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Abstract

Telemetry, the use of radio-transmitters to follow wildlife, has enjoyed popularity and widespread use because it can penerate
much animal location and activity data in a limited time. When animal locations are estimated by triangulation based on angle
of signals received, rather than on visual contact, it becomes important to understand equipment limitations that may influence
the accuracy of signal origin estimalion. Problems of estimating signal origin ure magnified in mountainous terrain by signal
reflection. We tested directional accuracy of a precision-null antenna system in meuntainous terrain of northeentral Colorade,
Statistical tolerance limits applied to a two-wavelength system with two, three-element antennas, separated by two wavelengths,
gave measurement error of no more than + 3.4° (at least 90 percent of the time) at the 90 percent confidence level bused
on a mean of four readings per transmitting site, taken in rapid succession, A precision-null antenna system was found superior
to 2 one-wavelength antenna type. Signal quality and accuracy in determination of signal directionality decreased with increased
height of terrain obstacles between transmitter and receiver. Transmitter-receiver distance up to 4.6 km (the maximum tested)
accounted for only eight percent of the variation in directional accuracy. Signal quality categories are described which can
assist an operator in judging relative directional accuracy of received ielemelry signals. A new approach to determining habitat
usage by instrumented animals is described which utilizes percent cemposition of each vegetation type occurring in error polygons

to reflect probability that the transmitter is localed within a given vegetation type.

Introduction

Radio-telemetry is commonly used to locate
animals when estimating home range size, daily
movements, and habitat use (Tester and Siniff
1965, Craighead and Craighead 1973, Lindzey
and Meslow 1977, and Irwin and Peek 1983). Few
telemetry studies, however, have addressed
limitations of the tracking systems being em-
ployed. The value of reported results would be
enhanced if an analysis of the systems’ limita-
tions was included.

Heezen and Tester (1967) discussed in-
fluences on accuracy incurred in radio-telemetry
triangulation and described an error polygon that
delineates the bounds of a particular location
within which an instrumented animal will be
found. Error polygon boundaries determined by
the intersection of error confidence limits or er-
ror arcs are discussed by Springer (1979). If each
error arc has a confidence level of 1 —« of con-
taining the true bearing of the transmitter, then
the transmitter will be within the resulting error
polvgon formed from the two independent error

arcs with confidence (1 — «}. In lieu of an error
polygon, Hornbeck (1979) used a circle to repre-
sent the area of animal location. Circle size was
based on a linear regression of location error and
triangulation distance developed during pre-
liminary experiments with a ““test’” transmitter.
Rongstad and Tester (1969) used a grid system
of 2.6 ha squares covering their study area and
assumed the square from which a signal was
received to be the location of their instrumented
deer.

Accuracy of location decreases as error
polygon size increases (Heezen and Tester 1967)
s0 It is essential to use telemetry equipment that
can detect signal directionality with a high degree
of accuracy when triangulating. To be meaning-
ful, error polygon size must be as small as possi-
ble. Heet (1977) reported an average error of 0.14
ha using triangulation for deer in Ohio. Springer
{1979) also examined sources of bias in radio-
telemetry and found no significant biases for
observers, days, receivers, transmitters, and
distance between transmitters and receivers when
his “‘loudest signal method” was used.
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Problems with accuracy are encountered in
mountainous terrain as obstructions may block
the most direct route of a signal from transmit-
ter o receiver and cause the signal to be received
from the direction of its path of least resistance
through the terrain. Such distorted or “*bounce”
signals can result in directional aceuracy error
of many degrees (Hupp and Ratti 1983, Lee et
al. 1985).

Springer {1979) has recommended that
“future studies in which radiotelemetry is
employed should devote some pilot effort to iden-
tify the factors that might affect bias and sampl-
ing error. The researchers should test these fac-
tors and determine the magnitude of the bias and
sampling error, and then design an experiment
with these results in mind.”” The purpose of this
study was to determine directional accuracy of
a precision-null antenna system in mountainous
terrain and to facilitate a new approach to use
of error polygons in a subsequent mule deer
habitat usage study. Several modifications of an
antenna system described by Hallberg et al
(1974), combined with certain antenna design
characteristics used by Cochran et al. (1965) were
tested in mountainous terrain near Red Bluff,
California, by John Siperek. Two of the most ac-
curate modifications were selected and subse-
quently compared in mountainous terrain near
Fort Collins, Colorado, where the more promis-
ing modification was tested extensively.

Study Area

The study area is approximately five km west of
Fort Collins, Larimer County, Colorado, and en-
compasses about 23 km2, including the east side
of Horsetooth Mountain. [t is bounded on the east
by Horsetooth Reservoir, the west by the crest of
Horsetooth Mountain, the south by County Road
38E, and the north by Empire Gulch. Elevation
ranges from 1646 m at the reservoir shoreline to
2211 m at the highest point on Horsetooth Moun-
tain. The area is characterized by rugged moun-
tainous terrain with numerous rock outcrops,
ridges and canyons. Vegetation types include
ponderosa pine (Pinus ponderosa) with various
canopy densities and interspersed with Douglas
fir (Pseudotsuga menziesti); mountain shrubs con-
sisting primarily of mountain mahogany (Cerco-
carpus montanus); wet meadow; grassland; and a
riparian type with cottonwood (Populus sargentii),
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chokecherry (Prunus virginiana), wild plum
{Prunus americana), skunkbush (Rhus trilobata),
and hawthorn (Crateegus erythropoda).

Methods
Antenna System

The precision-null system consisted of two, ver-
tically oriented, three-element, vagi antennas
mounted parallel to each other (Figure 1). Anten-
nas were wired 180° out of phase and connected
at the mast by a union box or peak combiner.
The system was designed for 149 MHz. The mast
section inside the pickup camper, on which the
system was mounted, was equipped with a com-
pass rose and pointer for determining antenna
direction. The system incorporated a telescoping
mast and antennas that folded inward, making
it easily portable by vehicle. A detailed descrip-
tion of the antenna system is available from the
authors upon request. Adherence to construction
details is critical to performance.
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Figure 1. Precision null antenna system mounted on a pickup
camper.

Antenna attitude was positioned, initially,
each time it was used by orienting on a fixed
heacon transmitter on Horsetooth Mountain with
a known bearing from the receiver point and set-
ting the compass rose pointer accordingly. When
rotated 180°, this antenna received a signal in
a pattern of four peaks and three nulls, which
is apparent by listening to the signal while view-
ing the compass rose (Figure 2). The antenna was
oriented toward the transmitter when receiving
the center null. This null is from less than a
degree to five or six degrees wide, depending on
signal quality. A peak, another narrow null, and




Figure 2. Signal pattern of peaks and nulls one would ex-
pect from a good quality signal using a two-
wavelength antenna system. The compass rose
pointer is oriented toward the center null, in-
dicating direction to the transmitter is 200°.

another peak occur spaced about 15° intervals
on each side of the center null. Nulls of about
90° in width occur beyond this outer peak. A
similar pattern occurs on the rear side of the
antenna, but peaks and nulls are poorly defined.

Signal direction is best established by deter-
mining two direction bearings with identical
signal strength, each one a few degrees to the
right and left of the null, and then by computing
their mean to pinpoint the null centerpeint. This
is recorded to the nearest 0.5°. Signals were
classified as follows:

Signal Class 1. Loud and clear with little or no
background noise. Patterns obvious and easy
to read. Good symmetrical patterns with four
peaks and three nulls. Peaks about 30° apart
and nulls about 30° apart. Difference between
peaks and nulls is readily discernable. Nar-
row center null (approximately 1° to 3°).

Signal Class 2. Loud but with background noise.
Same as Signal Class 1 except center null may
be larger and it may be necessary to bracket
it by listening to the increasing signal levels
3° or 4° either side of it. However, it is still
relatively easy to determine the null center-
point.

Signal Class 3. Weak signal with much back-
ground noise. Pattern difficult to discern and

difficult to read. Requires much time to
establish the pattern. Relative difference be-
tween peaks and nulls is small. Peaks may not
be symmetrical in intensity and peaks and
nulls may be more or less than 30° apart.
Nulls are wide and it is difficult to determine
the nuil centerpoint.

Signal Class 4. No signal or signal too weak to
establish any pattern.

Signal Class 5. Signals with twe, four or more
nulls regardless of signal strength.

Sampling Procedures

Several potential receiver points were selected
near the study area perimeter to test signal direc-
tional accuracy. Efforts were made to select
receiver points that offered maximum, unob-
structed visibility of the area, and were free as
possible of nearby terrain features that could
cause incoming signal distortion. Some were
found unsuitable during subsequent testing.
Seven receiver points were retained. These were
located on a ridge on the east and south sides
of Horsetooth Reservoir.

Transmitting sites were located using a 1-ha
grid system that encompassed the entire study
area. A total of 111, 1-ha cells were randomly
selected, and the center of each chosen cell
became a transmitting site. The signal from each
site was received from each of two different
receiver points.

One observer located transmitting sites in the
field through use of high quality 1:15840 scale,
color aerial photos on which transmitting sites
were plotted, and which were cut into photo
quadrats small enough to be easily carried while
the other operated the receiver. Both observers
had previous telemetry experience and extensive
experience using aerial photos to locate exact
spots on the ground. Observers communicated
by hand-held, two-way radios. Transmitiers used
for testing were 149 MHz radio-collars made for
mule deer (Odocoileus hemionus). Transmitters
and receivers were manufactured by Telonics,
Inc.’ (Mesa, Arizona). A transmitter was hung
from a bush or limb 0.3 m to 1.0 m above ground
at each of four locations within a 1.5-m radius
of each transmitting site. The transmitter was

'Reference to this company does not imply endorsement by

the State of Colorado.
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moved among locations and a reading was taken
at each location. The recorded bearing was a
mean of the four readings from the site. The
receiver operator did not know the direction to
the transmitter placer, The compass bearing for
each transmitting site was compared with the true
transmitting site-receiver angle as measured on
a large sized 1:14049 scale, high resolution, col-
or infrared aerial photo taken by NASA from a
U-2 plane at an altitude of 21,336 m. Distances
and angles on this photo were compared with
surveyed distances and angles on the ground.
There was no apparent photo distortion.

In practice an estimate of an animal’s loca-
tion is made at a specific point in time. Conse-
quently, a multitude of locations will be con-
sidered over the duration of a study involving
many points in time and different animals.
Hence, accuracy of individual location estimates
is of concern, as contrasted to accuracy of the
mean of many estimates involving different times
and locations. Tolerance limits (confidence level
l —o and proportion of population contained
within the interval P) permit the statement that
one can be 90 percent (1 —a=0.9) confident, us-
ing the same equipment and procedures, and
under existing terrain conditions, that at least
90 percent (P=0.9) of the individual estimated
locations will be within the calculated number
of degrees of the actual transmitting site. Thus,
in addition to calculation of sample mean bias
and a corresponding confidence interval for true
mean bias, tolerance intervals for the error of in-
dividual estimated locations were constructed as
x+ks with | —a=.9, P=.9 and P=.75. Dixon
and Massey (1969, Table A-16) give k for selected
values of n, 1 — and P (Their ¥ is our 1 —a).
Degrees of error in location estimates were
assumed to be normally distributed.

Preliminary directional accuraecy comparisons
of antenna systems constructed with one and two
wavelength separation (200 m and 4.01 m,
respectively) between antennas were made on the
study area using 11 transmitting sites. Trans-
mitter-receiver distance was about 0.8 km. Pro-
cedures were as previously described except that
only one receiver point was used. The two-
wavelength antenna was found superior and was
subsequently tested extensively using all 111
transmitting sites.

Since observers alternated between operating
the receiver and placing the transmitter at ran-
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domly selected sites throughout the study area,
a test involving three people was conducted to
determine degree of directional bias between
observers. One individual placed the transmitter
at four locations at each of 20 sites (situated at
30.5-m intervals) in a basin area where it had
been determined that each signal class would be
represented. Some sites were line-of-sight to the
recetver (located 0.8 km from the basin area)
while others were hehind a 7.6-m cliff. Procedures
for this test were exactly the same as used for
sampling direetional bias on the study area, ex-
cept that signals were received by both observers
who conducted the directional bias tests.

The 111 randomly selected transmitting sites
and receiver points used to sample them were
plotted on a 1:24000 scale U.5.G.5. topographic
map with 40-ft (12.2-m} contours. Transmitter-
receiver distance and signal clearance or lack of
clearance of the highest terrain feature that oe-
curred between the receiver and transmitter were
measured on the contour map. To determine
signal clearance for line-of-sight signals, perpen-
dicular distance between the sightline and top
of the highest terrain feature (elevationally) that
occurred between recciver and transmitter was
recorded and assigned a plus (+). If the signal
path was not line-of-sight, indicating the signal
was obstructed by terrain, distance between top
of the highest terrain feature and a straight line
between receiver and transmitter, through the
terrain obstacle, was recorded and assigned a
minus (—). Directional bias within each signal
class was then compared with transmitter-
receiver distance and with signal obstruction or
clearance. These data were analyzed by a one-
way analysis of variance followed by Tukey pair-
wise comparisons of means adjusted for unequal
sample size,

Results

The one- and two-wavelength antenna systems
received signals of Class 1 or 2 from four and
eight transmitting sites, respectively, of the 11
sites tested. Class 3 signals were received from
seven and three sites, respectively. Mean direc-
tional bias of Class 1 and 2 signals received from
11 sites with the one-wavelength system differed
significantly from zero (x= +5.1°; se =0.35°; 90
percent confidence interval= +4.27° to
+5.92°). Mean directional bias of Class 1 and




2 signals received from the same 11 sites with
the two-wavelength system, however, did not dif-
fer significantly from zero (x= +0.4°; se =0.24°;
90 percent confidence interval= —0.50° to
+0.85°) and variation in directional accuracy
was lower. The two-wavelength system also gave
a more discernible pattern of peaks and nulls.

Differences between observers in determin-
ing telemetry signal direction for individual and
combined signal classes with the two-wavelength
system were ntot significant (P> 0.1). There was
95 percent agreement by observers on classifica-
tion of signals among the 20 locations. This sug-
gests signal classes are well defined, and signals
of each class can be readily recognized.

Mean directional bias with the two-wave-
length system, based on 111 transmitting sites
and readings from two receiver points per site,
differed significantly from zero (Table 1) for Class
1 and 3, but not for Class 2 signals. Even though
significantly different from zero, the highest
possible bias at 90 percent confidence for Class
1 signals was only +0.75 degrees while it was
—4.89 degrees for Class 3 signals. Tolerance
limits on degrees of bias were much narrower for
Class 1 and 2 signals than for those of Class 3
(Table 1).

Signal quality and accuracy in determination
of signal directionality decreased with increased
height of terrain obstacles between transmitter
and receiver. Figure 3 shows that error in measur-
ing transmitter-receiver directionality of all in-
dividual Class 1 signals (depicted by circles) is
least among the three classes because they are
clustered closest to X =0 degrees, and that most
Class 1 signals originated from a point above the
top of the highest terrain object between the
transmitter and receiver. A 95 percent confidence
interval of mean clearance of the highest terrain
feature between transmitter and receiver was
22m=9 m. Thus, most Class 1 signals were
unobstructed. Error in measuring transmitter-
receiver directionality of individual Class 2
signals (depicted by squares in Figure 3} was
greater than for Class 1 signals but less than for
those of Class 3. Most Class 2 signals (x £ t.025
se) originated from a point below (S m+10 m
below) the top of the highest terrain object be-
tween the transmitter and receiver. Error was
greatest in measuring individual Class 3 signals
(depicted as diamonds in Figure 3} and the mean
origin of Class 3 signals was 41 m+20 m below
the top of the highest terrain object between
transmitter and receiver. Figure 3 also shows that
variation in measuring transmitter-receiver

TABLE 1. Directional accuracy (x %1t 0.05 se) of signals received from randomly selected transmitting sites using a two-wavelength

precision-null antenna sysiem,

Tolerance limits on

degrees of hias at

No. of Deprecs of bias 93% cenfidence level*
Signal transmitting
class sites'? X sd 90% conf? 5% tol. 90% tol.
1 T +0.5 1.8% +0.25 to +0.75* + 1.7 + 24
2 il +0.1 2.36 —0.37 to +0.57 + 3.1 + 44
1and 2 148 +0.3 1.89 +0.04 1o +0.56* + 24 + 34
3 65 -2.9 9.59 —4.89 to —0.91* +12.6 +18.0

'For each transmitting site the recorded bearing is a mean of lour readings derived by placing the transmitter at four locations

within a 1.5-m radius of the site.

*Each of 111 randem transmitting sites was sampled from two receiver points. Thus, excluding Class 4 and 5 signals, signal

directional accuracy is based on 213 mean readings.

00 percent confidence interval for mean bias (xxt '\ ™

{a 1),

*Une can be 90 percent confident {using the same equipment and procedures, and under existing terrain conditions) that 75
or 90 percent of all signals of a particular class will be within a certain number of degrees of the actual transmitting site (Dixon

and Massey, 1969:142).

*Denotes a significant difference from zero in directional bias at @ =10 percent.
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Figure 3. Distribution of Class [, 2, and 3 signals showing degrees of error determination and origin of each individual signal
with respect to the top of the highest intervening terrain object.

directionality of Class 1 signals was least, Class
2 signals second, and Class 3 signals greatest.
Class 4 signals (N=4) were transmitted from a
mean of 122 m + 53 m below the top of the high-
est terrain obstacle. The five class 5 signals
received were emitted from a mean of 11 m+ 11
m below the top of the highest terrain obstacle,
All pairwise differences among Class 1, 2, 3 and
4 signals in mean clearance or lack of clearance
of the highest terrain feature existing between

transmitter and receiver were significant (P <
0.1y,

Our analysis of terrain effect by measuring
only one feature, clearance height, is erude; it
is reasonable to assume signal quality and direc-
tionality may have been even more closely related
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to terrain had it been possible to measure effects
of all encountered terrain combinations on signal
directionality.

Distance between transmitter and receiver up
to 4.6 km, the maximum tested, did not appear
to be an important factor influencing signal
quality or directionality. There was poor correla-
tion (r=0.280—but more than zero correlation
P <0.1) between distance and directional ac-
curacy of Class 1, 2, and 3 signals combined, and
distance accounted for only etght percent of the
variation in directional accuracy. Although mean
distance between receiver and transmitter tended
to be highest for Class 3 signals and lowest for
Class 1 signals, there was a great deal of overlap
in transmitler-receiver distances among the




three signal classes. Thus, accurate determina-
tion of signal directionality depended on whether
the signal was obstructed by terrain and height
of obstruction, regardless of distance.

Discussion

Lee et al (1985) reported better precision
(P=0.02, N=10) with nonmodulating signals
from stationary transmitters than with modulat-
ing signals associated with transmitter move-
ment. Qur use of a mean of four loeation bear-
ings within a 1.5-m radius of each transmitiing
site was an attempt to avoid trying to locate
modulating signals, yet acquiring a mean direc-
tional bearing in the event a transmitter was at-
tached to a slowly moving animal that stopped
frequently as during feeding. In such an event,
each of the four bearings would be taken only
when the animal was momentarily still.

Hupp and Ratti (1983) reported good ac-
curacy in relatively flat, open areas but found a
large amount of error in directional accuracy
associated with mountainous terrain. Lee ef al.
(1985) also reported a large amount of directional
accuracy error in mountains. They used preci-
sion-null antenna systems with approximately
one-wavelength separation. Hallberg e al. (1974)
were able to use only one-half wavelength separa-
tion because their study area was flat. We found
directional accuracy of the two-wavelength anten-
na system superior to the one-wavelength type
in rugged terrain. Our sample of random trans-
mitter locations covered a wide range of moun-
tain terrain configurations and vegetation
complexes,

Widths of tolerance intervals for Class 1 and
2 signals were considered sufficiently narrow to
allow individual animal locations to be estimated
with a reasonable level of accuracy (Table 1,
Figure 3). The large standard deviation and,
hence, wide tolerance limits for Class 3 signals
(Table 1, Figure 3), however, were considered
unacceptable. Thus, it is recommended that
telemetry locations of radio-collared animals be
based on Class | and 2 signals and that the re-
ceiver points be located to eliminate the occur-
rence of Class 3, 4, and 5 signals. The finding
that a fairly large portion of signals (32 percent
in this study) were classified as 3 and 5 and, thus,
considered too inaceurate for use is unfortunate.
However, it is better to be able to recognize an

inaccurate signal by quality characteristies and
exclude it than to include both accurate and in-
accurate signals in one’s data.

Accepting only good quality signals could
bias an estimate of habitat usage or home range
size if poor signals were consistently received
from one portion of a home range. During a sub-
sequent habitat usage study on the same area in-
volving 27 instrumented mule deer during three
winters, using only Class 1 and 2 signals, we were
able, through careful receiver point selection, to
get at least one location on each deer during 98
percent of 168 scheduled, six-hour monitoring
periods. Thus, we conclude that a two-wavelength
precision-null system using the mean of four
readings per transmitting site (taken in rapid suc-
cession when the signal is not modulating), which
results almost entirely in Class 1 and 2 signals,
will serve to reduce the magnitude of error in
detecting directionality of a radio signal in moun-
tainous terrain. This will produce smaller error
polygons when triangulating. Receiver points
should be situated on prominent sites where
nothing in the vicinity can interfere with incom-
ing signals.

As magnitude of location error increases in
habitat usage studies, the proportion of correct
determinations of habitat types containing the
transmitter will decrease. White and Garrott
(1986} provide information describing the de-
crease in power of tests of no preference in
habitat usage with increasing error in loeation
estimation. Large sample size increases are
needed to compensate for relatively small in-
creases in location error. Thus, we recommend
that, before a habitat usage study is conducted,
performance of the anienna system and receiver
sites be evaluated to determine if study area ter-
rain conditions are such that meaningful results
can be obtained. Error data derived from the
preliminary evaluation of the antenna system and
receiver sites can then be used in the following
alternative procedure for measuring habitat
usage based on error polygons.

Suppose each estimated location peint in a
habitat study will be based on ane pair of tri-
angulation bearings. Then, an error arc given by
tolerance limits with 1| —« and P derived from
the error analysis will be attached to each
member of all pairs of triangulation bearings ac-
cording to its signal class. Thus, with {1 — ) 100
percent confidence at least 100 P? percent of

Telemetry System Evaluation 255




all error polygons contain the corresponding ac-
tual transmitter location. Habitat usage, then, is
based on percent composition of each vegetation
type occurring in the error polygon. Power of
tests of no preference in habitat usage based on
error polygon vegetation composition data can
be substantially higher than the power that
results when only the habitat type containing the
estimated location point is considered. We
recommend use of error polygons developed from
tolerance limits since, at the given confidence
level {1 — o), the probability of all actual locations
being in their error polygons does not depend
on the number of error polygons constructed in
the habitat usage study.

The best of | —o and P is not clear. As P is
increased for fixed «, the size of error polygons
inecreases. Larger error polygons will, in general,
contain more habitat types and not necessarily
have improved power in tests of no preference.
Note that use of the habitat type containing the
estimated location point only is the same as using
P=0 in tolerance limit construction. Errors
associated with four readings taken in rapid suc-
cession may not be independent. Thus, in our er-
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ror analysis the mean of four such readings is
considered to produce one bearing and, hence,
one error. The standard deviation of these errors
for each signal class is used in the tolerance limits
construction, Actual transmitter locations are re-
quired to find these errors. Thus, error analysis
is required separately from actual animal
monitoring when error polygons are to be part
of a habitat usage study. Qur results from a deer
habitat selection study based on these concepts
will be forthcoming.
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