available to the
animal is necessary. The technique would also be helpful
in investigations of bat roosting locations because one

controls the pairing of used and available points, making
it more certain that what was selected as available was

truly available to the animal.

FUTURE DIRECTIONS FOR
RADIOTELEMETRY STUDIES

Radiotelemetry has become an important tool in many
modern studies of bat behavior, ecology, management,
and conservation because of the dramatic increases in our

technological capabilities to locate these animals. The de-
velopment of new approaches to data analysis has dra-
matically improved our ability to evaluate and estimate

bat home range requirements and habitat selection. Stud-
ies using radiotelemetry will continue to improve sub-
stantially through increased knowledge of the powerful
statistical tools that have been developed for this kind of
data as well as how to apply basic principles of finite popu-
lation sampling.

Telemetry technology is rapidly advancing; therefore,

bat researchers should identify their study objectives
clearly and define their scope of inference, then carefully
consider whether radiotelemetry is an appropriate or fea-
sible method. Factors such as impacts from transmitter
attachment should not be ignored. Selection of analysis
methods for home range and habitat use data will depend
on the type and accuracy of data collected, assumptions
and limitations of the selected sampling and analysis
method, and the hypothesis to be tested. The analysis and
application of telemetry data has benefited greatly from

recent advances in computing software and other tech-
nologies (e.g, GPS). These advancements have sparked
the development of several new analytical techniques to

address long-standing questions of bat ecology.
In this chapter, we have outlined considerations for

designing and implementing a bat radiotelemetry study,
as well as general advantages and disadvantages of ana-
lytical procedures with the hope that this information
will help guide future bat researchers toward the goals of
understanding and conserving these amazing and benefi-

cial mammals.

APPENDIX 3.1

Sources of Radiotelemetry Equipment

Advanced Telemetry Systems, Inc.
470 First Ave. N.
Box 398
Isanti, MN 55040, USA
Phone: 763-444-9267

Fax: 763-444-9384
E-mail: 70743.512@compuserve.com
Website: www.atstrack.com

American Wildlife Enterprises
737 Silver Lake Road
Monticello, FL 32344, USA
Phone: 850-997-3551
Fax: 850-997-3552

Austec Electronics, Ltd.
#1006, 11025-82 Ave.
Edmonton, Alberta KT6G OTt
Canada
Phone: 403-432-1878
Fax: 415-449-3980

AVM Instrument Company, Ltd.
P0 Box 1898
1213 South Auburn Street
Colfax, CA 95713, USA
Phone: 530-346-6300
Fax: 530-346-6306
Website: www.avminstrument.com/
(Radiotelemetry instrumentation)

Biotelemetrics, Inc.
6520 Contempo Lane
Boca Raton, FL 33433, USA
Phone: 561-394-0315
Fax: 561-394-0315
(Micro-miniature implantable transmitters)

Bio Telemetry Tracking
18 Magill Rd
Norwood, SA 5067
Australia
Phone: +61-8-8362-6666

Fax: +61-8-8362-7955

(Distributor of receivers made by Yaesu, ofJapan)

Biotrack Ltd.
52 Furzebrook Rd.
Wareham Dorset BH20 SAX
United Kingdom
Phone: +44(0) 1929 552 992
Fax: +44(0) 1929 554 948
Website: www.biotrack.co.uk
(Telemetry systems and software)

Blackburn Transmitters
819 Logansport Street
Nacogdoches, TX 75961, USA
Phone: 936-560-3360
Fax: 936-569-2009
E-mail: pblackburn@cox.internet.com
(Radio transmitters: specializing in custom-built, very small
transmitters)

BlucSky 'lelemetry Ltd.
P0 Box 7500
Abe rfe Idy
Scotland, PHI5 2YG

United Kingdom
Phone: +44(0) 1887 820 816
Fax: +44(0) 1887 820 979
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Website: www.blueskytelemetry.com
(GPS wildlife telemetry collars and tags)

Christensen Designs
349 Scenic Place
Manteca, CA 95337, USA
Phone: 800-928-9111 / 209-239-8090
Fax: 209-239-5414
Website: Www.Peeperpeople corn
(Video and surveillance systems for nests and burrows)

Custom Electronics of Urbana, Inc.
2009 Silver Ct. W.
Urbana, IL 61801, USA
Phone: 217-344-3460
Fax: 217-344-3460
E-mail: BSZELPAL@aol.com
(Receivers and antennas)

Custom Telemetry Co.
1050 Industrial Drive
Watkinsvjlle GA 30677, USA
Phone: 706-769-4024
Fax: 706-769-4026

Data Sciences International, Inc.
119 I4th Street Nw
St. Paul, MN 55112, USA

Phone: 651-481-7400 / 800-262-9687 (U.S. and Canada)
Fax: 651-481-7417

E-mail: information@datasci.com
Website: www.datascicom
(Physiological telemetry)

Holohil Systems Ltd.
112 John Cavanaugh Drive
Carp, Ontario KOA ILO
Canada
Phone: 613-839-0676
Fax: 613-839-0675
E-mail: info@holohilcom
Websjte: www.holohil.com
(Radio transmitters)

Johnson's Telemetry
Route 4, Box 3 13
El Dorado Springs, MO 64744, USA
Phone: 417-876-5083

KVH Headquarters
50 Enterprise Center
Middletown, RI 02842-5279, USA
Phone: 401-847-3327
Fax: 401-849-0045
(Electronic compass engine)

L. L. Electronics
P.O. Box 420#2, Pearl Dr.
Mahomet, IL 61853, USA
Phone: 215-586-5327,800-553-5328

Lotek Wireless, Inc.
114 Cabot Street

St. John's, Newfoundland AIC 1Z8
Canada
Phone: 709-726-3899
Fax: 709-726-5324

E-mail: rnarine.telemetry@lotek corn
Website: www.lotek.com

Mariner Radar Ltd.
Bridleway, Campsheath
Lowestoft Suffolk NR32 5DN
England

Phone: 44-1502-567-195
Fax: 44-1502-567.762
(Transmitters used with satellites)

Merlin Systems, Inc.
445 W Ustick Rd
Meridian, ID 83642, USA
Phone: 208-884-3308
Fax: 208-888-9528
E-mail: merlin@cyberhighway.net

Microwave Telemetry, Inc.
6214 Satanwood Drive
Columbia, MD 21044, USA
Phone: 301-964-2687
Fax: 301-964-0816
(General and satellite)

Philips Respironics
20300 Empire Avenue
Building B-3
Bend, OR 97701, USA
Phone: 800-685-2999 (U.S., Canada, and Mexico)
Phone: 541-598-3800 (Worldwide)
Fax: 541-322-7277
Email: mm@respironics.com
Website: www.rninirnitter.com
(Physiological telemetry)

Nature Conservation Bureau Ltd
36 Kingfisher Court
Hambridge Road
Newbury RGI4 5SJ
United Kingdom
Phone: +44 1635 550380
Fax: +44 1635 550230

E-mail: 100347.1526@compuservecom

North Star Science and Technology, LLC
P.O. Box 438

King George, VA 22485, USA
Phone: 410-961-6692: 540-775-4698
Fax: 603-462-5144
Websjte: www.northstarst.com
(Satellite-based telemetry)

Service Argos

18, Avenue Edouard Belin
31055 Toulouse Cedex, France
61-39-4799
and

1801 McCormick Dr., Suite 10
Landover, MD 20785, USA
Phone: 301-925-4411
Fax: 301-925-8995
E-mail: jwargosinc.co
Website: www.argosinc.com
(Satellite system)
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Sirtrack Limited
Private Bag 1403
Goddard Lane
Havelock North 4157
New Zealand
Phone: +646877 7736

Fax: +64 6 877 5422

E-mail: name@sirtrack.com
Website: www.sirtrack.com
(Designs, builds, and packages radio tracking and telemetry
equipment for wildlife research)

Smith-Root, Inc.
14014 Northeast Salmon Creek Ave.
Vancouver, WA 98686, USA
Phone: 206-573-0202
Fax: 503-286-1931
(Aquatic radio telemetry)

Sonotronics
1130 E. Pennsylvania St.
Suite 505
Tucson, AZ 85714, USA
Phone: 520-746-3322
Fax: 520-294-2040
E-mail: mgregorazstarnet.com
Website: www.media-masters.com/sonotronics

Telemetry Solutions
1130 Burnett Ave., Suite 
Concord, CA 94520, USA
Phone: 925-798-2373

Fax: 925-798-2375
E-mail: qkermeentelemetrysolutions.com
Website: www.telemetrysolutions.com

Telemetry Systems, Inc.
P.O. Box 187
Mequon, WI 53092, USA
Phone: 414-241-8335

Televilt International AB
Box 53
S-711 22 Lindesberg
Sweden
Phone : +46-581-17195
Fax: +46-581-17196
E-mail: per-arne.Iemnell@televilt.se
Website: www.televiltse

Telonics, Inc.
932 Impala Ave.
Mesa, AZ 85204-6699, USA
Phone: 602892-4444
Fax: 602-892-9139

E-mail: info@telonics.com
Website: www.telonics.com
(General and satellite telemetry)

Titley Electronics Pty Ltd
P.O. Box 19
Ballina, NSW 2478

Australia
Phone: +61 2-66-811-017
Fax: +61 2-66-866-617
E-mail: tit1eynor.com.au
Website: www.titley.com.au
(Radio telemetry equipment; Anabat bat detectors)

Toyocom
20-4, Nishi-Shimbashi 3-chome,
Minato-ku,Tokyo 105
Japan
Phone: 03 -3459-7320
Fax: 03 3436 1434
and
Chicago, IL, USA
Phone: 708-593-8780
Fax: 708593-5678

and
Los Angeles, CA, USA
Phone: 714-668-9081
Fax: 714-668-9158
(Satellite telemetry)

Vemco
211 Horseshoe Lake Drive
Halifax, Nova Scotia B3S 089
Canada
Phone: 902-450-1700
Fax: 902-450-1704
E-mail: VEMCO Sales
Website: www.vemco.com
(Ultrasonic tags for aquatic animals)

Wildlife Computers
8345 154th Avenue NE
Redmond, WA 98052, USA
Phone: 425-881-3048
Fax: 425-881-3405
E-mail: tagswildlifecomputers.com
www.wildlifecomputers.com
(Time-data and satellite-linked recorders with software)

Wildlife Materials, Inc.
Route 1, Box 427A
Carbondale, IL 62901, USA
Phone: 618-549-6330 / 618-549-2242
Fax: 618-457-3340
E-mail: wmi@midwest.net
Website: www.wildlifematerials.com

Wild link Inc.
2924 98th Avenue, North
Brooklyn Park, MN 55444, USA
Voice/fax: 612-424-8340 / 800-421-8340
(Large mammal data acquisition and recapture)

Ziboni Ornitecnica, srI.
Costa Volpino (Bergamo)
Italy
Phone: 035-970434
Fax: 035-972488

ft-
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APPENDIX 3.2

Sources of Soft ware for Radiotelemetry Analysis

Non/Parametric
Package Name	 Reference	 Techniques Author	 Description
CALHOMB	 J. Kie	 Both	 J. Kie Pick from many home range analysis methods:

minimum convex polygon, bivariate normal,
harmonic mean, and adaptive kernel.

http://nhsb1g.inhs.uiueedu/wes/homer5flg5j
Dixon uses a harmonic mean analysis as its method of

finding the home range ofan animal. It requires a
math coprocessor.

Animal Movement is an ArcView extension that
contains a collection of over 40 functions specifically
designed to aid in the analysis of animal movement.

www.absc.usgs.gov/glba/
Fragstats quantifies landscape structure through

numerous metrics including area, patch density,
size, and variability metrics; edge, shape, core area,
and diversity metrics; and contagion and intersper-
sion metrics. A vector image and raster image
version are available. The raster version also
computes several nearest neighbor metrics.

www.umass.edu/landeco/research/fragstats/fragstat.s

HomeRange is primarily for use in the analysis of
spatial data in animal behavior.

F. 0. Carton
Forestry, Wildlife and Range Exp. Stn.
University of Idaho
Moscow, Idaho 83843

KERNELHR performs kernel-based estimates of
two-dimensional (bivariate) data. Works well for any
two-dimensional data. Users may select between
output of density and utilization distribution, change
the size of the smoothing parameter and grid, and
output values at the observation or on a grid.

http://fwie.fwvtedu/

HOMERANGE	 Ackerman et al., 1990	 Both

KERNELHR	 Seaman and Powell, 	 Nonparametric
1991

McPAAL	 Stüwe and Blohow.	 Both
iak, 1985

RANGES VIII	 Kenward, 1990	 Nonparametric
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