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Abstract

Telemet rv ,  rhe  use  o f  rad io .hansmi t te rs  to  fo l low w i ld l i fe ,  has  en jo led  popLr la r i t y  and w idespread use because i1  can genera te

much an ina l  loca t ion  and a . r i v i t ]  da ta  in  a  l im i red  t ime.  Whcn an ia ra l  locar ions  are  es t imated  by  i r i rngu la t ion  bascd on  ang le

o fs igna ls  re .e ived.  ra lhe . lhan on  r i sua l  con l !c t ,  i t  becones impo. lan t  to  unders tand equ ipmcn!  i id i ta t ions  tha t  ma)  in f luence

rhe accura .y  o f  s igna l  o r ig in  es t imat ion .  I ' rob lems o f  es t ima l ing  s igna l  o r ig in  a re  magn; f ied  in  mounta inous  re r ra in  b )  s igna l

re l lec t ion .  We tes ted  d i .ec t iona l  accuracy  o f  a  p rec is ion  nu l l  an tenna s ts tem in  rnounta inous  te . .a in  o f  nor thcent ra l  Co loradc , .

S ta l i s t i ca l  lo le rance l im i rs  app l i cd  to  a  t ro 'nare length  sys tem wi th  1wo,  th ree .c lcdent  an lennas ,  separa ted  br  tso  {a re leng lh ! ,

save measurement  enor  o l  no  morc  than a  3 .4 ' (a t  leas t  90  percen l  o f  the  t ime)  a t  tbe  90  percent  conf idence le re l  based

on a  mean o f  four  read ings  tc .  t ra .$n i r t ing  s i te ,  raken in  rap id  success ion .  A  pre . is ion  nu l l  an tenna sys lem was found supcr io r

to  a  one wave lengrh  anrenna typc .  S igna l  qua l i t r  and accuracr  in  de termina l ion  o f  s igna l  d i rec t iona l ih  decreased w i lh  inc reased

he ighr  o l  te r ra in  obsr rc lcs  hc te . .n  l ransmi t te .  aDd rece i re r .  T ransmi t te r ' rece iver  d is tance up  to  4 .6  km ( lhe  max imum tcs ted)

accounted  fo r  onh e igh t  percenr  o l  the  var ia t ion  in  d i .cc t iona l  accuracy .  S igna l  qua l i t y  ca legor ie !  . r . c  des f f ibed  sh ich  .an

ass is t  an  opera tor  in  judg ing  re la t i le  d i rec t io .a l  accuracr  o f  rece ived te lemel ry  s igna ls .  A  new approach to  de tern in ing  hab i ta t

usage by insrrunrented animals is described which utilizes percent composition ofeach legetation type occurring in error polygc,ns

to  re f lec t  p robab i l i t )  tha t  the  t .ansmi t te r  i s  loc r led  w i th in  a  g iven vegeta t ion  type .

lntroduction

Radio.telemetry is commonly used to locate
animals when estimating home range size, dai ly
movements, and habitat usc (Tester and Sinif f
1965, Craighead and Craighead 1973, Lindzey
and Meslow l9??, and Irwin and Peek 1983). Fe!v
telemetry studies, however, have addressed
limitat ions of the tracking systems being em.
plo,red. The valuc of reported results would be
enhanced i f  an analysis of the systcms' l imita'
t ions was included.

Heezen and Tester (1967) discussed in-

f luences on accuracr incurred in radio-telemetry
triangulation and described an error polygon that
del ineates the bounds of a part icular location
within which an instr l lmented animal wi l l  be
found. Error pol lgon boundaries determined by
thc  i n tp r sp ,  l i on  o f  e r ro r  con f i dpnce  l im i t ' , r r  e r -
ror arcs are discussed by Springcr (19?9). I f  each
error arc has a confidence level of I  n of con-

taining the true bearing of the transmittcr, then
the transmitter wi l l  be within the result ing error
polygon formed from the two independent error

arcs with confidence ( l  -  o) '?. In l ieu of an error
polygon, Hornbeck (1979) used a circle to repre-
sent thc area of animal location. Circle size was
based on a l inear regression of location error and
tr iangulat ion distance developed during pre-
l iminarv experiments with a "test" transmrtter.
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 decrcases as error
polygon size increases (Heezen and Tester 1967)
so i t  is essential to use telemetry equipment that
can detect signal directionality rvith a high degrce
of accuracy rhen tr iangulat ing. To be rneaning-
ful,  error polygon size must be as small  as possi-
ble. Heet (1977) reported an average error of 0.14
ha using tr iangulat ion for deer in Ohio. Springer
(1979) also examined soutccs of bias in radio-
telernctry and found no signif icant biases lbr
observers, davs, receivers, transmitters, and
distance between transmittem and receivers when
his " loudest signal method" was used.
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Problems with accuracy are encountered in
mountainous terrain as obstructions mav block
lhe  mos l  d i r pc t  r ou te  L , I  a  s i gna l  f r om t ransm i t -
ter to receiver and cause the signal to be received
f rom the  d i r e r t i on  o l  i l s  pa th  o f  l eas t  r es i s l an r .e
through the terrain. Such distorted or "bounce"

signals can result in direct ional accuracy error
of many degrees (Hupp and Ratt i  1983, Lee er
al l9B5).

Springer (1979) has recommended thar
"future studies in which radiotelemetry is
employed should devote some pi lot effort to iden-
t i fr  the factors that might affect bias and sampl,
ing error. The researchers should test these fac,
tors and determine the magnitude of thc bias and
.amp l i ng  e r ro f .  and  t hen  de r i gn  an  e rpe r imen t
with these resuhs in mind." The purpose of this
study vas to determine direct ional accuracy of
a precision'nul l  antcnna system in mountarnous
terrain and to faci l i tate a new approach to use
of error polygons in a subsequent mule deer
habitat usage studv. Several modif icat ions of an
antenna system described bl Hdr\berg et aL.
(1974), cornbined with certain antenna design
characterist ics used by Cochran er aL (1965) were
tested in mountainous terrain near Red Bluff,
Cal i fornia, by John Siperek. Two of the most ac-
curate modif icat ions were selected and subse-
quentl ,v compared in mountainous terrarn near
Fo r t  Co l l i n " .  Co lo rad r , .  whe re  t he  more  p rum is .
ing modif icat ion was lested extensivelv.

Study Area

The stud,v area is approximately five km west of
Fort Coll ins, Larimer County, Colorado, and en-
compasses about 23 km2, including the east side
of Horsetooth Mountain. I t  is bounded on the east
by Horsetooth Reservoir,  the west by the crest of
Horsetooth Mountain, the south by County Road
3BE, and the north by Empire Culch. Elevation
ranges from 1646 m at the reservoir shoreline to
221I m at the highest point on Horsetooth Moun-
tain. The area is characterized by ruggcd moun-
tainous terrain with numerous rock outcrops,
r idges and canvons. Vegetation types include
ponderosa pine (Pizzs ponderosa) with various
canopy densit ies and interspersed with Douglas
fir (Pseudotsuga menzlesi); mountain shrubs con-
sist ing primari ly of mountain mahoganl (Cerco-
carpus montanusl wet meadow; grassland; and a
riparian type with cottonwood (Pop ulus sargentifi,

chokecherrt (Prunus xi.rginiana), wild plum
(Prunus americana\,skunkbush (Rhus tr i lobata),
and hawthorn (Crataegus erJlhropoaa).

Methods

Antenna System

The precision-nul l  svstent consistcd of two, ver-
t ical ly oriented, three-elemcnt, vagi antennas
mounted paral lel to each other (Figure l) .  Anten-
nas were wired l80o out of phase and connccted
at the mast by a union box or peak combiner.
The svstem was dcsigned for 149 MHz. The mast
section inside the pickup camper, on which thc
system was mounted, r!as equipped with a com-
pass rose and pointer for determining antenna
directio[.  The system incorporated a telescoping
mast and antennas that folded inward, making
it easi ly portable by vehicle. A detai led descrip.
t ion of the antenna svstem is avai lable from the
au lho rs  upon  reque . t .  Adhe rence  t o  cons t f uc t i on
detai ls is cr i t ical to performance.

* - ' t * * ' - '-€: :

Antenna att i tude was posit ioned, ini t ial ly,
each t ime i t  was used by orienting on a f ixed
beacon transmitter on Horsetooth Mountain with
a known bearing from the receiver point and set,
t ing the compass rosc pointer accordingly. When
rotated 1800, this antenna received a signal in
a pattern of four peaks and three nul ls, which
is apparent by Jistening to the signal while view-
ing the compass rose (Figure 2). The antenna was
u r i cn led  l o$a rd  t hp  t r ansm i l l e r  uhen  r " ce i v i ng
the center nul l .  This nul l  is from less than a
degrec to f ive or six degrees wide, depending on
signal qual i ty. A peak, another narrow nul l ,  and

Figure L Precision null a.tenna system nounred on a pickup
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Figure 2.  Signal  partern of  peaks and nul ls  one would ex.
pect  f rom a good qual i t i  s ignal  using a two
wavelength antenna syste 'n.  The compass rose
poinler  is  or ienred toward tbe center  nul l ,  in .
d icat ing di rect ion to rhe t raDsmir ter  is  200o.

another peak occur spaced about l5o intervals

on each s ide of  the center  nul l .  Nul ls  of  about

90o in width occur beyond th is outer  peak.  A

simi lar  pat tern occurs on the rear s ide 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
r igh t  and le f t  o f  the  nu l l .  and  then by  romput ing
their mean to pinpoint the nr-rl l  centerpoint. This
is recorded to the nearest 0.5o. Signals were
classified as follows:

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

Signal Class 2. Loud but ruiti background noise.
Same as Signal Class I except center null may
be larger and it may be necessary to bracket
it by l istening to the increasing signal levels
3o or 40 either side of it. However, it is sti l l
relatively easy to determine the null center-
pornt.

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 syrnmetrical in intensity and peaks and
nulls may be more or less than 30o apart.
Nulls are wide and it is diff icult to oerermrne
the null centerpoint.

SignaL CLass 4. No signal or signal too weak to
establish any pattern.

SignaL CLass 5 Signals with two, 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 accllracy. Efforts were made to select
receiver points that offered maximum, unob-
structed visibil i ty of the area, and were free as
possible of nearby terain features that could
cause incoming signal distortion. Some were
found unsuitable during subsequent testing.
Seven receiver points r.vere retained. These were
located on a ridge on the east and south sides
of Horsetooth Reservoir.

Transmitting sites were located using a l-ha
grid system that encompassed the entire study
area. A total of 111, l-ha cells were randomly
selected, and the center of each chosen cell
became a transrnitting 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,
co lo r  aer ia l  photos  on  rh i r "h  t ransmi t t ing  s i tes
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-wav radios. Transmitters used
for testing were 149 MHz radio-collars made for
mule de er (Odocoi leus h c mion us). Transmit lers
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
o f  each l ransmi t t ing  s i te .  The t ransmi t te r  wa!

lReference 
to this conpanv does not inply endorsenent bv

the  Sta te  o f  Co lorado.

4'f'B i
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moved among locations and a reading was taken
a l  cach  l oca l i on .  The  reco rdpd  b .a r i ng  *as ,
mean of the four readings from the site. The
receiver operator did not know the direct ion to
the transmitter placer. The compass bearing for
each transmitting site rvas compared with the true
transmitt ing site-receiver angle as measured on
a large sized 1:14049 scale, high resolut ion, col-
or infrared aerial photo taken by NASA from a
U-2 plane at an alt i tude of 21,336 m. Distances
and angles on this photo wcrc compared with
surveyed distances and angles on the ground.
The re  t \ a .  no  appa rpn t  pho tn  d i r t o r t i on .

In practice an estimate of an animal 's loca-
t ion is made at a specif ic point in t ime. Conse-
quently, a mult i tude of locations wil l  be con-
sidered over the duration of a study involving
many points in t ime and dif fcrent animals.
Hence, accuracv of individual location estrmates
is of concern, as contrasted to accuracy of the
mean  o f  manv  e . t ima tes  i n ro l r i ng  d i f f p ren t  t imes
and locations. Tolerance l imits (confidence level
I a and proport ion of populat ion contained
within the interval P) permit the statement that
one can be 90 percent (1 - cr = 0.9) confident, us-
ing the same equipment and procedures, and
under exist ing terrain condit ions, that at least
90 percent (P = 0.9) of the individual est imated
locations wil l  be rvithin the calculated number
of degrees of the actual transmitt ing site. Thus,
in addit ion to calculat ion of sarnplc mean bias
and a corresponding confidence interval for true
mean bias, tolerance intervals for the error of in-
dividual est imated locations were constructed as
x+ks  w i t h  I  - a= .9 ,  P= .9  and  P - .75 .  D i xon
and Massey (1969, Table A-16) give k for selected
values of n, I  o and P (Their U is our I  o).
Degrees of error in location estimates were
a5sumed  l o  be  no rma l l r  d i . t r i hu ted .

P ro l im ina r r  d i r e r " t i nna l  accu ra i ^ \  r - ompar i son j
of antenna srstems constructed ryith one and two
wavelength separation (2.00 m and 4.01 m,
respectively) between antennas h'ere made on the
study area using l l  transmitt ing sites. Trans,
mitter-receiver distance was about 0.8 km. Pro-
cedures were as previouslv described except that
only one receiver point ir 'as used. The two-
wavelength antenna rvas found superior and was
subsequently tested extensively using al l  l l1
t r  n q m  i t  t i n  o  c i r p c

Since observers alternated between opcrating
the receiver and placing the transmitter at ran-

domly selected sites throughout the study area,
a test involving three people was conduclcd to
determine degree of direct ional bias between
ob re rve rs .0ne  i nd i r i dua l  p l r ,  " d  t h "  l f ansm i l l p r
at four locations at each of 20 si lcs (situated at
30.5-m intervals) in a basin area where i t  had
been determined that each signal class would be
represented. Some sites were l ine-of,sight to the
receivcr ( located 0.8 km from the basin arca)
while others were behind a ?.6-m cl i f f .  Procedures
for this tesl were cxactl)  the same as used for
sampling direct ional bias on the study area, ex-
cept that signals were received bv both observers
who conducted tre direct ional bias resrs.

Th "  l l  I  r andoml r  . e l e r " t cd  l r an .m i t t i ng  s i t e .
and receiver points used to sample them were
plottcd on a l :24000 scale U.S.G.S. topographic
map  n i t h  40 - t t  ( 12 .2 .m)  r "nn tou rs .  T ran .m i t t . r -
receiver distance and signal clearance or Iack of
clearance of the highest terrain fealure that oc.
rurreJ betre.n the receiver and transmitter \rerc
measured on the contour map. To determine
signal clearance for l ine-of-sight signals, perpen-
dicular distance between the sightl ine and top
of the highest terrain feature (elevational ly) that
oc , "u r red  be t *een  re r ' c i r e r  end  t f ansm i t t e r  $as
recorded and assigned a plus (+). I f  the signal
path was not l ine-of-sight, indicating the signal
was obstructed by terrain, distance between lop
of the highest terrain feature and a straight l ine
betryeen receivcr and transmitter, through the
terrain obstacle, was recorded and assigned a
minus (-).  Direct ional bias within each signal
class was then compared with transmltter-
rece i rp r  d i s tance  and  r , i t h  . i gna l  o l ' s t r u . t i on  o r
clearance. These data were analvzed bv a one-
way analysis of variance fol lowed by Tukev pair-
wise comparisons of means adjusted for unequal
sample size.

Results

The one'and two-wavelength antenna systems
received signals of Class I or 2 from four and
eight transmitt ing sites, respectively, of the 11
sites tested. Class 3 signals wcre received from
seven and three sites, respectivelJ. Mean direc-
t ional bias of Class I and 2 signals received from
I I si tes with the one-wavelength system differed
signif icantly from zero (x = + 5.I o; se = 0.350; 90
pe rcen t  con f i dence  i n te r va l  =  +  1 .27o  I o
+5.920). Mcan direct ional bias of Class I and
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2 signals received from the same l l  si tes with
the two-wavelength system, however, did not dif .
fer signif icantly from zero (x= +0.4o; se=0.2,1o;
90 percent confidence interval= 0.50' to
+0.85') and variat ion in dirccl ional accuracy
was lower. The two-wavelength system also gave
a more discerniblc paltern of pcaks and nul ls.

Differences between observers in determin-
ing telemetry signal direct ion for individual and
combined signal classes rvith the two-wavelength
system were not signif icant (P)0.1). There was
95 percent agreement by observers on classif ica'
t ion of signals among the 20 locations. This sug-
gests signal classes are well  defined, and signals
of each class can be readi l l  recognized.

Mean direct ional bias with the two-wavc-
l e n g t h  s 1 s t " m .  b a . e d  u n  l l l  t r a n . m i l t i n g  ' i t " s
and readings from two receiver points per site,
dif fered signif icantly from zero (Table l)  for Class
I and 3, but not for Class 2 signals. Even though
signif icantly dif ferent from zcro, thc highest
possible bias at 90 percent confidence for Class
I signals was onlv +0.?5 degrees while i t  was

4.B9 degrees for Class 3 signals. Tolerance
l imits on degrees of bias were much narrower for
Class I and 2 signals than for those of Class 3
(Table l) .

Signal quality and accuracy in determination
of signal direct ional i ty decreased with increased
hc igh t  o f  t e r ra i n  t r b " t a ,  l es  be tw" "n  I r ansm i t t c r
and receiver. Figure 3 shows that error ln measur-
ing transmitter-receiver direct ional i ty of al l  in '
dividual Class I signals (depicted by circles) is
least among the three classes because thcy are
clustered closest to X = 0 degrees, and that rnost
Class I signals originated from a point above the
top of the highest terrain object between the
transmitter and receiver. A 95 percent confidence
in le r ra l  u f  mean  , " l ea rance  o f  l h .  h i ghes t  t e r ra i n
fea tu re  be t rne , -n  l r ansm i l t p r  and  re r ' e i ve r  Las
22m19 n. Thus, most Class I signals were
unob . t r uc led .  E r ro r  i n  measu r i ng  l r ansm i l t " r -
receiver direct ional i ty of individual Class 2
signals (depicted bv squares in Figure 3) was
greater than for Class I signals but less than for
those of Class 3. Most Class 2 signals (x t  t .025
se) originated from a point below (5 m+ l0 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 highcst tcrrain object between
transmitter and receiver. Figure 3 also shows that
r  a r i a t i on  i n  m t ' asu r i ng  l r an .m i l l e r - r ece i ve r

TABLE l. Directional accuracr (xl t 0.05 se)ofsignals received from randomlv selected transnitting sites using a tso-$avclength
prec is ion .nL i l l  an terna , ! r ,c lcm.

Tolerance l in i ts  orr
degrees of  b ias at

90% confidence level'
Signal

Degrecs of  l , ias

90% conf. ' ?5% tol . 90To tol.

1

2

l a n d 2

3

+ 0.5

+ 0 . 1

+0 .3

2.9

1.89

2.:16

l . {19

9.59

a  3 .1

! 2.4

112 .6

t 2.4

a 3.4

i 1t].0

i i

7 l

1,18

65

+ 0.25 ro +0.?5'

0.37 ro +0.57

+ 0.04 to +0.56'
,1.89 10 0.91*

' f o r  ea .h  t ran$n i r r ing  s i te  the  recorded hear ine  ; !  a  nca i  o f  four  rcad ines  der i red  b)  p lac ing  the  t ransmi t te r  a t  four  loca t ions

wi th in  a  l .5 in  rad ius  o i  thc  s i tc .

rEach o f  l1 l  randon t ransmi t t ing  s i res  *as  sampled  f ron  tso  rece iver  po in ts .  lhus ,  exc lud ing  C lass  4  and 5  s igna ls ,  s igna l

d i rec t iona l  accuracy  is  based on  213 r rean read ings .
'90 percent confidence interval for mean bias (il t \ 

''l.r n).
'One can bc  90  pcrccn t  con t ident  (us ing  the  sane equ ipnent  and proc€dures ,  and under  ex is t ing  te r ra in  cond i t ions)  tha t  75

or90 percer t  o f  aU s igna ls  o fa  par t i cu la r  c lass  w i l l  b .  w i th i I )  a  cer ta i !  number  o fdegrees  o f  the  ac tua l  t ransmi t t ing  s i te  (D ixon

and I lasse l ,  1969:112) .
'Denotes  a  s ien i f i cdn t  d i i fe rence f ron  zero  in  d i rec t iona l  b ias  a t  o=  l0  percenr .
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directionality of Class I 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 t 53 m below the top of the high-
est terrain obstacle. The five class 5 signals
received were emitted from a mean of I I m:t 1 I
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
transmilter and receiver were significant (P (
0 .1 ) .

0ur  ana l l " i s  o [  te r ra in  e f fcc t  by  measur ing
only one feature, clearance height, is crude; it
is reasonable to assume signal quality and direc-
tionality may have been even more closely related

to terrain had i t  been possible to measure effects
of all encountered terrain combinations on signal
direct ional i ty.

Distance between transmitter and receiver up
to 4.6 km, the maximum tested, did not appear
to be an important factor inf luencing signal
qual i ty or direct ional i ty. There was poor correla-
t ion (r - 0.280-but more than zero correlat ion
P(0.1) between distance and direct ional ac-
curacy of Class 1,2, and 3 signals combined, and
distance accounted for only eight 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 I signals, there was a great deal of overlap
in transmitter-receiver distances among the

CLASS OF INOIVIOUAL
SIGNALS ARE UNOaSTRUCTEO StqNALs

"l 
.*; TOP OF THE HIGTEST TEFIRAIN OBJECT AETWEEN THE TRANSMTTTER

x ' -  "  ANo REcEtvER 6

.  t  
r d  r. r -
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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  c t  a l .  ( l qB5 )  repo r ted  be t t e r  p rec i s i on
(P-0.02, N=10) with nonmodulat ing signals
from stat ionary transmitters than with modulat-
i ng  s i gna t  assoc ia tpd  w i t h  t r ansm i t t e r  movc -
ment. Our use of a mean of four location bear-
i ngs  u i t h i n  a  1 .5 .m  rad ius  o f  each  t r an 'm i t t i ng
site nas an attempt to avoid trying to locate
modulat ing signals, yet acquir ing a mean direc.
t ional bearing in the event a transmitter \{as 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 momentariJy st i l l .

Hupp and Ratt i  (1983) reported good ac-
curacy in relat ively f lat,  open areas but found a
large amount of error in direct ional accuracy
associated with mountainous terrain. Lee et aL,
(1985) also reported a large amount of directional
accuracv error in rnountains. They used preci-
sion-null antenna systems with approximately
one-wavelength separation. Hallberg el ol (1974)
were able to use only one-half wavelength separa-
t ion because their study area was f lat.  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-
l a i n  t p r ra i n  con f i gu ra t i on .  and  rpgp ta t i on
complexes.

Widths of tolerance intervals for Class I and
2 signals were considered suff iciently narrov to
allow individual animal locations to be estimated
with a reasonable level of accuracy (Table l ,
Figure 3). The large standard deviat ion and,
hence, wide tolerance l imits for Class 3 signals
(Table l ,  Figure 3), however, were considered
unacceptable. Thus, i t  is recommended that
telemetry Iocations of radio-col lared animals be
based on Class I and 2 signals and that the re-
ceiver points be located to el iminate the occur-
rence of Class 3,4, and 5 signals. The f inding
that a fair lv large port ion of signals (32 percent
in this study) were classified as 3 and 5 and, thus,
considered too inaccurate for use is unfortunate.
Howeve r .  i t  i s  be t t e r  t o  be  ab le  t o  renogn i ze  an

inaccurate signal by quality characteristics 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 ofhabitat usage or home range
size if poor signals were consistently received
from one portion ofa home range. During a sub-
sequent  hab i ta t  usagp s tudv  on  lhe  same area  in -
volving 27 instrumented mule deer during three
winters, using only Class I 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 I and 2 signals,
wil l serve to reduce the magnitude of error in
detecting directionality of a radio signal in moun-
tainous terrain. This wil l produce smaller error
po l lgon"  when t r iangu la t ing .  Re,^e i r ,s r  Oo1n1.
should be situated on prominent sites where
nothing in the vicinity can interfere with incom-
ing signals.

As  magn i tude o f  loca t ion  er ro r  inc reases  in
habitat usage studies, the proportion of correct
deterrninations of habitat types containing the
transmitter wil l 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 location
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 antenna svstem 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 point in a
habitat study wil l be based on one pair of tri-
angulation bearings. Then, an error arc given by
tolerance limits with I e and P derived from
the error analysis wil l be attached to each
member  o f  a l l  pa i r .  o f  t r iangu la l ion  bear ings  ac .
cording to its signal class. Thus, with (l o) 100
percent confidence at least 100 P'percent of
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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 Iocation point is considered. We
recommend use of error polygons developed from
tolerance limits since, at the given confidence
level (1 -c), 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 I q and P is not clear. As P is
increased for f ixed o, the size of error polygons
increases. 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
es t imated loca t ion  po in ton ly  i s  lhe  same as  us ing
P=0 in tolerance limit construction. Errors
associated with four readings taken in rapid suc-
cession may not he independent. Thus, rn our er-
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ror analysis the mean of four such readings is
considered to produce one bearing and, hence,
one el lor. The standard deviat ion of these errors
for each signal class is used in the tolerance limits
cons l ruc l i on .  4c lua l  t r ansm i t t p r  l uca t i ons  a re  re -
quired to f ind these errors. Thus! error analysis
is required separately from actual animal
monitoring when error polygons are to be part
of a habitat usage study. Our results from a deer
habitat select ion study based on these concepts
wil l  be forthcoming.
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