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Abstract. Global positioning system (GPS) technology has increased the accuracy and
efficiency in recording animal locations and has provided data used to parameterize move-
ment models. Although numerous studies have investigated the quality and accuracy of
location data associated with different brands of GPS collars, none of these studies has
investigated the influence of measurement error on the parameters used to create movement
models. We used Monte Carlo simulation to quantify the measurement error for estimates
of turning angle and step length as a function of distance between consecutive locations.
We show that estimates of turning angle and step length are accurate only when the distance
between two locations is large relative to the measurement error. Estimates of turning angle
are particularly susceptible to error for short step lengths. The consequences of choosing
poor data-collecting schedules are discussed, and suggestions for designing appropriate
data-collecting schedules are provided.
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ment models; spatial accuracy; step length; turning angle.

INTRODUCTION

GPS collars have become an important tool for many
ecologists and managers because they provide peri-
odically collected, spatial data about the location of an
individual. These locations are routinely linked through
time series to distributions of step lengths and turning
angles, which are subsequently used to create move-
ment models (Turchin 1998) and to describe movement
(i.e., foraging) behavior (Weimerskirch et al. 2002).
Movement models have been used to investigate habitat
selection (Johnson et al. 2002b), dispersal (Gardner and
Gustafson 2004), and the effects of landscape hetero-
geneity (Dyer et al. 2002, Johnson et al. 2002a, Gardner
and Gustafson 2004). Data quality and accuracy be-
come important as many of these models, spatially ex-
plicit population models (SEPMs) and individual-based
movement models (IBMMs), in particular, are used to
describe animal movements for long periods of time
and for many individuals, over which error propagation
can lead to misleading results and conclusions (Mooij
and Deangelis 1999).

In an effort to better understand the quality of GPS
collar data, some studies have investigated the fix rate
(the number of recorded locations vs. the number of
attempted recorded locations) and measurement error
(the difference in recorded location and actual location
of the organisms) under various conditions (White and
Garrott 1986, Nams 1989, Rempel et al. 1995, Moen
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et al. 1997, Rempel and Rodgers 1997, Dussault et al.
2001, D’eon et al. 2002, Di Orio et al. 2003). However,
few studies have explored the effect of measurement
error on inferences concerning habitat selection (Rettie
and McLoughlin 1999, Frair et al. 2004), and no stud-
ies, to our knowledge, have investigated the influence
of measurement error as it relates to parameterization
for movement models.

Hereto we use Monte Carlo simulation to demon-
strate the influence of measurement error and relative
distance between locations on the estimation of turning
angles and step lengths. We also discuss experimental
design strategies to improve the accuracy of turning
angle and step length estimates for future movement
modeling endeavors. The influence of measurement er-
ror to specific movement modeling approaches is be-
yond the scope of this communication, but future di-
rections will be discussed.

METHODS AND RESULTS

The influence of fix rate on movement
parameter estimates

Although the importance of a good fix rate has been
discussed elsewhere (Frair et al. 2004), it is important
to consider the influence of fix rate in the estimation
of movement parameters. It takes one point to identify
the location of an animal. It takes two consecutive
points to estimate a distance and movement rate (Fig.
1), and it takes three consecutive points to estimate a
turning angle (Fig. 2). If we assume that the probability
of a fix at any given point is independent and identically
distributed (i.i.d.) with probability P, then an estimate
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FIG. 1. The geometrical calculation for step
length between two points. L is the actual step
length known for purposes of simulation, and
the circles represent bivariate normal distribu-
tion at three standard deviations. L̂ is the esti-
mate of L calculated using Euclidian distance
for a pair of simulated locations.

FIG. 2. The geometrical calculation for turn-
ing angle between three locations ( p1, p2, and
p3) where AW is the vector between point 2 and
point 1, and BW is the vector between point 2 and
point 3. The estimated turning angle (ue) is cal-
culated from Eq. 3.

of fix rate influence for a single point is simply the
probability of a fix. Although in reality this assumption
does not hold (Frair et al. 2004), we treat the i.i.d.
assumption as a useful fiction to demonstrate the im-
portance of fix rate on model parameterization. Cal-
culating the probability of getting an estimate of step
length requires two consecutive points. This implies
that the probability of recording a step length is Psl 5
P2, and the probability of recording a turning angle is
Pu 5 P3 (Table 1). P, Psl, and Pu are the joint probability
of acquiring a fix at one location, two consecutive lo-
cations, and three consecutive locations, respectively.
This formulation is presented simply to comment that
a relatively good fix rate (usually greater than P 5 0.8)
is required to get a reasonably large number of step
length (P2 5 0.64) and turning angle (P3 5 0.51) es-
timates.

Measurement error at a single location

The measurement error for a single location is well
documented for different GPS collars (Rempel and
Rodgers 1997, Adrados et al. 2002). Because GPS col-
lars record movement in two dimensions, we assume
that the measurement error for a single location (GPS
collar error) is approximately bivariate normal with no
correlation. A useful property of the standard deviation
is that it is in the same scale as distance (i.e., meters
or yards). Therefore it is possible to re-scale the dis-
tance between two points into units of error standard
deviations apart. For example, given an error standard
deviation of 10 m, two points that are separated by 50

m are 5 error standard deviations apart. Using this con-
struct, the conclusions drawn about the influence of
measurement error on movement parameters is appli-
cable as measurement error changes due to improved
technology or changes in selective availability.

Measurement error in step length estimates

Step length is defined as the distance between two
consecutively recorded GPS locations. To explore the
influence of measurement error on the estimate of step
length (L̂), we simulated 10 000 paired locations for
fixed step lengths (L) from 0 to 100 error standard
deviations at 0.1 error standard deviation intervals with
bivariate normal distributions of measurement error at
each point. For each simulated pair, the step length is
calculated using Euclidian distance (Eq. 1). Fig. 1 dem-
onstrates the geometric calculation of one estimated
step length relative to the known step length. Fig. 3
demonstrates the distribution of the estimated step
length (L̂) as a function of the known fixed step length
(L):

2 2L̂ 5 Ï(x 2 x ) 1 (y 2 y ) . (1)1 2 1 2

For relatively short (less than 0.5 error standard de-
viations) fixed step lengths, L̂ overestimates the true
step length (L). However, as fixed step length increases
in distance, the bias of the estimate decreases. At ex-
treme distances (greater than 100 error standard de-
viations), the proportional influence on the estimate of
step length is likely to be negligible. At step lengths
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TABLE 1. The probability of being able to estimate step
lengths and turning angles depends on consecutive points
and on the fix rate (P) of any given GPS collar.

Fix rate Psl Pu

0.95 0.903 0.857
0.9 0.810 0.729
0.8 0.640 0.512
0.7 0.490 0.343
0.6 0.360 0.216
0.5 0.250 0.125
0.4 0.160 0.064
0.3 0.090 0.027
0.2 0.040 0.008
0.1 0.010 0.001

Notes: Fix rate (P) is the number of recorded locations vs.
the number of attempted recorded locations; Psl is the prob-
ability of recording a step length; Pu is the probability of
recording a turning angle. Assuming that the fix for any lo-
cation is independent and identically distributed, the proba-
bility of being able to estimate movement parameters dimin-
ishes much faster for lower fix rates than the actual fix rate
for locations would imply.

FIG. 3. The distribution of estimated step lengths (L̂) as
a function of known step lengths. The solid line represents
the mean of the distribution, and the dashed lines demonstrate
1, 2, and 3 standard deviations. At short step lengths, the
expected value of the estimated step length is biased in the
positive direction. However, as the true step length (L) be-
comes larger, the influence of measurement error on the es-
timates of step length becomes proportionally smaller.

of less than 5 error standard deviations, it is difficult
to conclude if the animal has moved or not.

Measurement error in turning angle estimates

Turning angle is derived from three consecutive
points and is defined as the change in direction from
one vector of movement to the next. This process can
be visualized in Fig. 2. To explore the influence of
measurement error on the estimate of turning angle,
we simulated 10 000 triplets while systematically vary-
ing between point distances from 0.1 to 20 error stan-
dard deviations at 0.1 intervals for both step length one
(L1) and step length two (L2). For each triplet, a turning
angle is estimated. The turning angle for any two vec-
tors follows Eqs. 2 and 3. The true angle is fixed at
zero degrees, which does not influence the error angle
estimate:

W WAB
u 5 arccos (2)1 2\A\ \B\

180
û 5 180 2 (u). (3)e p

Here AW is the vector between point 2 and point 1, BW is
the vector between point 2 and point 3, \A\ 5 L̂1 is
the length of AW , and \B\ 5 L̂2 is the length of BW .

Estimates of the turning angle are particularly sen-
sitive to short step lengths relative to the measurement
error. If either step length (L1 or L2) is short, then the
spread of the associated error in the estimate is large.
For example, from Fig. 4, if L1 is short (0.5 error stan-
dard deviations), then irrespective of the length of L2,
errors in theta can regularly be off by 1608. That said,
two consecutive step lengths with moderate movement
(greater than 5 error standard deviations) regularly
demonstrate turning angels with less than 608 of error.
The result of this numerical simulation is that estimates

of turning angle are reliable only when consecutive
moderate-to-large step lengths have occurred.

DISCUSSION

Reliable estimates of step length and turning angle
depend first on having enough data to fit model param-
eter distributions. Moderate-to-low fix rates (P) may
be adequate for estimating home range or migration
patterns (Girard et al. 2002), but inadequate to param-
eterize movement models. Under the i.i.d. assumption,
distributions of step length and turning angle will be
affected by small sample size due to low fix rates.
However, as Frair et al. (2004) report, habitat type (spe-
cifically canopy cover) has an influence on fix rate.
This invalidates the i.i.d. assumption, and suggests that
the distribution of step lengths and turning angles may
be incomplete. The consequence of either low fix rate
or violation of the i.i.d. assumption is potentially an
incorrect inference using SEPMs and IBMMs, due to
incorrect distributions of model parameters.

As long as measurement error exists with GPS lo-
cation data, there will be error in the estimates of step
length and turning angle. However, our simulations
demonstrate that the influence of measurement error
decreases as the relative distance of the locations in-
creases. In order to minimize the error in calculating
step lengths and turning angles, we suggest that re-
searchers pay particular attention to the motility of the
organism they are studying and design a sampling
schedule that ensures sufficient movement over a fixed
period of time. Sufficient movement is relative to the
error in the GPS unit deployed. As an example, elk
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FIG. 4. Contour plot of LOESS-smoothed simulated data
of the third standard deviation of the estimated turning angle
(ue) calculated from a set first step length (L1) given on the
right y-axis and variable second step length (L2). Step lengths
(L1 and L2) are measured as standard deviations of the spatial
accuracy to the location. No distinction is made between left
or right turns, so the range of ue is set between 08 and 1808.

PLATE 1. Adult female elk (Cervus elaphus) outfitted with
a Telonics TGW3500 GPS collar as part of a small-scale
movement study. The collar was scheduled to record locations
on a four-day rotating schedule of 5- and 15-minute intervals,
and differentially corrected to minimize measurement error.
Photo credit: Maria G. Didkowsky.

move at a rate of ;2.5 m/min, thus moving ;150 m
in one hour (J. L. Frair, personal communication). Lo-
cations for these elk, equipped with collars that have
a measurement error of 6 20 m (at 1 SD) (D’eon et al.
2002), would be accurate when subsequent locations
are greater than 100–120 m apart. This would result in
a maximum temporal sampling resolution of approxi-
mately one hour. A sampling design recording locations
under one hour would introduce large amounts of mea-
surement error into the parameter estimates of step
length and turning angle.

The reduction of measurement error due to selective
availability and differential correction (Dussault et al.
2001, Adrados et al. 2002, D’eon et al. 2002) effec-
tively allows researchers to take locations (fixes) at
shorter intervals and to become more certain of the
estimates of step length and turning angle for the same
absolute distance between locations. Again using the
previous elk example, if collar locations have been dif-
ferentially corrected and the error is decreased (or the
accuracy increased) from 620 m to 62 m (at 1 SD),
the greatest temporal resolution (or shortest time be-
tween fixes) at which estimations of step length and
turning angles would be accurate for elk moving, on
average, 2.5 m/min, is ;4 min. This example dem-
onstrates the reliance of movement parameters on GPS
accuracy and calls into question the utility of GPS col-
lars for small-scale (relative to measurement error) eco-
logical studies (see Plate 1).

As the devices used to collect GPS data become min-
iaturized, application of movement modeling in natural
environments is sure to increase among a variety of

species. Today, application is not limited to large mam-
mals, but is being extended to many bird and reptile
species. Although the examples presented here em-
phasize elk, it should be recognized that measurement
error is a consequence of the GPS device and some-
times of the species being studied (Frair et al. 2004).
Further, the influence of measurement error should be
considered in studies where instrumentation is relied
upon to collect data or in observational studies (Staples
et al. 2004).

Although we have limited our analysis and discus-
sion to the influence of measurement error on move-
ment model parameterization (i.e., calculation of step
lengths and turning angles), subsequent simulation
studies investigating the effect of this error in various
movement models would be a beneficial exercise. In
particular, studies investigating the effect of measure-
ment error propagated through movement models to
inferences of habitat selection at multiple scales would
be useful.

The increasing availability of GPS collars and the
utility of the data for parameterizing spatially explicit
models ensures that GPS data will be used regularly
in the coming years to answer many ecological ques-
tions. We have shown that there is a relationship be-



C
o
m
m
u
ni

c
at

io
ns

810 CHRISTOPHER L. JERDE AND DARCY R. VISSCHER Ecological Applications
Vol. 15, No. 3

tween the distribution of estimates of movement pa-
rameters and the distance between subsequent locations
relative to the measurement error. Researchers should
consider the influence of measurement error when cal-
culating step lengths and turning angles. Appropriate
sampling design and increased accuracy through dif-
ferential correction allow the temporal and spatial scale
of the error to decrease but do not remove the error,
because it is related to the accuracy of the GPS unit.
Researchers using GPS data to investigate ecological
problems should consider the influence of measurement
error before conducting field studies.
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