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MITIGATING SPATIAL DIFFERENCES IN OBSERVATION RATE OF 
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Abstract: Wildlife ecologists are increasingly interested in determining spatial distributions and habitat use 
of ungulates from locations estimated from both conventional and automated telemetry systems (ATS). If the 
performance of an ATS causes spatial versus random variation in probability of obtaining an acceptable location 
(observation rate), analysis of habitat selection is potentially biased. We define observation rate as the per- 
centage of acceptable locations (i.e., those that meet signal strength, signal-to-noise ratios, geometric dilution 
of precision criteria) of the total locations attempted. An ATS at the Starkey Experimental Forest and Range 
(Starkey) in Oregon tracks movements of elk (Cerous elaphus), mule deer (Odocoileus hemionus), and cattle. 
We detected localized variation in observation rate of stationary radiocollars in 1993. Subsequently, we devised 
a method to estimate observation rate at various spatial scales using animal location data over 4 years (1992- 
95; n = 907,156 location attempts) to determine if the variation was spatial or random. We formulated 5 
variants of a general linear model to obtain estimates of spatial variation in observation rate. All 5 models 
assumed spatially correlated error terms estimated from isotropic semivariograms. Three models included 
environmental variables as covariates correlated with observation rate. Models then were compared based on 
mean error, coefficient of determination, and residual plots. Random variation accounted for 47-53%, and 

spatial variation accounted for 38-45% of the variation in observation rate. One model was selected to dem- 
onstrate application of the correction to mitigate spatial bias in observation rate. Our results demonstrate the 
utility of semivariograms to detect and quantify spatial variation in observation rate of animal locations deter- 
mined from an ATS. 
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Measuring accuracy of locations obtained 
from radiotelemetry systems has been studied in- 

tensively (e.g., White and Garrott 1990). How- 
ever, nonrandom spatial variation in observation 
rate is a potentially more serious problem of ra- 

diotelemetry that has received comparatively lit- 
tle attention. This error occurs when observation 
rates are higher in some locations or habitats 
and, if uncorrected, can result in models of an- 
imal use biased toward habitats with higher ob- 
servation rates (Rempel et al. 1995). Spatial dif- 
ferences in observation rate have largely been 

ignored in wildlife studies that use conventional 
and some satellite radiotelemetry systems, but 
differences in observation rate have been corre- 
lated with canopy cover and habitat type with 

ATS based on a global positioning system (GPS; 
Rempel et al. 1995, Moen et al. 1996, Rodgers 
et al. 1996, Rumble and Lindzey 1997). 

An ATS uses electronic characteristics such 
as signal strength, signal-to-noise ratios, and 

geometric dilution of precision (GDOP) to label 
locations as acceptable. To spatially map the ob- 
servation rate and thereby remove this potential 
bias by correcting the radiotelemetry data, we 
demonstrate use of semivariograms to deter- 
mine if nonrandom (hence, autocorrelated) spa- 
tial differences in observation rate occur in data 
collected with an ATS. 

We define observation rate as the percentage 
of acceptable locations obtained to total loca- 
tions attempted. If observation rates are auto- 
correlated, data collected at close distances will 
be less variable than measurements at further 
distances, and at some distance, defined as the 
range (Ao), variation will be random and equal 
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the variation of randomly selected independent 
points defined as the sill [structural variance (C) 
+ nugget variance (Co)]. When a semivariogram 
is calculated, variation is estimated from all 

points at set distances or lag intervals. At the 
smallest lag interval, autocorrelation should be 

highest, and variance consequently will be low- 
est. The semivariogram is obtained by plotting 
the variance for each lag interval and then fit- 

ting spherical, exponential, gaussian, linear-to- 
sill, or linear models to the points. Ideally, the 
curve should intercept the Y-axis at zero. When 
the Y-intercept is >0, the variation or Co rep- 
resents measurement error or autocorrelation at 
a smaller scale than the smallest lag interval 
(Isaaks and Srivastava 1989). Once the semiva- 

riogram is calculated, it is used to aid in inter- 

polating values between measured points and 

specific points (punctual kriging) or units of 
land (block kriging; Robertson 1987). 

An ATS is deployed at Starkey that uses dif- 

ferentially corrected, LORAN-C radio naviga- 
tion signals to compute animal positions of elk, 
mule deer, and cattle (Dana et al. 1989, Find- 
holt et al. 1996, Rowland et al. 1997). The ATS 
at Starkey functions as follows. Each telemetry 
collar contains a unique pager. Every 20 sec a 

computer queries a pager from a predeter- 
mined paging sequence, and the pager activates 
a LORAN-C receiver within the collar. The re- 
ceiver then captures time signals from up to 6 
LORAN-C transmitting towers located in the 
western United States or Canada and sends 
those signals over a high-frequency microwave 
link to 1 of 7 relay towers at Starkey, which then 
retransmits the signals to a base station. Posi- 

tioning software at the Starkey base station con- 
verts the LORAN-C signals into northing and 

easting Universal Transverse Mercator (UTM) 
coordinates. When a location is computed, it is 
classified as acceptable (status code 0-7) or bad 
(status code 8-64), based on signal strength, sig- 
nal-to-noise ratio, and GDOP. Differences in 
status codes 0-7 are related to number of time 
differences (TD) used to calculate a location 
and other system characteristics. If the micro- 
wave signals received from the collar meet sig- 
nal criteria and locations are based on 3 or 4 
TDs (status code zero), the next collar in the 

paging sequence is queried; if not, the same col- 
lar is queried again before the paging sequence 
continues. A minimum of 2 TDs is required to 
determine an animal location. A location with a 
status code of 1-7 has the same location accu- 

racy as those locations with a status code of zero 
(S. L. Findholt, Oregon Department of Fish 
and Wildlife, unpublished data). Few locations 
have status codes of 1 or 3-7. 

About 45-90 min are required to complete 
the page sequence list at Starkey, depending on 
the number of collars monitored and the num- 
ber of times a second query is needed. We refer 
to the single or double query of a collar as a 
location attempt and refer to the location ob- 
tained with a status code of 0-7 as a successful 
location. The page sequence list is repeated af- 
ter the last collar on the list is queried. 

Radiotelemetry data are being collected to 

analyze animal distributions in relation to inten- 
sive timber management, cattle grazing, and ve- 
hicular traffic (Johnson et al. 1991). Initial evi- 
dence that observation rate varied within Star- 

key was obtained in 1993 from 33 stationary 
LORAN-C radiocollars that were repeatedly 
paged over several days. Sites were selected that 

spanned the maximum variation in topographic 
features and encompassed ridgetops, steep 
midslopes, and valley bottoms of several of the 

larger drainages. Observation rate was found to 

vary significantly among sites, with a trend to- 
ward higher observation rates on ridgetops (: = 
77 ? 10% [95% CI; n = 14), compared to 

drainage bottoms (f = 59 
_ 

29%; n = 6) and 

midslopes (f = 64 + 17%; n = 13). However, 
these trends were highly variable and inconsis- 
tent among drainages (S. L. Findholt, Oregon 
Department of Fish and Wildlife, unpublished 
data). These results indicated radiotelemetry 
data from the LORAN-C system might require 
a correction for localized differences in obser- 
vation rate, and that a fine-scale sample of ob- 
servation rates across Starkey would be needed 
to build a correction model. 

For several reasons, however, it was logisti- 
cally infeasible to sample Starkey with the large 
number of stationary collars necessary to quan- 
tify spatial patterns in observation rate. First, we 
did not have a sufficient number of collars avail- 
able to use, and second, the telemetry system 
was upgraded, changing the performance 
among years and rendering comparisons among 
years tenuous. Also, stationary collars do not 
mimic the posturing behavior of animals when 
resting or feeding. In study areas with relatively 
homogeneous habitats, use of animal locations 
combined with stationary-collar data may be a 
suitable method to measure and correct obser- 
vation rate bias; however, given the topographic 
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and vegetation diversity at Starkey, use of sta- 

tionary collars to model observation rate bias 
was judged impractical. Our specific objectives 
were to develop a method to detect spatial dif- 
ferences in observation rate in our data and to 
build and compare predictive models to remove 
this potential source of bias. We also provide an 

example of how a correction for observation 
rate may affect inferences about habitat selec- 
tion. 

STUDY AREA 
Starkey is located on the Wallowa-Whitman 

National Forest, 35 km southwest of La Gran- 
de, Union County, Oregon. The 10,102-ha 
study area supports a resident population of elk 
and deer contained by a 2.4-m-high fence. The 
area is typical of elk and mule deer habitats on 
summer range in the Blue Mountains, with 

moderately sloping uplands dissected by nu- 
merous drainages. Steep side slopes and narrow 

drainage bottoms create a varied and complex 
topography. Vegetation is a mosaic of coniferous 
forests, shrubs, and grasslands ranging from 
1,120 to 1,500 m in elevation. The average slope 
is 16%. Detailed descriptions of Starkey are 

provided by Skovlin (1991), Noyes et al. (1996), 
and Rowland et al. (1997). Research at Starkey 
is in accordance with approved animal welfare 

protocol (Wisdom et al. 1993). 

METHODS 
Spatial Pattern in Observation Rate 

We used information from animals that 
moved relatively short distances within a time 

period as a surrogate for placing radiocollars at 

stationary sites. We therefore characterized ob- 
servation rate via radiotelemetry location at- 

tempts (n = 907,156) of collared animals from 
1992 to 1995. We divided the day into 4 6-hr 
time periods (TP). We calculated mean position 
(UTM coordinates) for each TP, using accept- 
able locations only from the 4-8 location at- 

tempts typically obtained for an animal during 
1 TP. All location attempts for a radiocollar in 
a TP were deleted from the analysis if >1 lo- 
cation deviated from the mean position by 
>200 m. We used an arithmetic mean, and we 
restricted movements to <200 m because we 
wanted locations only from animals exhibiting 
little movement during the 6-hr TP. Radiocol- 
lars that performed marginally (<50 acceptable 
locations/month) were also omitted from anal- 
ysis. We used the mean position for the TP to 

assign the acceptable and attempted locations 
to a 180- x 180-m pixel by year. We then cal- 
culated an observation rate for each 180- x 
180-m pixel by summing the acceptable and at- 

tempted locations over all animals x TP com- 
binations and calculating the resultant ratio. We 

repeated the process for 30- x 30-m pixels. The 
30-m pixel size was chosen to be compatible 
with existing habitat data for Starkey (30 m; 
Rowland et al. 1998), while the 180-m pixel size 
was selected to obtain a sufficient number of 
location attempts per pixel. The 180-m pixel 
size was also similar to the 90% confidence in- 
terval (3.1 ha) for the location error associated 
with the Starkey telemetry system (Findholt et 
al. 1996). We tested each yearly dataset for nor- 

mality (BMDP Statistical Software 1991) and 
for differences in observation rate via a com- 

pletely randomized block design, blocking on 

pixels (PROC GLM; SAS Institute 1994). 

Model Development 
We used the 1992-93 data to build 5 linear 

models of the general form 

Y = XB + e, 

where Y is the vector of observation rates, X is 
the design matrix containing environmental 
variables (covariates) used to predict observa- 
tions, B is a vector of regression coefficients es- 
timated from the observed data, and e is a vec- 
tor of error terms which are spatially correlated 

according to an isotropic semivariogram. These 
models are all special cases of a linear model, 
differing in how the regression parameters (B) 
are estimated (Cressie 1991:173). 

Model Variants.-In the kriging model based 
on a 180-m pixel grid (KRIG180), we estimated 
B from observation rates for 2,477 180- X 180- 
m pixels when total location attempts per pixel 
were >18. We developed 5 isotropic models 

(spherical, exponential, gaussian, linear, linear- 
to-sill) and 2 anisotropic models (spherical, ex- 

ponential), and we used the model with the 
lowest reduced sum of squares to estimate B. 
We evaluated presence of anisotropy by visual 

inspection of the models. The active lag interval 
was 180 m, and the total lag step was iteratively 
estimated from the shape of the semivariogram. 
We omitted environmental covariates from the 
model, and thus X was an n x 1 vector of ones. 
Predicted observation rates for all of Starkey 
were calculated by block kriging on a 180-m 
pixel grid and using the 8 nearest neighbors and 
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a maximum search radius of 1,000 m (Gamma 
Design Software 1994). The search radius was 

Ao, estimated from the semivariogram. Starkey 
contains 3,150 180- x 180-m pixels. 

The kriging model based on a 30-m pixel grid 
(KRIG30) was similar to KRIG180, except the 

semivariogram was based on observation rates 
determined for 30- x 30-m pixels with an active 

lag interval of 30 m. Prior to calculation of the 

semivariogram, acceptable and attempted loca- 
tions were subjected to bilinear interpolation 
(Ager and McGaughey 1997) to increase sample 
sizes within pixels. Acceptable and attempted 
locations for all 30- x 30-m pixel centers <:90 
m from the home pixel center were summed 
and an observation rate calculated and assigned 
to the home pixel. If the home pixel had no 
animal locations, we did not calculate a bilinear 

interpolation of observation rate for that pixel. 
Following bilinear interpolation, observation 
rates from 28,445 30- x 30-m pixels, each with 

-18 attempted locations, were used to estimate 
the semivariogram. We then calculated predict- 
ed values by block kriging on a 30-m pixel grid 
and using the 8 nearest neighbors and a maxi- 
mum search radius of 1,000 m (Gamma Design 
Software 1994). Starkey contains 112,244 30- x 
30-m pixels. 

We built a third model with the spatial cor- 
relation of the fixed effects of continuous values 
of environmental covariates as predictors of ob- 
servation rate (REMLCON). Covariates that 
correlated with observation rate were revealed 
in preliminary analyses (M. J. Wisdom, U.S. 
Forest Service, unpublished data) and included 

slope, sine and cosine of aspect, overhead can- 

opy closure, distance to Class 1 streams, num- 
ber of microwave relay towers in view, and con- 

vexity (Kvamme 1988). Observation rates were 
from the same 2,477 180- x 180-m pixels (each 
with >18 location attempts) used in the 
KRIG180 model. Data were weighted by num- 
ber of location attempts for the pixel. Because 
of the large number of pixels analyzed, we di- 
vided Starkey into 2 halves, and we iteratively 
estimated parameters for the semivariogram 
and B via convergence of the restricted maxi- 
mum likelihood (REML) procedure (PROC 
MIXED; SAS Institute 1994). We assumed an 

isotropic exponential model described the spa- 
tial pattern in observation rate. Parameters for 
the semivariograms for the 2 halves were simi- 
lar, which allowed us to use 1 spatial model for 
all of Starkey. These spatial parameters were 

then entered into PROC MIXED to predict ob- 
servation rates based on the estimated fixed ef- 
fects (B) of the environmental variables. Due to 

computer limitations, we subdivided Starkey 
into 15 blocks to predict observation rates. We 

aggregated datasets from the 15 blocks, and we 
calculated residuals of the predicted minus ob- 
served observation rate for the 2,477 pixels. 
These residuals were used to calculate a semi- 

variogram and then were used in block kriging 
to map the spatial pattern of the residuals on a 
180-m pixel grid (Gamma Design Software 
1994). The predicted residuals were added to 
the fixed effects for the overall estimate of ob- 
servation rate. 

In a fourth model, the model-building proce- 
dure was identical to that for REMLCON, except 
that covariates were transformed into categorical 
variables (REMLCAT). Categories were estab- 
lished, based on prior exploratory analysis, for 

slope >40%, total canopy closure >70%, oversto- 

ry canopy closure >60%, distance to Class 1 
streams >150 m, number of microwave towers in 
view >0, and convexity >499 (M. J. Wisdom, U.S. 
Forest Service, unpublished data). The fifth mod- 
el was built similarly to REMLCON, except that 
covariates included all categorical and continuous 
variables (REMLFULL). 

These models accounted for spatial depen- 
dence in their error terms. Specifically, instead 
of assuming error was distributed normally with 
mean zero and unit variance, as is convention- 

ally done, error was assumed normally distrib- 
uted with mean zero and unit variance defined 

by parameters for the nugget, sill, and range of 
the semivariogram (PROC MIXED; SAS Insti- 
tute 1994). In ordinary least squares analysis, 
observations are assumed independently dis- 
tributed; however, this assumption is violated in 
our experiment because observations that are 
close to each other are more similar (correlated) 
than those farther apart. To correct for this spa- 
tial correlation, the error term we used incor- 

porates spatial structure instead of the usual er- 
ror term. We used Akaike's Information Crite- 
rion (AIC) to guide variable selection (Burnham 
and Anderson 1992). 

Model Evaluation 
We evaluated performance of the 5 models 

built from the 1992-93 data by comparing each 
model's predicted observation rate against the 
observed observation rate for 3 periods: 1992- 
93, 1994, and 1995. In this way, we could vali- 
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date our initial model built with 1992-93 data 
via the 1994 and 1995 datasets and determine 
if separate models were needed for 1994 and 
1995. Specifically, we calculated (1) mean error 
(ME), 

{[i(predicted-observed)2 ]/n , 

defined as the square root of the mean squared 
error of predicted minus observed observation 
rate; (2) model coefficient of determination (r2); 
and (3) graphs of error (predicted-observed) 
versus model predictions. Mean error measures 

accuracy of model predictions, r2 indicates 
amount of variation accounted for by each mod- 
el, and graphs of error versus model predictions 
depict whether predictions are biased low or 

high. We calculated Pearson's correlation coef- 
ficients (r) among the observed probabilities for 
the 3 periods to examine where model perfor- 
mance differed among periods. We also exam- 
ined tradeoffs between model performance and 
total number of pixels for which estimates could 
be obtained by constraining the minimum num- 
ber of location attempts/pixel to 20, 40, 60, and 
80. Increased attempts/pixel yielded fewer pix- 
els that could be included in the analysis but 

yielded -more precise estimates. For instance, at 
the 180-m scale, 20 location attempts/pixel pro- 
vided approximate normality and yielded pre- 
dictions for >60% of available pixels, whereas 
retention of >80 location attempts/pixel provid- 
ed predictions for <8% of the study area. 

Model Application 
To illustrate potential effects of the correc- 

tion model on animal location data, we used 
habitat data from Starkey to classify a sample of 
habitat (consisting of a 10 x 10 array of 180-m 
pixels) into 4 habitat types: (1) grassland (n = 
30 pixels), (2) open canopy forest (10-40% can- 

opy closure; n = 30 pixels), (3) closed canopy 
forest (>40% canopy closure; n = 34 pixels), 
and (4) riparian (n = 6 pixels). We assumed that 

1 animal was detected by the radiotelemetry 
system in each pixel. Animal counts were then 
corrected for spatial variation in observation 
rate with the following formula: 

Estimated animal use = observed animal 
counts/predicted observation rate, 

where estimated animal use is an estimate of 
the actual animal visits after correction for spa- 
tial variation in observation rate. The resulting 
estimates of animal use were then calculated for 

each habitat type and compared with the un- 
corrected data. 

RESULTS 
There was no difference between mean ob- 

servation rate for 1992 and 1993 when number 
of location attempts were -6 for each pixel 
(F1,62 = 1.35, P = 0.183); hence, we combined 
data for those 2 years. Observation rates for 
each period (1992-93, 1994, 1995) were differ- 
ent (F2,901 = 682.80, P < 0.001). Observation 
rate for 180- x 180-m pixels averaged 56.7% 
(SD = 13.3, range = 15-100%, n = 2,477) for 
1992-93, 63.2% (SD = 8.0, range = 30-90%, 
n = 2,749) for 1994, and 71.6% (SD = 11.6, 
range = 30-100%, n = 1,989) for 1995 when 
location attempts were >18/pixel. Observation 
rate percentages were normally distributed for 
each period (P > 0.05), except in 1994, when 
observation rate was not normally distributed (P 
< 0.05) because of strong kurtosis. The expo- 
nential isotropic model had the lowest reduced 
sum of squares for all model comparisons, and 
there was no evidence of anisotropy for any pe- 
riod. 

All 5 linear models (KRIG180, KRIG30, RE- 
MLCON, REMLCAT, REMLFULL) per- 
formed best as predictors of the 1992-93 data, 
evidenced by relatively high coefficients of de- 
termination, low MEs (Table 1), and unbiased 

predictions (Fig. 1). Parameter estimates for the 

nugget, sill, and range derived from the 
KRIG180 (Fig. 1) and REML models (Co = 74, 
Co + C = 189, and A0 = 665 m) were relatively 
similar. By contrast, all 5 models performed 
poorly as predictors of 1994 and 1995 data. For 
1994 data, models accounted for -6% of vari- 
ation in observation rates (Table 1) and consis- 

tently underpredicted observation rates (Fig. 1). 
Predicted observation rates for 1995 data 
showed consistently high MEs (>20%; Table 1), 
and all models overpredicted probabilities of 

high value and underpredicted probabilities of 
low value (Fig. 1). Observation rates for 1994 
were only weakly correlated with rates for 
1992-93 and 1995 (Table 2), which further ex- 

plained poor performance of models with 1994 
data. Weak correlations between observation 
rates for 1995 with 1992-93 data (Table 2) also 
agreed with the reduced performance of the 
models with 1995 data. 

Thus, these results indicated separate correc- 
tion models were needed for the 1994 and 1995 
datasets. In general, the KRIG180 model built 
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Table 1. Performance of 5 spatial models used to predict ob- 
servation rate (successful locations obtained/total locations at- 
tempted) in pixels with a minimum of 20 location attempts of 
radiocollared cattle, mule deer, or elk for 3 periods, via a LO- 
RAN-C automated telemetry system, Starkey Experimental 
Forest and Range, northeast Oregon.a 

Pixels Model 
Period Model (n) r2 MEb 

1992-93 REMLFULL 2,371 0.39 10.16 
REMLCON 2,371 0.38 10.23 
REMLCAT 2,371 0.37 10.33 
KRIG180 2,410 0.55 8.99 
KRIG30 26,151 0.59 8.20 

1994 REMLFULL 2,593 0.03 12.44 
REMLCON 2,593 0.03 12.37 
REMLCAT 2,593 0.02 12.33 
KRIG180 2,726 0.03 12.39 
KRIG30 29,848 0.06 19.92 

1995 REMLFU LL 1,852 0.12 19.92 
REMLCON 1,852 0.13 19.85 
REMLCAT 1,852 0.11 20.00 
KRIG180 1,924 0.09 19.93 
KRIG30 23,313 0.10 21.94 

Models built with data from 1992-93, as described in text. 
o Mean error is defined as the square root of the mean squared error 

of predicted minus observed observation rate. 

with 1992-93 data had higher or equal r2 values 
and lower MEs compared to other models (Ta- 
ble 1, Fig. 1) and required the fewest parame- 
ters to make predictions. Hence, the KRIG180 
modeling procedure was applied to 1994 and 
1995 data to obtain a correction for these pe- 
riods (Fig. 2). Development of separate models 
for 1994 and 1995 increased r2 values from 0.03 
to 0.54 for 1994, and from 0.09 to 0.57 for 1995 

(using a minimum of 20 location attempts/pix- 
el). The ME also declined from 12.39 to <6% 
for 1994, and from 19.93 to <8% for 1995. 
Most importantly, the new KRIG180 models 
neither under- nor overpredicted the probabil- 
ity of obtaining an acceptable location for the 
1994 and 1995 data (Fig. 2). 

Predicted observation rates from the 
KRIG180 model illustrate spatial correlations 
within the project area (Figs. 3A-C), as well as 
their divergence among periods (cf. Figs. 3A, 
C) and the lack of consistent pattern with to- 

pographic features within the study area (e.g., 

1992-93 MODELS 
REMLFULL REMLCON REMLCAT KRIG180 KRIG30 
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Fig. 1. Predicted observation rate of radiocollared cattle, mule deer, and elk for 5 spatial models, each built with data from 
1992-93, in relation to prediction error for 1992-93, 1994, and 1995, via a LORAN-C automated telemetry system, Starkey 
Experimental Forest and Range, northeast Oregon. 



964 RADIOTELEMETRY OBSERVATION RATE *Johnson et al. J. Wildl. Manage. 62(3):1998 

Table 2. Correlation of observation rate of radiocollared cattle, mule deer, and elk for 3 periods in which animals were monitored 
via a LORAN-C automated telemetry system, Starkey Experimental Forest and Range, northeast Oregon. 

Period 

1992-93 vs. 1994 1992-93 vs. 1995 1994 vs. 1995 
Minimum location 
attempts per pixel r n, P r n P r nI P 

20 0.17 2,208 0.0001 0.27 1,626 0.0001 0.20 1,824 0.0001 
40 0.22 1,331 0.0001 0.30 718 0.0001 0.23 824 0.0001 
60 0.18 761 0.0001 0.34 320 0.0001 0.24 350 0.0001 
80 0.23 448 0.0001 0.42 133 0.0001 0.26 150 0.0014 

" Number of 180-m pixels that met the criterion for minimum number of locations attempts per pixel. 

Fig. 3D). The r2 values from the semivario- 
grams for the 3 KRIG180 models (Figs. 4A-C) 
were >0.98. Standardized parameter estimates 
of these semivariograms indicated random vari- 
ance (nugget or Co) accounted for 47-53% of 
the variance, and structural variance (C) ac- 
counted for an additional 38-45% of the total 
variation observed (Figs. 4A-C). The range var- 
ied from 999 to 1,473 m for standardized pa- 
rameter estimates. 

When we applied the correction for obser- 

vation rate from 1992-93 to our hypothetical set 
of animal locations at Starkey, changes were de- 
tected in animal use among the 4 habitat types. 
Initially, each pixel was populated with 1 obser- 
vation; thus, observed habitat use was 1.0 for 
each pixel within a habitat type. After applying 
the appropriate observation rate to each pixel 
(f = 0.55 for grasslands, 0.55 for open canopy, 
0.50 for closed canopy, 0.49 for riparian habitat 

types), the estimated animal use differed among 
habitat types by as much as 12%, and varied 

KRIG180 MODELS 

m 1992-93 Model 1994 Model 
60 60 

40 40 

0 20 20 - -D 

-20 -20- M 
Z -40 -40 

iO 60 20 40 60 80 100 0 20 40 60 80 100 0 
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Z > 1992-93 Model 1995 Model 0 
W- 60 60 -I 

Q40 40 
0 20 20(D 

n 
J 

I ( D 

-20 -20 

-40 -40 

U -60 -60 z 60 20 40 60 80 100 0 20 40 60 80 100 

PREDICTED OBSERVATION RATE (%) 
Fig. 2. Comparison of prediction errors of the KRIG180 models for 1994 period with the model built from 1994 data and 1995 
period with the model built from 1995 data, versus the 1992-93 KRIG180 model that was initially used to predict the observation 
rate of successfully located radiocollared cattle, mule deer, and elk with a LORAN-C automated telemetry system, Starkey 
Experimental Forest and Range, northeast Oregon. 
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A B 

C D c D 

I it 

w................... ,..- 

Fig. 3. Predicted spatial pattern of observation rate for cattle, 
mule deer, and elk locations determined from a LORAN-C au- 
tomated telemetry system from 1992-93 (A), 1994 (B), and 
1995 (C), and topographic features (D) at the Starkey Exper- 
imental Forest and Range (Starkey), northeast Oregon. Pre- 
dicted values were determined from the spatial variance of the 
exponential isotropic semivariogram for 1992-93, 1994, and 
1995; the KRIG180 model, and kriged estimates were at 180- 
m pixel scale. Starkey is 101.02 km2. The north-south distance 
is approximately 14.1 km, and the east-west distance is ap- 
proximately 9.8 km. The 4 gray-scale colors in A, B, and C, 
from light to dark, correspond to observation rates of >70%, 
60-70%, 50-60%, and <50%. 

from 1.8-2.1 animal locations/pixel in each hab- 
itat type. 

DISCUSSION 
Observation rate bias is potentially a more se- 

rious problem than location error in assessment 
of habitat selection. While location error lowers 
the power of statistical tests of habitat selection 
(White and Garrott 1990), observation rate bias, 
if uncorrected, could also lead to erroneous 
conclusions about habitat selection. Spatial vari- 
ation in observation rate can lead to undersam- 

pling specific habitats relative to others and re- 
sult in potentially biased spatial distributions 
and incorrectly measured habitat selection. Our 

1 A 
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- 
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Fig. 4. Standardized variograms (semivariance/sample vari- 
ance) of observation rate of radiotelemetry locations for cattle, 
mule deer, and elk in relation to the spatial distance (mean 
separation distance) between locations during 1992-93 (A), 
1994 (B), and 1995 (C), via a LORAN-C automated telemetry 
system, Starkey Experimental Forest and Range, northeast 
Oregon. Spatial correlation was best described by the expo- 
nential isotropic model, S(h) = Co + C[1 - exp(-h/Ao)], 
where S(h) = semivariance at lag interval h, h = lag interval 
or mean separation distance, Co = nugget variance, C = struc- 
tural variance >Co, and A, = range parameter. Least squares 
fit of each model is shown by the e value. Observation rate 
was summarized by a 180- x 180-m pixel size. Values in pa- 
rentheses are nonstandardized estimates of Co and Co + C. 

results demonstrate nonrandom spatial variation 
in observation rate for the LORAN-C ATS at 

Starkey. 
Detecting and characterizing spatial variation 

patterns are a prerequisite to analysis and in- 

terpretation of location data to assess habitat se- 
lection from an ATS. Our analyses demonstrate 
the utility of semivariograms to assess this spa- 
tial variation. Semivariograms explicitly measure 
the strength of spatial correlation and are useful 
for a variety of modeling applications (Isaaks 
and Srivastava 1989). They require few param- 
eters and are generally easily calculated, either 

explicitly or as components of larger linear 
models such as the REML procedure. 

The magnitude of spatial bias in the obser- 
vation rate determines how well predictive 
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models must perform to correct the bias. In our 

example, application of the correction changed 
the ratios of habitat use/availability, but the 
overall effect was relatively small. Most varia- 
tion in the probability of obtaining a good lo- 
cation in the Starkey ATS was random. We be- 
lieve this variation explains why our models had 

high MEs and accounted for 545% of the vari- 
ation in the probability of obtaining an accept- 
able location based on the semivariograms. 

Model performance was reduced due to the 
need to pool data across animals, TP, and years 
(1992, 1993) to obtain a sufficient number 
(>18) of location attempts per pixel. Also, the 
90% confidence interval for location error of 
the telemetry system was approximately the 
same size as the 180-m pixel used in the final 
model corrections. Location error may have re- 
sulted in some TP being deleted from analysis 
because of our screening criteria of <200-m 
movement from the mean locations. Conse- 

quently, variation in observation rate due to 
these factors was diluted or eliminated to obtain 
sufficient sample sizes to estimate observation 
rates. Thus, even with ATS, small sample size 
can be problematic. Moreover, given the topo- 
graphic and vegetation diversity at Starkey, the 

logistics of monitoring a sufficient number of 

stationary radiocollars to build robust predictive 
models becomes infeasible. In more homoge- 
neous habitats or where observation rate is 

strongly correlated with a single variable (e.g., 
canopy cover) such as with GPS-based ATS 
(Rumble and Lindzey 1997), use of stationary 
radiocollars may be a satisfactory method to 
evaluate spatial variation in observation rate. 
However, Rempel et al. (1995) recognized the 

difficulty in applying observation rates calculat- 
ed from fixed sites to habitat selection analysis 
of free-ranging animals, and Moen et al. (1996) 
found that radiocollar orientation due to animal 
behavior affected observation rate. At Starkey, 
inclusion of environmental variables as covar- 
iates in the analysis (REML models) did not 

improve model performance, as indicated by 
the similar MEs of the REML and KRIG180 
models, because the observation rates we ob- 
served were not consistently related to environ- 
mental variables throughout the project area. 
Lack of improvement between the REML and 
KRIG180 models is not surprising, because re- 
ception and transmission of radio signals are a 
complex phenomena affected by local topogra- 
phy and perhaps forest vegetation. 

Differences in observation rate among peri- 
ods (years), as shown here, also demonstrate the 
need to monitor temporal changes in observa- 
tion rate. We believe observation rate differed 

by period because of small changes that poten- 
tially occurred in hardware in our ATS following 
lightning damage in early 1994, and adjust- 
ments made in hardware configuration and soft- 
ware to improve performance in early 1995. If 
we did not monitor observation rate before and 
after these events, apparent changes in obser- 
vation rate may not have been detected. 

We know of only a few other studies (Rempel 
et al. 1995, Moen et al. 1996, Rodgers et al. 
1996, Rumble and Lindzey 1997) in which po- 
tential biases in observation rate, as identified 
here, have been addressed. This problem could 
be acute for any study that uses a telemetry sys- 
tem, either conventional or automated, to assess 
habitat selection. Compared to the extensive fo- 
cus on location error associated with use of con- 
ventional telemetry (e.g., White and Garrott 
1990, Samuel and Kenow 1992, Saltz 1994), the 

problem of undersampling animals under cer- 
tain spatial or environmental conditions has 
been largely ignored. Our results suggest bias 
in observation rate is a potential oversight of 

past uses of conventional telemetry. 
In conclusion, detection and correction of 

observation rate bias must be attempted before 
automated and conventional telemetry systems 
are used to assess habitat selection. Methods of 
detection and correction should be spatially ex- 

plicit and include construction and validation of 
a series of competing models that provide an 

appropriate level of correction. A perfect cor- 
rection is not likely, and most corrections will 
be conservative. Methods outlined here provide 
1 example of an approach to build a reliable 
correction model for an ATS. 
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