
Bienn. Symp. North. Wild Sheep 
and Goat Counc. 7:149-170 

TRACKING BIGHORNS WITH SATELLITES: SYSTEM PERFORMANCE AND ERROR 
MITIGATION 

KIM A. KEATING, Science Center, Glacier National Park, West Glacier, MT 
59936 

CARL H. KEY, Science Center, Glacier National Park, West Glacier, MT 59936 

Abstract: Performance of satellite telemetry in bighorn sheep (Ovis 
canadensis) habitat was described and error mitigation explored. The 
lognorm'al mean error of 304 locations was 2.728 km. Errors ranged from 
0.445-12.552 km. The 68 percentile error of 3.276 km was significantly 
greater than the maximum expected value of 1.510 km. Differences between 
actual and assumed elevations accounted for about 66% of the error. 
Terrain apparently limited location quality and, therefore, accuracy by 
limiting the number of uplinks per satellite pass. Errors were bimodally 
distributed along the east-west axis and generally occurred toward the 
satellite, probably because actual elevations were much greater than the 
assumed elevation of sea level. Locations were obtained for up to 60% of 
satellite passes 25" above the horizon. Terrain reduced location 
efficiency up to 41%; when deployed on an animal, location efficiency 
declined an additional 43%. Following error "correction" and subsequent 
indexing to reject outliers, the 68 percentile error was 0.830 km (range - 0.086-2.263 km, n - 226). A bivariate normal model of the residual 
error was used to develop a weighted utilization distribution (WUD) that 
reflected the average probability of an animal occurring in a given space 
during a given period. The resulting model agreed well with visual 
observations of an adult ewe. Core ranges and specific travel corridors 
were identified for the ewe. 

Bighorn sheep often occur in relatively small populations and occupy 
patchily distributed habitats. Many such populations may coexist within 
a region, suggesting that metapopulation theory may be useful for 
assessing long-term viability and designing conservation strategies. 
However, metapopulation analyses require knowledge of the distribution of 
suitable habitats and dispersal of individuals among habitat patches 
(Gilpin 1987). Such information has been difficult to obtain. Satellite 
telemetry, used with a Geographic Information System (GIs) and other 
remote sensing data, may improve the economic and logistic feasibility of 
acquiring necessary information (Craighead and Craighead 1987, Fancy et 
al. 1988), but the likely resolution of resulting models remains 
uncertain. Although satellite telemetry is well suited to tracking gross 
animal movements (Fedak et al. 1984; Fretay and Bretnacher 1984; Mate 
1984; Priede 1988; Craighead and Craighead 1987; Grigg 1987; Marsh and 
Rathbun 1987; Mate et al. 1986, 1988; Fancy et al. 1988; Stewart et al. 
1989), its ability to support studies of local movements and habitat use 
has not been demonstrated. We describe performance of satellite telemetry 
in bighorn habitat and explore error mitigation methods. 
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STUDY AREA 

Tests were conducted in and adjacent to the Many Glacier Valley, 
Glacier National Park, Montana, between latitudes 48"45' and 48"50' north, 
and longitudes 113O35' and 113"40' west. The area is characterized by 
precipitous peaks and glaciated valleys. Elevations range from 
1,463--3,052 m. Major valleys are oriented in a generally east-west 
direction and drain eastward. Orientations of sub-drainages containing 
test sites ranged from north-south to east-west. Twenty-three test sites 
encompassed both winter and summer bighorn ranges, and were stratified by 
aspect and elevation along 7 transects extending from valley bottoms to 
mountain peaks. Wherever possible, sites were on mountain peaks, at 
stream intersections, in shallow gullies, or other similarly obvious 
landmarks that could be located readily using aerial photographs, 7.5 
minute USGS topographic maps, an altimeter, and compass. Universal 
Transverse Mercator (UTM) coordinates were determined for each site using 
7.5 minute USGS topographic maps and a digitizer. 

METHODS 

Accuracy and Sampling Frequency 

During April-August 1986, a Telonics ST-2 Platform Transmitter 
Termitla1 (PTT) was moved every 3-5 days among the test sites. The PTT 
was configured for use on bighorn sheep and transmitted 24 hours per day 
at about 60-second intervals. The collar included a VHF backup beacon. 
Under the belief that "[elrrors associated with PTT altitude only take on 
real significance in the case of balloonsn (Service Argos 1984), location 
calculations assumed the PTT was at sea level. Fancy et al. (1988) give 
a detailed description of the satellite system. 

Errors were calculated as both Cartesian (xE, yE) and polar (rE, eE) 
coordinates whose origins were the known test site locations. Advertised 
performances (Service Argos 1988; Clark 1989; R. Liaubet, Service Argos, 
Inc. , pers . commun. ) implied that expected error distributions were 
bivariate normal with (p,, py) - (0,0), 0, - Oy, and no correlation among 
a, and a (where px and p are the means, and a, and a are the standard 

Y Y 
deviations of the distri6utions of 4 and yE, respectively). Expected 
values for a, and ay were 150, 350, and 1,000 m for NLOC - 1, 2, and 3, 
respectively (Service Argos 1988, Clark 1989). Probabilities (P) for the 
expected distribution are (Batschelet 1981:267): 

where 



To determine i f  performance was wi th in  expected l i m i t s  we t e s t e d  3 
n u l l  hypotheses: (1)  68% of the rE were wi th in  226, 528, and 1 ,510  m f o r  
NLOC - 1 ,  2 ,  and 3 ,  r e s p e c t i v e l y ,  (2)  the  BE were d i s t r i b u t e d  uniformly,  
and ( 3 )  (p,, py)  - (0 ,O) .  A uniform d i s t r i b u t i o n  of OE is  a c o r o l l a r y  of 
t he  expec ta t ion  t h a t  6, and ay a r e  equal  and uncor re l a t ed .  Expected 68 
p e r c e n t i l e  va lues  of rE fol low from equat ions (1 )  and ( 2 ) .  They d i f f e r e d  
g r e a t l y  from previous s t u d i e s ,  which mis in t e rp re t ed  p red ic t ed  va lues  f o r  
ax and ay a s  the  1 s tandard  dev ia t ion  e r r o r  d i s t a n c e s  of the  rE, For 
example, Stewart  e t  a l .  (1989) s t a t e d  t h a t  p red ic t ed  performance of the  
system was such t h a t  68% of the  loca t ions  a r e  accura t e  t o  wi th in  150,  350, 
and 1 ,000 m f o r  the 3 loca t ion  q u a l i t i e s ,  r e s p e c t i v e l y .  Such an 
i n t e r p r e t a t i o n  g r e a t l y  o v e r s t a t e s  expected accuracy.  From equat ions  (1)  
and (2 , ) ,  it fol lows t h a t  only about 39% of the  l o c a t i o n s  a r e  expected 
w i t h i n  the  d i s t ances  ind ica t ed  by Stewart  e t  a l .  (1989). 

Sampling f requencies  of  sensor  and l o c a t i o n  d a t a ,  r e s p e c t i v e l y ,  were 
c a l c u l a t e d  a s :  

H, - H/S ( 3 )  

where S is the  number of "ava i l ab le"  s a t e l l i t e  pas ses ,  H is  the  number of 
passes  i n  which 11 message was received by the  s a t e l l i t e ,  and L i s  the 
number of  passes i n  which a PTT loca t ion  was c a l c u l a t e d .  We used Telonics  
S a t e l l i t e  P red ic to r  software and ephemeris d a t a  from NASA Pred ic t ion  
B u l l e t l n s  (NASA Goddard Space F l i g h t  Center ,  Code 513, Greenbel t ,  Md. 
20771) t o  determine S r e l a t i v e  t o  the  M t .  Altyn winter  range. S a t e l l i t e  
passes  wi th  a  maximum pass he igh t  (pH) 2 5" above the  hor izon  were 
cons idered  "ava i l ab le"  t o  the  PTT. We used a  5" th re sho ld  because 
messages may be received when PH is  a s  low a s  5" (K. A .  Keat ing,  unpubl. 
d a t a ) ,  and because it is  the  threshold  used by Serv ice  Argos t o  e s t ima te  
pass  frequency and dura t ion  (Service Argos 1984).  Mate e t  a l .  (1986) a l s o  
used a  5" threshold .  Var iab les  L and H were t abu la t ed  from Argos dispose 
f i l e s .  Due t o  a  Serv ice  Argos software problem, mul t ip l e  l o c a t i o n s  
sometimes were c a l c u l a t e d  from 1 s a t e l l i t e  pass .  When t h i s  occurred ,  we 
acknowledged only 1 l o c a t i o n  when c a l c u l a t i n g  sampling f requencies .  The 
problem has been co r rec t ed  s i n c e  our  s tudy was conducted. 

E r ro r  Mi t iga t ion  

Correc t ion ,  indexing,  and weighted u t i l i z a t i o n  d i s t r i b u t i o n s  (WUDs) 
were explored a s  e r r o r  mi t iga t ion  techniques.  They were employed 
s e q u e n t ~ i a l l y  i n  the  order  descr ibed .  

Error  correction.-To "co r rec t "  e r r o r s ,  ?E and dE were es t imated  from 
reg res s ions  on PH and 8,, r e s p e c t i v e l y .  The r a t i o n a l e  f o r  u s ing  PH and €3, 
t o  e s t ima te  e r r o r s  is  presented  i n  the r e s u l t s .  We es t imated  PH and 8, 
us ing  t:he Telonics  S a t e l l i t e  P red ic to r  Software with ephemeris d a t a  from 
NASA Pred ic t ion  B u l l e t i n s .  Using FE and dE t o  determine how f a r  and i n  



Fig.  I . .  Schematic r ep resen ta t ion  of 3 consecutive c a l c u l a t e d  loca t ions  
( 1  2 ,  3 The e r r o r  index f o r  l o c a t i o n  2 i s  c a l c u l a t e d  from the vec to r s  
(V, and V2) and the minimum angle (R) formed by the  3 l o c a t i o n s  ( see  t e x t ,  
eq 5 ) .  

what d i r e c t i o n  t o  "move" l o c a t i o n s ,  coordina tes  c a l c u l a t e d  by Serv ice  
Argos were modified and compared with uncorrected l o c a t i o n s  t o  determine 
the e f f i c a c y  of t he  technique.  

Error  indexing.-To develop an e r r o r  index ( I ) ,  we reasoned t h a t  
7- 

d a t a  showing a s i n g l e ,  r e l a t i v e l y  l a r g e  movement, followed by an  immediate 
r e t u r n  t o  the po in t  of o r i g i n ,  should tend t o  be more erroneous than da ta  
showing l o c a l i z e d  movements, movements i n  un re l a t ed  d i r e c t i o n s ,  o r  l a r g e  
movements i n  the  same d i r e c t i o n .  Such a p a t t e r n  can be i d e n t i f i e d  by 
examining 3 consecutive l o c a t i o n s ,  from which 2 vec to r s  (V1 and V2) and the  
minimum angle (R) formed by the vec to r s  can be c a l c u l a t e d  (Fig .  1 ) .  
Larger e r r o r s  a r e  ind ica t ed  a s  R approaches ze ro ,  V1 approaches V2 ,  and 
when V, and V2 a r e  both l a rge .  Thus, we c a l c u l a t e d  I a s :  

where Vmin and Vmax a r e  the smaller  and l a r g e r ,  r e s p e c t i v e l y ,  of V1 and V2. 
When V1 - V2 and R - 0" , I a t t a i n s  a maximum value of (V, + V2)/2 and, 
t h u s ,  becomes an  e s t ima te  of rE under those cond i t ions .  As Vmin/Vmx 
approaches 0 o r  a s  R approaches 180° ,  I approaches 0 .  We hypothesized 
t h a t  I i s  l i n e a r  on rE. 

By using 3 consecutive loca t ions  t o  index e r r o r  we i m p l i c i t l y  assumed 
t h a t  an extreme movement is  not  r e a l  unless  i t  is confirmed by e i t h e r  the 
preceding o r  subsequent l o c a t i o n .  C lea r ly ,  a second, co r robora t ive  
l o c a t i o n  w i l l  not  always be obtained before an animal r e t u r n s  t o  a 
l o c a t i o n  near  i t s  po in t  of o r i g i n .  Error  indexing should the re fo re  lead  
t o  underest imating the  frequency of extreme, short-term movements. The 
degree t o  which such movements a r e  underestimated should depend upon 
sampling frequency and a spec ie s '  movement p a t t e r n s .  Sampling frequency 
may vary with t e r r a i n ,  s i g n a l  s t r e n g t h ,  o r  duty  cyc le  (which is programmed 
i n t o  the  PTT and de f ines  the d a i l y  and seasonal  t ransmiss ion  schedules) .  
Short-term movements should be most s e r i o u s l y  underestimated when sampling 



frequency is low and for species making frequent, long-range forays from 
one, or between 2, activity centers. Little bias is expected for species 
making large movements infrequently. 

m.-The distribution of an animal's probability of occurrence has 
been termed a utilization distribution (UD) (Van Winkle 1975, Ford and 
Krumme 1979). Ideally, methods for describing UDs should be 
probabilistic, nonparametric, and insensitive to sample size (Ford and 
Krumme 1979). Methods based on relocation distance (Ford and Krumme 1979) 
and Fourier transformations (Anderson 1982) have been proposed. However, 
the former is computationally cumbersome and limited to small grids (Ford 
and Krumme [I9791 used a 10 x 10 cell grid), while results of the latter 
may vary greatly with grid size (Anderson 1982) . Both methods assume that 
locations used to compute the UD are precise. This assumption clearly was 
untenable for satellite telemetry data. 

We proposed a method incorporating the error probabilities associated 
with each location. It is conceptually analogous to that of Ford and 
Krumme (1979). Noting that samples are seldom large enough to confidently 
determine UDs for individuals, Ford and Krumme (1979) suggested that UDs 
from several individuals be averaged to describe the UD of an idealized 
individual that typifies the population. They termed the result a 
"population utilization distribution" (PUD). We suggest that each 
calculated PTT location has a UD that defines the error probabilities 
associated with the location, and that the UD is the same among locations 
or classes of locations. We also suggest that UDs for animal locations 
can be averaged to determine the UD for an animal during a given period 
(Fig. 2). Because the resulting UD for an animal reflects error-weighted 
probabilities, we term the distribution a "weighted utilization 
distribution" (WUD). Our model of error probability is described in the 
results, as it is contingent upon results of the other analyses. 

Animal Tracking and Data Analysis 

To assess performance on an animal, an adult bighorn ewe was collared 
in the Many Glacier Valley and tracked during Nov. 1986-Dec. 1987. During 
this period, the PTT was programmed to transmit only 6 hours per day to 
conserve battery life. Actual movements were documented from visual 
observations during 1985-1988. Sampling frequency was examined relative 
to deployment status (on versus off the animal) and time since deployment. 
Error correction and indexing were applied and a WUD was calculated. 

Statis tical analyses used SYSTAT" and SYGRAPH~' (Wilkinson 1988a, b) 
software. Significance was assumed at the a - 0.05 level. Specific tests 
are identified in the results. Linear and nonparametric tests were 
applied according to Zar (1984). Circular statistics referenced 
Batschelet (1981). GRASS software (U.S. Army Corps of Engineers 1989) 
was used to develop WUDs from the error probability model. 



Fig. 2. Construction of a hypothetical weighted utilization distribution 
(WUD). Shown are 3 hypothetical PTT locations with a binormal model of 
the error probability superimposed over each location. The binormal model 
reflects the probability that the PTT was actually located at a point in 
space other than the calculated location. The WUD is constructed by 
averaging the probabilities associated with all data points (bottom 
image) . 



RESULTS AND DISCUSSION 

Accuracy 

Accuracy was descr ibed  from 304 loca t ions  (F ig .  3 ) .  We r e j e c t e d  the  
n u l l  hypothesis  t h a t  e r r o r s  were wi th in  expected l i m i t s ,  i . e . ,  68% wi th in  
226 (NLOC - I ) ,  528 (NLOC - 2 ) ,  and 1 ,510 m (NLOC - 3 ) .  Normal 
approximations of t he  1- ta i led  binomial t e s t  showed t h a t  propor t ions  of  
l o c a t i o n s  wi th in  expected l i m i t s  f o r  NLOC - 1 and 3  were l e s s  than 
expected (NLOC - 1 :  Z - W, P - 0.000;  NLOC - 3: Z - 23.32,  P - 0.000).  
No NLOC - 2  l o c a t i o n s  were achieved. Errors  were cons iderably  g r e a t e r  
than  have been r epor t ed  previous ly .  Mate e t  a l .  (1986) r epor t ed  94% of 
46 l o c a t i o n s  wi th in  0 . 6  km of the  c e n t e r  of  an enc losure  with a  
radicj-tagged manatee (Trichechus mantus), and a  maximum e r r o r  1 2  km. For 
42 loca t ions  o f  2 PTTs, Craighead and Craighead (1987) r epor t ed  
ha l f - lengths  of 1.753 km and 0.516 km f o r  the  major axes of the  95% 
p r o b a b i l i t y  e l l i p s e s ,  and 0.405 km and 0.456 km f o r  the  minor axes .  Fancy 
e t  a l .  (1988),  examining 1,265 loca t ions  of 12 PTTs, r epor t ed  a  mean e r r o r  
of  0.829 km, with 90% wi th in  1 . 7  km of  t he  t r u e  l o c a t i o n  and a  maximum 
e r r o r  of  8.8 km. 

1 1 1 1 1 1 1 1 1 1 1 1 ~ 1 1 1 ~  1 1 1 1  1 1 1  1 

lognormal mean = 2.728 km - 
range = 0.445-12.552 km 
68 percentile = 3.276 km - 

- 

- 

- 

- 

Error (km) 
Fig .  3 .  D i s t r i b u t i o n  of e r r o r s  f o r  s a t e l l i t e  te lemetry  l o c a t i o n s ,  a s  
determined from 304 l o c a t i o n s  of a  PTT deployed a t  23 known s i t e s .  
Di f ferences  between a c t u a l  and assumed s i t e  e l e v a t i o n s  ranged from 
1,462-2,801 m (Z - 2,154 m ,  SD - 419 m) and accounted f o r  about 66% of 
the  observed e r r o r  ( see  t e x t ) .  



The extreme errors we observed were likely caused by erroneous 
estimates of PTT elevation. Location calculations assumed that PTTs were 
at sea level, but actual elevations ranged from 1,462-2,801 m. French 
(1986) found that differences between actual and assumed PTT elevations 
may affect location accuracy. We therefore hypothesized that rE was 
related to the difference (HE) between actual and assumed PTT elevations. 
Linear regression revealed no relationship between rE and HE (9 - 0.002, 
P - 0.21). Fancy et al. (1988), examining 1,265 locations of PTTs at 
elevations of 20-850 m, also found no such relationship, even though 
location calculations in their study also assumed that PTTs were at sea 
level. However, neither analysis considered confounding, nonlinear 
effects of satellite pass height (pH). From French (1986, Fig. 5), we 
estimated theoretical errors (2E) due to erroneous elevation estimates for 
35 combinations of HE and pH. For each elevation, pE was related to PH by 
an exponential function: 

where a and b are variables, and e is the base of natural logarithms. 
Using regression analysis, estimates of a and b were obtained for each 
elevation. Subsequent regressions of a and b on HE showed that a increased 
linearly with HE (9 - 0.997, P -0.000), the y-intercept of that 
relationship was equal to 0 (P - 0.63), and b was constant with respect 
to HE (P - 0.24). Equation (1) was therefore restated as a function of HE 
and pH: 

where a' was a constant defining the relationship of a to HE, and b was 
a constant defining the influence of PH on the error-elevation 
relationship. Nonlinear regression was used to estimate a' and b, and 
yielded the following mathematical estimate of French's (1986) theoretical 
error-elevation relationship (9 - 0.98, P - 0.000) , where BE is in meters: 

Comparison of rE and PE indicated a significant relationship between rE 
and HE when effects of PH were considered (9 - 0.66, P - 0.000) . We 
concluded that about 66% of the error in this study resulted from 
specifying incorrect elevations, and that significant variations in 
accuracy may occur within studies as animals move among different 
elevations. 

We also tested the null hypothesis that directions of errors (BE) 
were uniformly distributed. Because graphic analyses suggested a bimodal 
distribution of BE, angles were doubled (Batschelet 1981). The hypothesis 
was rejected following a Rayleigh test ( z  - 134.69, P < 0.001) which 
indicated that errors were distributed bimodally along an undirected axis 
of about 174" f 23" (+ mean angular deviation, east - 0"). (We note, 
however, that the Rayleigh test gives only an approximate indication of 
the true distribution. A scatter plot [Fig. 4A] clearly showed a 
quadrimodal distribution.) Other studies (Craighead and Craighead 1987, 



Longltucll nal Error (kni) 

Fig .  4 .  S c a t t e r  p l o t s  of l o c a t i o n  e r r o r s  f o r  a  PTT p laced  a t  23 known 
s i t e s .  E r ro r s  were s tandard ized  t o  a  t r u e  PTT l o c a t i o n  o f  ( 0 ,  0 ) .  P l o t s  
a r e  f o r  ( A )  uncorrec ted  l o c a t i o n s  (n - 304), ( B )  l o c a t i o n s  c o r r e c t e d  f o r  
e f f e c t s  of e l e v a t i o n a l  e r r o r  (n - 304),  and ( C )  c o r r e c t e d  l o c a t i o n s  where 
t h e  e r r o r  index (I) < 0.906 (n - 226). E l l i p s e s  a r e  t h e  95% p r o b a b i l i t y  
i s o c l i ~ ~ e s  and assume a binormal d i s t r i b u t i o n  o f  the e r r o r s .  



Fancy e t  a l .  1988, Priede 1988, Stewart e t  a l .  1989) a l s o  repor ted  g r e a t e r  
1ongit:udinal than l a t i t u d i n a l  e r r o r  bu t  o f fe red  no explanat ion .  I n  our  
s tudy ,  a  Rayleigh t e s t  i nd ica ted  t h a t  d i r e c t i o n s  of  s a t e l l i t e  passes  a t  
t h e i r  rnaximum pass he igh t s  (€Is) a l s o  were d i s t r i b u t e d  bimodally, along an 
undi rec ted  a x i s  of about 176" f 2 1 "  ( z  - 167.20, P < 0.001) ,  sugges t ing  
t h a t  e r r o r s  may have occurred e i t h e r  d i r e c t l y  toward o r  away from the  
s a t e l l i t e .  To t e s t  t h i s  hypothesis  we examined d i s t r i b u t i o n s  of  e D ,  where 
eD - eE - 0,. A Rayleigh t e s t  i nd ica ted  t h a t  eD was d i s t r i b u t e d  unimodally 
(z - 260 .49 ,  P < 0.001) such t h a t  e r r o r s  tended t o  occur d i r e c t l y  toward 
the  s a t e l l i t e  (QD - 0" f 25" ) .  

I::Lnally, we r e j e c t e d  the  n u l l  hypothesis  t h a t  loca t ions  were 
unbiased,  i . e .  (p,, p,,) - ( 0 ,  0 ) .  Ho te l l ing ' s  1-sample t e s t  i nd ica ted  
t h a t  mean l o c a t i o n  was a  b iased  es t imate  of  t r u e  l o c a t i o n  (Tf - 55.03, P - 0.000) .  Rela t ive  t o  the  t r u e  loca t ion ,  polar  coordina tes  of the  mean 
locat i-on were (496 m, 332").  Fancy e t  a l .  (1988) observed a s i m i l a r  
northwest b i a s  and specula ted  t h a t  it was due t o  d i f f e rences  among the  
Clark 1866 e l l i p s o i d  t h a t  they used and the  World Geodetic System 1984 
e l l i p s o i d  used by Service Argos. We a l s o  used the  Clark 1866 e l l i p s o i d  
t o  reference  s i t e  coordina tes  and, the re fo re ,  hypothesized t h a t  the  b i a s  
we observed was due t o  d i f f e rences  between the  2 e l l i p s o i d s .  Using 
National  Geodetic Survey's NADCON4 program t o  c a l c u l a t e  d i f f e rences  among 
e l l i p s o i d s  i n  our s tudy a r e a ,  we found t h a t  d i f f e rences  averaged 69.8 
(SD - 0.2 m), almost e n t i r e l y  i n  the  e a s t e r l y  d i r e c t i o n .  We r e j e c t e d  the  
hypothesis  and concluded ins t ead  t h a t  d i f f e rences  i n  e l l i p s o i d s  l i k e l y  
"masked" p a r t  of the  long i tud ina l  component of  t h e  b i a s .  Polar  
coordi.nates of the  a c t u a l  b i a s  were est imated t o  be (532 m, 325"),  
r e l a t i v e  t o  the  t r u e  loca t ion .  Bias may have r e s u l t e d  from the  
r e l a t i o n s h i p  between eE and e,, and the  p a r t i c u l a r  d i s t r i b u t i o n  of  €3, i n  
t h i s  r:tudy. Expected d i r e c t i o n s  of e r r o r s  (dE) were es t imated  a s  6 - 0, 
(F ig .  5)  and ind ica ted  t h a t  more e r r o r s  were expected toward the  n o r 6 w e s t  
simply because more loca t ions  were achieved during s a t e l l i t e  passes  t h a t  
peaked i n  the sou theas t .  

Sampl i.ng Frequency 

Sampling frequencies were ca lcu la t ed  f o r  1 ,921  s a t e l l i t e  passes where 
P,, 2 5"Table 1 ) .  Using normal approximations t o  compare p ropor t ions ,  we 
t e s t e d  2 hypotheses. F i r s t ,  we r e j e c t e d  the  n u l l  hypothesis  t h a t  sampling 
frequencies were unaffec ted  by t e r r a i n .  For both Hs and Ls, sampling 
f requencies  va r i ed  among v a l l e y ,  mid-slope, and mountain peak s i t e s  (Hs: 
X2  - 27.27, 2 d f ,  P - 0.000; L,: X - 20.61, 2 d f ,  P - 0.000) .  A 
Tukey-.type comparison of  proport  ions indica ted  t h a t  Ms was g r e a t e r  a t  
mid-slope than v a l l e y  bottom s i t e s  (q - 5.42,  P < 0.001) ,  and Hs was 
g r e a t e r  a t  mountain peak than mid-slope s i t e s  (q - 10.62,  P < 0.001) ;  Ls 
was g r e a t e r  a t  mid-slope than v a l l e y  bottom s i t e s  (q - 10.15, P < 0.001) ,  
b u t  d i d  not  d i f f e r  s i g n i f i c a n t l y  among mid-slope and mountain peak s i t e s  
( q  = 1.59,  P > 0.20) .  For v a l l e y  bottom versus  mountain peak s i t e s ,  
t e r r a i n  reduced Ms and Ls by about 17% and 41%, r e spec t ive ly .  Craighead 
and Cra.ighead (1987) s i m i l a r l y  repor ted  lower loca t ion  e f f i c i e n c y  f o r  PTTs 
i n  mountain v a l l e y s .  

We a l s o  r e j e c t e d  the  n u l l  hypothesis  t h a t  sampling frequencies were 
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Fig .  5 .  D i s t r i b u t i o n  of the expected d i r e c t i o n  (€IE) o f  l o c a t i o n  e r r o r s ,  
given t:he d i s t r i b u t i o n  of the d i r e c t i o n s  of s a t e l l i t e  passes  (es) and the  
r e l a t i o n s h i p  BE - es. 

Table 1.. Sampling f requencies  of sensor  and l o c a t i o n  d a t a  f o r  PTT 6160 
a t  val- ley,  mid-slope, and mountain peak s i t e s ,  and on a  bighorn ewe 
occupying a mid-slope winter  range.  S i s  the  number of s a t e l l i t e  passes  
"ava i l ab le"  (pH > 5" )  t o  receive PTT t ransmiss ions ,  N, i s  the p ropor t ion  
of  passes  where 21 message was rece ived ,  and L, i s  the  propor t ion  of passes  
i n  which l o c a t i o n s  were 'calculated.  

S i t e  S Hs Ls 

A l l  Tes t  S i t e s  454 
Valley 129 
Mid--slope 143 
Peak 182 

Adult Ewe 1.467 



t he  same whether the  PTT was deployed on the  ground o r  on an  animal .  
Sampling f requencies  f o r  a  rad io-col la redbighorn  ewe occupying a mid-slope 
winter  range were compared wi th  mid-slope sampling f requencies  from 
pre-deployment t e s t s  (Table 1 ) .  When the PTT was deployed on the  ewe, Ms 
dec l ined  about 15% and Ls dec l ined  about 49%. Dif ferences  were s i g n i f i c a n t  
(M:  Z - 3.69 ,  P - 0.000; Ls: Z - 6.86, P - 0.000) .  

Sampling frequency is a major determinant of cos t - e f f ec t iveness .  
Craighead andCraighead(1987) e s t i m a t e d t h a t s a t e l l i t e  te lemetry  c o s t a b o u t  
15 times l e s s  thanconventionalVHFtelemetry f o r t r a c k i n g c a r i b o u  (Rangi fer  
t a r a n d u s ) ,  b u t  observed t h a t  cos t -e f fec t iveness  may vary  with the  number 
of co l l - a r s  purchased, number of l oca t ions  made, and s tudy a r e a .  Our r e s u l t s  
i n d i c a t e d  t h a t  v a r i a t i o n s  wi th in  and among s tudy a r e a s  may be s u b s t a n t i a l  
and t h a t  animal use of high e l e v a t i o n s  may be overest imated due t o  e f f e c t s  
of  t e r r a i n  on sampling frequency. 

E r ro r  Mi t iga t ion  

Er ro r  correction.-Much of t h e  e r r o r  i n  t h i s  s tudy was a t t r i b u t e d  - 
t o  d i f f e r e n c e s  between a c t u a l  and assumed PTT e l e v a t i o n s .  We sugges t  such 
e r r o r s  rnay be p a r t i a l l y  co r rec t ed  us ing  e s t ima tes  of e r r o r  coord ina te s  (kE,  
h E ) .  Because e r r o r s  tended t o  occur toward the  s a t e l l i t e ,  eE was e s t ima ted  
a s  : 

A s  e l e v a t i o n a l  e r r o r  i nc reases ,  rE should inc reas ing ly  become a quadra t i c  
func t ion  of  P,, (French 1986, Fancy e t  a l .  1988).  Using polynomial 
r e g r e s s i o n ,  rE was es t imated  a s  (9 - 0.726,  P - 0.000):  

This  1:elationship should vary  among s t u d i e s  depending upon a c t u a l  
e l e v a t i o n a l  e r r o r .  However, it i s  probably a  good approximation f o r  our 
s tudy a r e a  and i l l u s t r a t e s  the  proposed c o r r e c t i o n .  

Given ( i E ,  dE), l o c a t i o n s  were r eca lcu la t ed .  E r ro r s  f o r  c o r r e c t e d  
l o c a t i o n s  were s i g n i f i c a n t l y  l e s s  than f o r  uncorrected l o c a t i o n s  (F ig .  
4B) (Mann-Whitney U304,304 - 81,933, P - 0.000) and were unbiased,  i . e .  
(px,  py) - ( 0 ,  O), (Ho te l l i ng ' s  f - 1.99 ,  P - 0 .75) .  The lognormal mean 
e r r o r  of the  co r rec t ed  loca t ions  was 908 m .  There s t i l l  was no s i g n i f i c a n t  
d i f f e r e n c e  i n  accurac ies  among NLOC - 1 and NLOC - 3 loca t ions  (Mann-Whitney 
U,,,,, - 4,551,  P - 0.49) .  With 68% of co r rec t ed  l o c a t i o n s  w i t h i n  1 ,092 
m of t h e  t r u e  l o c a t i o n ,  accuracy was s i g n i f i c a n t l y  b e t t e r  than  t h e  1 ,510 
m expected f o r  NLOC - 3 loca t ions  (Z - 3.96, P - 0.000).  This suggested 
t h a t  given the  c o r r e c t  e l e v a t i o n ,  performance f o r  NLOC - 3 may be b e t t e r  
than  a d v e r t i s e d  by Serv ice  Argos. A Rayleigh t e s t  i nd ica t ed  c o r r e c t e d  
l o c a t i o n s  were d i s t r i b u t e d  bimodally along an  undi rec ted  a x i s  of about 171" 
f 33" ( z  - 32.44, P < 0.001) ,  and t h a t  eE continued t o  e x h i b i t  a  
s i g n i f i c a n t ,  though more v a r i a b l e ,  r e l a t i o n s h i p  t o  eS (eD - 24" f 72",  z - 13.11., P < 0.001).  

We concluded t h a t  e r r o r  c o r r e c t i o n  improved the  d i s t r i b u t i o n  and 



Error (km) 
Fig ,  6 .  Rela t ionship  of the e r r o r  index ( I )  t o  observed e r r o r  f o r  (A)  
uncorrec ted  l o c a t i o n s ,  and ( B )  f o r  l oca t ions  c o r r e c t e d  f o r  e l e v a t i o n a l  
e r r o r .  

p r e c i s i o n  of l oca t ions .  I t  is  p o t e n t i a l l y  va luable  f o r  m i t i g a t i n g  e r r o r s  
when e l e v a t i o n  cannot be reasonably est imated i n  advance, a l though more 
u n i v e r s a l  models of the r e l a t i o n s h i p  between e r r o r ,  e l e v a t i o n ,  and s a t e l l i t e  
pass  he igh t  w i l l  be requi red  f o r  the  method t o  be broadly app l i cab le .  
However, i t  remains p re fe rab le  t o  spec i fy  the  c o r r e c t  e l e v a t i o n  p r i o r  t o  
deployment. 

E;rror indexing.-Error indices  ( I )  (F ig .  1 ,  eq 5 )  were c a l c u l a t e d  
f o r  302 uncorrected and co r rec t ed  loca t ions .  Regressions of I on e r r o r  
were s i g n i f i c a n t  (F ig .  6 ) ,  suggest ing t h a t  I was a  u s e f u l  index of both 
raw artd r e s i d u a l  e r r o r .  To determine a  threshold  va lue  f o r  I ,  l o c a t i o n s  
wi th  the  l a r g e s t  I-values were excluded f i r s t  and lognormal means of 
remaining loca t ions  were ca l cu la t ed .  The r e s u l t i n g  r e l a t i o n s h i p  of 
lognormal mean e r r o r  t o  sample s i z e  suggested t h a t  most b e n e f i t s  accrued 
when about 20-30% of the  l o c a t i o n s  with the l a r g e s t  I-values were r e j e c t e d  
(Fig .  7 ) .  When more than 80% of loca t ions  were r e j e c t e d  r e s u l t s  became 
unpred ic t ab le .  For t h i s  s tudy ,  we used co r rec t ed  l o c a t i o n s  and excluded 
about 25% of the  loca t ions  ( I  < 0.906) (F ig .  4C) . The lognormal mean 
e r r o r  of co r rec t ed ,  indexed loca t ions  where I < 0.906 was 665 m ,  and was 
s i g n i f i c a n t l y  l e s s  than  f o r  a l l  co r rec t ed  l o c a t i o n s  (Hann-Whitney U,04,226 - 41,106,  P - 0.000) ; 68% were wi th in  830 m of t he  t r u e  l o c a t i o n .  However, 
the  r e s u l t i n g e s t i r n a t e  o f t h e  t r u e  loca t ion  was s l i g h t l y b i a s e d  (Ho te l l i ng ' s  
P - 21.07, P - 0.000) ,  with the  mean occurr ing a t  po la r  coordina tes  (147 
m, 242").  We concluded t h a t  indexing provided an o b j e c t i v e  b a s i s  f o r  
r e j e c t i n g ,  with a  high p r o b a b i l i t y ,  the  most erroneous l o c a t i o n s .  

Weinhted u t i l i z a t i o n  dis tr ibut ions.-A b i v a r i a t e  normal d i s t r i b u t i o n  
was used t o  model r e s i d u a l  e r r o r  following e r r o r  c o r r e c t i o n  and the  
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Fig.  7 .  Rela t ionship  among proport ion of sample r e j e c t e d  and lognormal 
mean e r r o r ,  where loca t ions  with the  l a r g e s t  e r r o r  i nd ices  ( I )  were r e j e c t e d  
f i r s t ,  f o r  ( A )  uncorrected loca t ions  and ( B )  l o c a t i o n s  co r rec t ed  f o r  
e l e v a t i o n a l  e r r o r .  

r e j e c t i o n  of l oca t ions  where I < 0.906. The model's p r o b a b i l i t y  d e n s i t y  
is  (Ba t sche le t  1981:269): 

where 

Although b i a s  e x i s t e d  fdl lowing indexing, reasons f o r  t he  b i a s  were not  
apparent ,  nor was it c l e a r  t h a t  b i a s  was an inherent  c h a r a c t e r i s t i c  of 
t he  r e s i d u a l  e r r o r  d i s t r i b u t i o n .  Also, t h e  b i a s  was small (147 m). 
Therefore ,  we assumed t h a t  (p,, py) - (0 ,  0 )  fol lowing c o r r e c t i o n  and 
indexing.  Other parameters were est imated a s  0, - 701 m, Uy - 457 m, and 
r - 0 . 0 7 6 ,  where rx.y is the c o r r e l a t i o n  between ax and a The model was 

X . Y  Y '  
compared with the  observed d i s t r i b u t i o n  of r e s i d u a l  e r r o r s  from the  t e s t  
d a t a  (F ig .  8 ) .  With da ta  from the  bighorn ewe, i t  was used t o  c o n s t r u c t  
a  WUD. 

Animal Tracking.-During Nov. 1986-Dec. 1987, 395 l o c a t i o n s  were 
c a l c u l a t e d  f o r  a  PTT-collared ewe. Sampling frequency v a r i e d  seasona l ly  
(F ig .  9 ) ,  probably due t o  e f f e c t s  of t e r r a i n  and l o s s  of  b a t t e r y  power 
over t ime. About 1 l o c a t i o n  per  day was achieved when t r ack ing  began and 
t h e  ewe occupied a  low- t o  mid-elevation winter  range.  Sampling frequency 



Fig. 8. A bivariate normal model of the distribution of residual error 
followl.ng error correction and rejection of the 25% of locations with the 
largest: error indices (I). Both 3-dimensional (top) and 2-dimensional 
(bottom) views are shown. In the 2-dimensional image, ellipses represent 
probability isoclines ranging from 0.1 (smallest) to 0.9 (largest) in 
intervals of 0.1. Observed residual errors (following correction and 
indexing) from locations of a PTT placed at 23 known sites also are plotted. 
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Mon t l ~ s  After Deployment 

Fig .  9 .  Va r i a t i on  i n  sampling frequency a s  a  f u n c t i o n  of  e l apsed  time 
s i n c e  deployment. The PTT was deployed 27 Nov. 1986 and was programmed 
t o  t r ansmi t  6 hours  pe r  day throughout t he  y e a r .  

i nc reased  t o  about 2  l o c a t i o n s  pe r  day a s  the  ewe moved t o  lambing and 
e a r l y  summer ranges a t  h ighe r  e l e v a t i o n s .  Although t h e  ewe remained a t  
h ighe r  e l e v a t i o n s  dur ing  l a t e  summer and e a r l y  f a l l ,  sampling frequency 
dropped t o  l e s s  than  0 . 5  l o c a t i o n s  per  day a f t e r  about  8 months, presumably 
due t o  b a t t e r y  f a i l u r e .  Transmissions ended about  13 months a f t e r  
deployment. 

E r ro r  c o r r e c t i o n  and indexing helped e l u c i d a t e  t h e  ewe's s ea sona l  
movements. A s  expec ted ,  uncor rec ted  l o c a t i o n s  were widely d i s p e r s e d  (F ig .  
10A). E l eva t iona l  e r r o r  was ev iden t  i n  t he  c l u s t e r s  of  l o c a t i o n s  e a s t  and 
west  o f  t he  ewe's w in t e r  range ,  which was cen t e r ed  a t  UTM coord ina t e s  of 
about  305 km e a s t  and 5409 km nor th  (UTM zone 1 2 ) .  A f t e r  e r r o r  c o r r e c t i o n  
(F ig .  lOB), l o c a t i o n s  were cen t e r ed  approximately around the  known win t e r  
range on t h e  lower sou th  s lopes  of  M t .  Al tyn,  and around known s p r i n g  and 
summer ranges i n  the  Canyon Creek dra inage .  E r ro r  indexing e l imina t ed  a  
number of apparen t  o u t l i e r s  (F ig .  1OC). I t  was encouraging t h a t  most 
o u t l i e r s  occur red  t o  t h e  e a s t  and west of  t he  major concen t r a t i ons  of  
l o c a t l o n s ,  a s  most e r r o r s  were expected i n  t he  l o n g i t u d i n a l  d i r e c t i o n .  

The e r r o r  indexing procedure was modif ied f o r  ana lyses  of  t h e  ewe's 
movements. A s  wi th  t he  t e s t  d a t a ,  a  t h r e sho ld  va lue  of  I was s e l e c t e d  s o  
t h a t  25% of  the sample was r e j e c t e d .  However, i n d i c e s  were then 
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F ig .  10.  Dis tr ibut ion  o f  locat ions  for  a radio-col lared ewe during Nov. 
1986-Dec. 1987, showing ( A )  uncorrected loca t ions ,  ( B )  l oca t ions  corrected 
for  e l eva t iona l  error ,  and ( C )  corrected locat ions  with about 38% o f  the 
sample re jec ted  based on i t e r a t i v e  error indexing ( s ee  t e x t ) .  



recalculated for remaining data and additional locations were excluded 
using the same threshold value of I. This was repeated until indices for 
all locations were less than the threshold value. Three iterations were 
required and about 38% of the locations were rejected. An iterative 
approach was used because extreme errors and duplicate locations led to 
situations not encountered in the test data. Extreme errors (>50 km) 
occurred when the wrong solution for the location algorithm was selected 
(each location calculationhas 2 possible solutions). Although such errors 
were correctly identified and excluded as outliers, in several instances 
smaller outliers ( 4 3  km) occurred immediately before or after an extreme 
outlier, and in the same direction. The resulting sequence was interpreted 
by the indexing algorithm as a directed movement where R approached 180". 
Consequently, some obvious outliers were not rejected with only 1 iteration. 
In other instances, 2 locations were calculated from a single satellite 
pass. The 2 locations were never identical but often were similar, giving 
the false impression that a second, independent location had been achieved 
to corroborate the first. 

Iterative indexing resolved these problems but altered the assumptions 
of the procedure. By using 3 iterations we implicitly assumed that >2 
1ocat:Lons may be required to corroborate an apparent movement. This change 
had a substantive effect in only one instance. A movement of about 10 km 
occurred in late summer after the battery began to fail and sampling 
frequency was low. Following indexing and rejection of 25% of the sample, 
the movement was documented by only 2 relatively distant points which were 
both rejected after subsequent iterations. Evidence of the movement was 
lost from the final data set. We chose to accept this limitation for the 
purpose of describing core use areas within the ewe's home range, as 
rejection of the additional locations did not alter the outcome appreciably. 
In the future, the problem may be precluded by altering duty cycles to 
achieve more even sampling throughout the year, thereby reducing the 
likelihood that significant movements will be documented by only 1 or 2 
1ocatj.ons. Alternatively, extreme outliers (>50 km) probably can be 
identified and rejected prior to indexing, hence only 1 iteration would 
be needed. Due to changes in the location algorithms in 1987, multiple 
1ocatl.ons are no longer calculated from a single satellite pass and should 
not affect error indexing of post-1987 data. 

Finally, we calculated a WUD from the 243 locations that remained 
after iterative indexing. Core use areas occurred on Mt. Altyn, Mt. Allen, 
and Yellow Mtn. A WUD was then constructed using only those locations 
within the core areas (Fig. 11). Sequential locations not within a core 
area were identified as movements. A separate WUD was constructed for each 
moveme!nt and the "ridge line" of the WUD's statistical terrain was digitized 
to es t:imate the likely travel corridor. Approximately 4 corridors were 
identi.fied. A composite of the core areas and travel corridors among areas 
was constructed (Fig. 12). 

The resulting picture of bighorn movement patterns agreed well with 
visual observations: the ewe occupied the Mt. Altyn range most of the 
year, lambing took place toward the south end of the Mt. Allen range in 
the cliffs above Canyon Creek, and some use was observed on Yellow Mtn. 
in summer. Visual observations indicated greater use near the head of 
Canyon Creek (Mt. Allen range) than was evident in the WUD (Fig. 12). 



Fig .  1.1. Weighted u t i l i z a t i o n  d i s t r i b u t i o n  (WUD) f o r  c o r e  ranges used by 
a rad io-col la red  ewe during Nov. 1986-Dec. 1987 (250 m UTM g r i d ) .  The M t .  
Al tyn winter  range is the h ighes t  peak, t he  M t .  Al len  lambing and summer 
ranges a r e  t o  the  r i g h t ,  and summer ranges on Yellow Mtn. a r e  t o  the  l e f t .  

However, use  of upper Canyon Creek was observed p r imar i ly  i n  l a t e  summer 
when sampling frequency was low, presumably due t o  b a t t e r y  f a i l u r e .  
Modif ica t ion  of  t he  PTT's duty  cyc le  t o  achieve more even sampling 
throughout the  year  would l i k e l y  have r e s u l t e d  i n  a b e t t e r  p i c t u r e  of 
late-summer use .  Movement c o r r i d o r s  between !It. Allen and M t .  Al tyn were 
confirmed by v i s u a l  obsefrvations and t r a c k s ,  a s  was #3 km of t h e  c o r r i d o r  
l ead ing  onto the  Yellow Mtn. range,  Travel  rou te s  i d e n t i f i e d  between M t .  
Al tyn and Yellow Mtn. were suspected due t o  the  t e r r a i n  and game t r a i l s  
i n  those a r e a s ,  but  were no t  confirmed by s i g h t i n g s .  The Windy Creek 
c o r r i d o r  between M t .  Allen and Yellow Mtn. was unexpected: escape cover 
i s  gene ra l ly  poor,  t he  animal had t o  s w i m  Sherburne Rese rvo i r ,  and the  
r o u t e  is n o t  s u b s t a n t i a l l y  s h o r t e r  than a l t e r n a t e  rou te s  wi th  good escape 
cover .  Most movements occurred wi th in  1-2 day per iods  and i t  is u n l i k e l y  
t h a t  t r a v e l  c o r r i d o r s  would have been documented us ing  VHF t e lemetry .  

CONCLUSIONS 

E a r l i e r  s t u d i e s  (Craighead and Craighead 1987, Fancy e t  a l .  1988) 
found t h a t  s a t e l l i t e  te lemetry  o f f e r s  important economic and l o g i s t i c  
advantages f o r  w i l d l i f e  research .  We concur,  p a r t i c u l a r l y  i f  sources  of 
e r r o r  a r e  recognized and mi t iga t ion  measures a r e  used. I n  Montana's East 



Fig .  1 2 .  Core bighorn ranges ( t h i n  l i n e s )  and t h e i r  a s s o c i a t e d  t r a v e l  
c o r r i d o r s  (dark-l ines)  i n  the Many Glac ie r  a r e a ,  a s  i d e n t i f i e d  fromweighted 
u t i l i z a t i o n  d i s t r i b u t i o n s  (WUDs) c a l c u l a t e d  from 243 l o c a t i o n s  of a  
radio-col lared ewe (see  t e x t ) .  The M t , .  Al len range i s  a t  t h e  bottom, the  
M t .  Altyn range is represented  by the  high concent ra t ion  i n  the  c e n t e r ,  
and the  Yellow Mtn. range is i n  the  upper r i g h t .  



Front r eg ion ,  inclement weather and rugged t e r r a i n  have t r a d i t i o n a l l y  
confounded te lemetry .  The 395 loca t ions  achieved dur ing  a 1-year per iod  
f o r  a PTT-collared ewe demonstrated an unprecedented c a p a b i l i t y  t o  document 
seasonal  movements. Ter ra in  remains a confounding f a c t o r ,  a s  e f f e c t s  of 
elevatLonandtopographymay greatlyimpactaccuracyand sampling frequency. 
However, sampling frequency was s t i l l  >1 l o c a t i o n  per  day and e f f e c t s  on 
accuracy can be e i t h e r  precluded o r  mi t iga ted  by spec i fy ing  mean e l e v a t i o n  
i n  advance o r  v i a  c o r r e c t i o n s .  By using WUDs t o  weight h a b i t a t  component 
l a y e r s  wi th in  a GIs environment, we suggest  t h a t  s a t e l l i t e  te lemetry  d a t a  
can be used t o  develop h a b i t a t  use models and t o  model t he  p r o b a b i l i t y  of 
movement among h a b i t a t  patches and l o c a l  popula t ions .  Coupled wi th  a GIs,  
such models may be appl ied  over broad landscapes and o f f e r  a powerful t o o l  
t o  t e s t  and opt imize conservat ion s t r a t e g i e s .  

LITERATURE CITED 

Anderson, D .  J .  1982. The home range: a new nonparametric e s t ima t ion  
technique.  Ecology 63:103-112. 

Ba t sche le t ,  E .  1981. C i rcu la r  s t a t i s t i c s  i n  biology.  Academic P r e s s ,  
New York, NY. 371pp. 

Clark ,  D .  D .  1989. Use of Argos f o r  animal t r ack ing  i n  the  Rocky 
Mountain Region of  North America. Pages 129-176 in Proc. North 
American Argos use r s  conference and e x h i b i t .  Serv ice  Argos, I n c . ,  
Landover, Md. 

Craighead, D .  J . ,  and J .  J .  Craighead. 1987. Tracking car ibou us ing  
s a t e l l i t e  te lemetry .  Natl .  Geographic Res. 3:462-479, 

Fancy, S . ,  L. F. Pank, D .  C .  Douglas, C .  H .  Curby, G .  W .  Garner,  
S. C .  h s t r u p ,  and W .  L. Regelin. 1988. S a t e l l i t e  te lemetry ,  a new 
t o o l  f o r  w i l d l i f e  research  and management. U.  S .  F ish  & Wild l i f e  
Se rv ice ,  Resource Publ ica t ion  172, Fairbanks,  A las . .  138pp. 

Fedak, M, B .  McConnell, and T. Martin.  1984. Marine mammal t r ack ing .  
Argos Newsl. 19 :4 .  

Ford, R .  G., and D .  W .  Krumme. 1979. The a n a l y s i s  of  space use 
p a t t e r n s .  J .  Theor. Bio l .  76:125-155. 

French, J .  1986. Environmental housings f o r  animal PTT's. Argos 
Newsl. 26:7-9. 

F re t ay ,  J . ,  and J .  Bretnacher.  1984. Tracking of  female lea therbacks  
from French Guayana. Argos Newsl. 19:8-9. 

G i lp in ,  M.  E .  1987. S p a t i a l  s t r u c t u r e  and popula t ion  v u l n e r a b i l i t y .  
Pages 125-139 in M. E .  Soul&, (Ed. ) ,  Viable popula t ions  f o r  
conserva t ion .  Cambridge Univ. P res s ,  New York, NY. 189pp. 

Grigg,  G .  1987. Tracking camels i n  c e n t r a l  A u s t r a l i a .  Argos Newsl. 
29: 1-3. 



Marsh, H., and G. B. Rathbun. 1987. Tracking dugongs. Argos Newsl. 
29:9. 

Mate, B. 1984. Tracking of whales. Argos Newsl. 19:l-3. 

, G. Rathburn, and J. Reed. 1986. An Argos-monitored radio tag 
for tracking manatees. Argos Newsl. 26:2-7. 

, J. P. Reid, and M. Winsor. 1988. Long-term tracking of 
manatees. Argos Newsl. 34:3-5. 

Priede, I. G. 1988. Tracking of birds. Argos Newsl. 34:l-3. 

Service Argos. 1984. Location and data collection satellite system 
user's guide. Service Argos, Toulouse, France. 36pp. 

. 1988. Users manual, version 1. CLS/Service Argos, Landover, 
Ma. 

Stewar.t, B. S., S. Leatherwood, P. K. Yochem, and M.-P. Heide-Jorgensen. 
1989. Harbor seal tracking and telemetry by satellite. Mar. Mammal 
Sci. 5: 361-375. 

U. S. Army Corps of Engineers. 1989. GRASS 3.1. U. S. Army Corps Eng. , 
Construction Eng. Res. Lab., Champaign, Ill. 

Van Winkle, W. 1975. Comparison of several probabilistic home-range 
models. J. Wildl. Manage. 39:118-123. 

Wilkinson, L. 1988a. SYSTAT: the system for statistics. SYSTAT, 
Inc., Evanston, Ill. 822pp. 

, 1988b. SYGRAPH: the system for graphics. SYSTAT, Inc., 
Evanston, Ill. 922pp. 

Zar, J. H. 1984. Biostatistical analysis. Second ed. Prentice-Hall, 
Englewood Cliffs, N.J. 718pp. 


