
GPS Measurement Error Gives Rise to Spurious 180u
Turning Angles and Strong Directional Biases in Animal
Movement Data
Amy Hurford*

Centre for Mathematical Biology, Department of Biological Sciences, University of Alberta, Kingston, Ontario, Canada

Abstract

Background: Movement data are frequently collected using Global Positioning System (GPS) receivers, but recorded GPS
locations are subject to errors. While past studies have suggested methods to improve location accuracy, mechanistic
movement models utilize distributions of turning angles and directional biases and these data present a new challenge in
recognizing and reducing the effect of measurement error.

Methods: I collected locations from a stationary GPS collar, analyzed a probabilistic model and used Monte Carlo
simulations to understand how measurement error affects measured turning angles and directional biases.

Results: Results from each of the three methods were in complete agreement: measurement error gives rise to a systematic
bias where a stationary animal is most likely to be measured as turning 180u or moving towards a fixed point in space. These
spurious effects occur in GPS data when the measured distance between locations is ,20 meters.

Conclusions: Measurement error must be considered as a possible cause of 180u turning angles in GPS data. Consequences
of failing to account for measurement error are predicting overly tortuous movement, numerous returns to previously
visited locations, inaccurately predicting species range, core areas, and the frequency of crossing linear features. By
understanding the effect of GPS measurement error, ecologists are able to disregard false signals to more accurately design
conservation plans for endangered wildlife.
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Introduction

The number of animal movement studies that use data collected

by Global Positioning System (GPS) receivers and other forms of

radio telemetry has steadily increased in recent years. GPS data is

frequently used to parameterize movement models to understand

how small scale movement decisions give rise to larger scale

patterns; particularly as individual-based movement models [1] or

diffusion models [2]. Such mechanistic models can be used to

determine how changes in the biotic or abiotic environment will

affect the home ranges or geographic ranges of animals [3]. GPS

technology has been applied to a wide range of taxa including

mammals [4–6], reptiles [7,8], fish [9], and birds [10–12]. Animal

locations recovered from GPS receivers are subject to measure-

ment error that can bias the parameterization of movement

models [13–15] and give rise to patterns that could falsely be

interpreted as biological signals [14,16]. The implications of these

errors can be profound because many conservation plans for

endangered wildlife are based on habitat use patterns derived from

movement data [17].

Mechanistic movement models make assumptions concerning

an animal’s movement direction with reference to either internal

or external factors. The correlated random walk model [18] allows

for future movement direction to depend on past movement

directions (i.e. an internal factor). The Fokker-Planck equation

makes assumptions about an animal’s movement with reference to

an external bias point, i.e. the animal’s den. These models suggest

two important quantities that can be calculated from movement

data: turning angles and directional biases. A turning angle is the

difference in direction for two successive moves [19] (Figure 1A). A

directional bias is the difference between the direction of animal

movement and the direction of a hypothesized bias point [3]

(Figure 1B). A measured GPS receiver location may differ from the

true receiver location because of measurement error. This error in

measured location then affects measured turning angles and

directional biases (Figure 1). GPS data recovered from animals will

contain multiple observations of turning angles and directional

biases and can be summarized as a frequency histogram.

Most often animals will move in a straight line and movement

data will show a high frequency of 0u turning angles [19].
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Observations of 180u turning angles, indicating direction reversals,

are less reported although searching behaviors may be associated

with 180u turning angles. For example, in northern spotted owls

(Strix occidentalis caurina) 180u turning angles may represent long

distance exploratory forays ([19], Sec. 7.4), insects may show 180u
turning angles when searching for food [20] and butterflies

(Euphydryas anicia) may move with 180u turning angles when

moving within a habitat patch [21]. A high frequency of direction

reversals was reported for radio telemetry data from sedentary

woodland caribou (Rangifer tarandus) [22]. While animal behavior

may explain 180u turning angles, turning angles may be off by up

to 160u when an animal moves a small distance and the accuracy

of measured locations is poor [14]. In this paper, I will show that

spurious direction reversal can arise due to measurement error in

location.

There are a number of reasons why GPS locations are

inaccurate [23]. Position Dilution of Precision (PDOP) value and

fix status are proxies for the quality of GPS locations. Inaccurate

locations are more likely when PDOP values are large indicating

poor satellite geometry for triangulation between the GPS receiver

and three or more GPS satelittes. If only three satellite signals are

received, the GPS receiver will forego calculating its height [24]

leading to a less accurate location [25]. This is referred to as a 2-D

fix. Locations where all three spatial coordinates are estimated are

referred to as 3-D fixes. Accuracy of GPS locations is improved

using differential correction [24] which involves calibration of

measured locations using the measured location of a base station

relative to its true location. The accuracy of measured GPS

locations is often improved by removing locations with high

PDOP and/or 2-D fix status [25–29].

Previous studies provide some information on the effectiveness

of GPS location filtering methods, however, assessment of their

costs and benefits often assumes the research objective is to

accurately describe the animal’s movement path [25–27,30] and

not to accurately assess the distribution of measured turning

angles. While filtering methods to improve the accuracy of

measured locations may also improve the accuracy of measured

turning angles and/or directional biases, the best methods for each

will not be the same. Furthermore, different quantities, i.e. step

length (the distance between successive locations), are relevant to

assessing the quality of measured turning angles [15] but have little

relevance to location accuracy.

Currently, there is no discussion of 180u turning angles arising

in GPS data as a result of measurement error and consequently, it

is not known whether recorded 180u turning angles can be

attributed to animal behavior (i.e. searching) or not. This may lead

to poor decision making when assessing the spatial accuracy

necessary to address research questions relating to movement

angles and to false interpretation of 180u turning angles as a type

of searching or returning behavior.

In this manuscript, I use GPS data recovered from a gray wolf

(Canis lupus) as a motivating case study that illustrates the

prevalence of 180u turning angles in movement data. I

demonstrate this pattern is consistent with the pattern caused by

Figure 1. Location error can greatly affect (A) measured turning angles and (B) directional biases. The grey circles denote the probability
density of measured locations for a moving animal. These are centered around the animal’s true location. The solid black dots are measured locations.
(A) The animal’s true turning angle is zero, but the measured turning angle, t̂tt~ĥhtz1{ĥht, is approximately 45u. (B) The animal is moving towards the
trees (true directional bias is 0u), however, because of measurement error in the animal’s two measured locations the measured directional bias,
f̂ft~ĤHt{ĥht , is approximately 315u.
doi:10.1371/journal.pone.0005632.g001
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measurement error. I perform an experiment with a GPS collar

that was stationary. In this experiment, the true turning angle and

directional bias is undefined, however, in the presence of GPS

measurement error successive measured locations were not

identical and turning angles and directional biases could be

calculated. I derive a probabilistic model for a stationary GPS

receiver where I assume measurement error in location is a

random variable drawn from a bivariate Normal distribution. I use

several changes of variables to determine the probability density of

measured turning angles and directional biases. Finally, I perform

a computer simulation where receiver locations were simulated in

the presence of GPS measurement error and I determine the

relative frequency histogram of turning angles and directional

biases over a range of different step lengths.

Methods

Throughout this manuscript I denote measured values by the

presence of a hat (^) and the absence of a hat indicates a true

location, direction, or angle. Measured turning angles were

calculated as the difference in measured direction for two

successive moves,

t̂tt~ĥhtz1{ĥht, ð1Þ

where ĥht is the measured direction of movement at time t. The

measured directional bias is the difference between the measured

movement direction and the measured direction of the hypoth-

esized bias point,

f̂ft~ĤHt{ĥht, ð2Þ

where ĤHt is the measured direction of the bias point at time t.

1) Case study: wolf movement data
I collected GPS data every 15 minutes from a gray wolf in

northeastern Banff National Park and adjacent lands near Ya Ha

Tinda Ranch, Alberta, Canada, from January 2–February 20,

2004. The data was collected using a Lotek 3300 GPS collar

(Lotek Wireless Inc., Newmarket, Ontario, Canada). Elevation in

the study area ranges between approximately 1500 and 3500 me-

ters above sea level. Using these data, I calculated turning angles

and directional biases using Equations 1 and 2 where the

hypothesized bias point was assumed to be the centroid of the

recorded locations. Measured step length (the measured distance

between successive locations) was also calculated.

2) Stationary GPS collar experiment
I collected GPS locations every two hours from a stationary

Lotek 2200 GPS collar that was hung from a rope tied between

two iron stakes at a height of approximately 1 meter. The collar

was located near the top of a southwest facing slope in mixed open

conifer forest near Ya Ha Tinda, Alberta, Canada (605743 UTM

Easting, 5727638 UTM Northing, North American Datum 1983,

Zone 11) between March 30 and April 30, 2003. From the data

recovered, I calculated measured turning angles and directional

biases where the bias point was assumed to be the centroid of the

recorded 3-D fix locations. I used the V test [31] with a~0:05 to

test if the mean of the measured turning angles was 180u and if the

mean of the measured directional biases was 0u.
I used data from this experiment to estimate the distribution of

GPS measurement error. For each measured location, I calculated

the displacement between the true collar location (assumed to be

the centroid of the recorded 3-D fix locations) and the measured

location. The distributions of measurement error that I fit to the

stationary GPS collar data were the Normal distribution,

f rð Þ~ r

s2
e
{r2

s2 , ð3Þ

the Laplace distribution,

f rð Þ~ r

b2
e{r

b, ð4Þ

and the Bessel distribution,

f rð Þ~rr2K0 rrð Þ, ð5Þ

where K0
:ð Þ is the modified Bessel function of the second kind. For

each distribution f(r) is the probability of a measured location

observed at a Euclidean distance r from the true location. I

estimated the parameters s, b and r using maximum likelihood

and determined the probability density function that best

approximated the data by comparing the Akaike Information

Criteria (AIC) values of competing models [32,33].

3) Probabilistic model for a stationary GPS collar
I modeled measured GPS locations as an independent identically

distributed random variable drawn from a radially symmetric

bivariate Normal distribution centered at the receiver’s true

location. I selected the bivariate Normal distribution because it

was analytically tractable for this problem. I used several change of

variables to determine the distribution of measured turning angles.

An identical method is used in [34] to understand the relationship

between home range shapes on the angle and distance of successive

moves. Full details of this procedure are found in Text S1.

4) Stochastic computer simulation model for a moving
GPS collar

I used a stochastic simulation to determine the effect of step

length on the distribution of measured turning angles and

directional biases. I used error standard deviations as a measure

of displacement (described in [15]), by dividing the step length by

the standard deviation of the measurement error distribution to

produce a non-dimensional measure of displacement.

I defined true animal locations using the true turning angle and

the true step lengths. I assumed the animal’s true turning angle

was 0u and the true step length was the same on the first and

second move. I repeated the simulation for every true step length

from 0 to 1.35 error standard deviations by 6.761024 error

standard deviations.

I performed a Monte Carlo simulation where error was added

to the true animal locations. I assumed the distribution of

measurement error was the most parsimonious distribution from

2). I simulated measurement error using the inverse cumulative

method to draw measured displacements from the measurement

error distribution. This displacement was the displacement from

the receiver’s true location to the receiver’s measured location. I

determined the direction from the true location to the measured

location by randomly drawing an angle from a uniform

distribution on [0u, 360u). I simulated one hundred measured

turning angles for each true step length and performed the V test

[31] with a~0:05 to determine if the turning angles were

distributed unimodally with mean equal to the true turning angle

of 0u. I repeated this procedure for a true turning angle of 90u.

Spurious Turns in GPS Data
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For the directional bias computer simulations, I assumed a true

directional bias of ft~1800 and generated one hundred measured

directional biases for each step length from 0 to 1.35 error

standard deviations by 6.761024 and for M = 0.34 error standard

deviations where M is the true distance from the collar’s location to

the bias point. I repeated this procedure for a true directional bias

of 90u.
For stationary animals, I compared the results of 2), 3) and 4). I

determined the proportion of measured turning angles on each

15u interval from 0–360u for 2) and 4). I compared this to the

proportion of turning angles for the same 15u interval (by mid-

point approximation) for 3). These comparisons test the sensitivity

of the results to the assumptions made on the distribution of GPS

measurement error.

5) Filtering of GPS data
I removed GPS locations from the stationary collar data using

three of the filters suggested by [26]: removing locations with 1)

PDOP.5, 2) PDOP.2 and 3) 2-D fix status. I assessed the

accuracy of filtering methods by calculating the mean displace-

ment from the measured locations to the true location (defined as

the centroid of the 3-D fixes) and calculating the 50, 95, and 100

circular error probable (CEP; the radius of a circle that

incorporates the specified percentile of locations [27,28]). As in

[26], I log-transformed these displacements, calculated the mean

(or CEP) and then inverse transformed the results (see [31]). The

cost of each filtering method is reported as the percentage of data

removed or as the fraction of the original number of turning angles

and directional biases that can be calculated from the remaining

data. I also calculated the direction of the error in measured

location for each of the filtering methods and used the Raleigh test

[31] to test for a bias in the measured direction of the error. Of the

three filtering methods, I applied the filtering method that

provided the biggest improvement in accuracy with the least data

reduction to the GPS data recovered from the gray wolf.

I used the results of 4) to suggest a threshold value that could be

used to filter the wolf data using measured step lengths. I

determined the minimum true step length where the true turning

angle (0u) or directional bias (180u) was detected by the V test [31].

This is referred to as the true step length cutoff. I simulated 10000

measured step lengths where the true step length was assumed to

be the true step length cutoff and determined the value of the 50th,

75th and 95th percentiles of measured step lengths. I assumed the

displacement from the true receiver location to the measured

receiver location was a Bessel distribution with r= 0.2 to 0.5 by

0.05. The true turning angles and directional biases for this

simulation were set to 0u and 180u respectively as a worst case

scenario since these signals require the largest true step length to

be detected in the presence of error.

Results

Distribution of measurement error from the stationary
GPS collar

For the stationary GPS collar experiment, 421 locations were

recorded with a 96% fix rate. Removing locations with PDOP.2

(n = 227) or 2-D fix status (n = 233) yielded the most accurate

estimates of collar location but eliminated over 50% of the

measured locations and decreased the number of turning angles

that could be calculated by near 75% (Tables 1 and 2). Removing

locations with PDOP.5 (n = 32) was judged the best filtering

method as it improved accuracy with minimal loss of data (Tables 1

and 2). Results of the Raleigh test showed that the errors in

measured locations were not consistently in any particular

direction (Table 2). The centroid of 3-D fixes was 605743 UTM

Easting 5727638 UTM Northing.

The best-fit parameter estimates for each candidate GPS error

distribution were: Normal: s = 4.80, Laplace: b = 2.59 and Bessel:

r = 0.303 (Figure 2). All three distributions had only one

parameter and the AIC values were 4867.3, 4674.6 and 4671.1

respectively. The lowest AIC value was for the Bessel distribution.

The best-fit parameter estimate for the Bessel distribution implied

that one error standard deviation was 4.08 meters (see Text S1).

Case study: wolf movement data
I obtained 4513 locations with a 96% fix rate from the Lotek

3300 GPS collar attached to the gray wolf in the Ya Ha Tinda

area. I removed all locations with PDOP.5. This left 3786

locations corresponding to a fix rate of 80%. From these data, I

calculated 3210 turning angles and 3211 directional biases with

respect to the centroid of the recorded wolf locations (597372

UTM Easting, 5735289 UTM Northing). Measured locations

recovered from the gray wolf showed a high frequency of 180u

Table 1. Effect of PDOP filtering on location accuracy for the stationary collar data.

Location type Locations in group (%) Location error (m)

Mean (sd) 50% CEP 95% CEP 99% CEP 100% CEP

All 100 4.20 (0.87) 4.1 13.9 26.0 44.4

PDOP,6 92 4.10 (0.84) 3.8 10.3 13.4 38.8

PDOP,3 46 3.96 (0.80) 3.6 8.2 9.4 26.4

3-D 45 3.66 (0.84) 3.2 8.6 10.3 21.7

Mean and circular error probable (CEP) values were calculated for log-transformations of the displacement from the measured location to the true location. The
reported values have been back transformed.
doi:10.1371/journal.pone.0005632.t001

Table 2. Effect of PDOP filtering on percentage of turning
angles that can be calculated and direction of errors in
measured locations.

Location
type

Turning angles in
group (%) Direction of error (degrees)

Mean (sd) z-value p-value

All 100 129 (77) 0.89 .0.2

PDOP,6 94 42 (80) 0.02 .0.5

PDOP,3 25 140 (79) 0.29 .0.5

3-D 27 8 (79) 0.61 .0.5

doi:10.1371/journal.pone.0005632.t002
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turning angles (Figure 3A). However, most of these 180u turning

angles occurred when the wolf moved only a short distance

(Figure 3C). The distribution of directional biases from the gray

wolf data was approximately uniform (Figure 3B) and there was no

relationship between directional bias and step length (Figure 3D).

Retaining only the 3-D fixes (n = 3033) improved the accuracy of

locations but did not affect the distribution of measured turning

angles (Figure 3E). In contrast, retaining only measured step

lengths .20 meters (n = 1745; as is suggested by Table 3)

eliminated the pattern of 180u turning angles.

Measured turning angles and directional biases for
stationary animals

From the 421 measured locations recovered from the stationary

GPS collar experiment, I calculated 379 measured turning angles

and 380 measured directional biases. Using the V test, I

Figure 2. Estimating the distribution of measurement error from the stationary collar experiment. (A) GPS data collected from the
stationary Lotek 2200 GPS collar. Only locations with PDOP,6 were retained (n = 406). (B) The distance from each measured location to the centroid
was used to determine the best-fit distribution of GPS measurement error. Data is shown as the grey bars (in two meter intervals), the Bessel
distribution (r = 0.303) is shown as the solid line, the Laplace (b = 2.59) is the dash-dot line, and the Normal distribution (s = 4.80) is the dashed line.
(C) Frequency of directions from the centroid to the measured location. There is no consistent bias in the direction of location errors (Table 2).
doi:10.1371/journal.pone.0005632.g002
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Figure 3. GPS data collected from a gray wolf (Canis lupus). GPS data were collected every 15 minutes from wolf 77 near Ya Ha Tinda Ranch,
Alberta, from January 2–February 20, 2004. All locations with PDOP.5 were removed. (A) The histogram shows turning angles of 180u are most
frequent (n = 3210). (B) The histogram of measured directional biases where the fixed point in the environment is the centroid of the measured
locations (n = 3211). (C) The normalized relative frequency of turning angles as a function of step length is shown in grey scale with black indicating a
high relative frequency. The distribution is normalized for each measured step length to correct for different number of observations for measured
step lengths in the data. This panel shows the 180u turning angles occur mostly at short step lengths. These short step lengths are abundant in the
data, which is why there is a high frequency of 180u turning angles shown in (A). (D) The normalized relative frequency for directional biases as a
function of step length. The histogram of turning angles when only (E) 3-D fixes are retained (n = 3033) and (F) measured step lengths of .20 meters
are retained (n = 1745). Increasing the accuracy of measured locations by removing all 2-D fixes has no effect. Simulation results (Table 3) suggest for
measured step lengths ,20 meters the pattern of 180u turning angles may be due to measurement error. The pattern of 180u turning angles is not
present when only measured step lengths .20 meters are considered.
doi:10.1371/journal.pone.0005632.g003
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determined that the measured turning angle data were unimodal

with a mean turning angle of 180u (u = 8.67, p,0.0005) and the

directional biases data were unimodal with a mean equal to 0u
(u = 13.8, p,0.0005). The turning angle and directional bias data

from the stationary GPS collar experiment are shown as * in

Figure 4. I calculated that the probability density of measured

turning angles for a stationary animal and a bivariate normal

distribution of measurement error was,

h t̂ttð Þ~

24{3cost̂tt 2cost̂ttz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4{cos2t̂tt

p
pz2tan{1 {cost̂ttffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4{cos2 t̂tt

p
� �� �� �

4p cos2t̂tt{4ð Þ2

ð6Þ

(see Text S1 for full details). This probability density function has a

maximum at t̂tt~1800 (Figure 4, solid line). For a stationary

animal located at the bias point, I calculated that the probability

density of measured directional biases was,

h f̂ft

� �
~

16{4cosf̂ft 2cosf̂ft{

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2{cos2f̂ft

q
pz2tan{1 cosf̂ftffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2{cos2 f̂ft

p
� �� �� �

p 4cos2f̂ft{8
� �2

ð7Þ

(see Text S1 for full details). This probability density function has a

maximum at f̂ft~00 (Figure 4, solid line). I compared Equations 6

and 7 to the data from the stationary GPS collar experiment and

results for the Monte Carlo simulations for stationary animals

where I assumed both a Normal and Bessel distribution of

measurement error. The proportion of angles in each 15u interval

for the stationary GPS collar, the probabilistic model (Equations 6

and 7) and the computer simulations for stationary collars were in

close agreement (Figure 4).

Measured turning angles and directional biases for a
range of step lengths

At shorter step lengths the distribution of measured turning

angles was predominated by error with a strong signal of 180u
turning angles, but as step length increases the distribution

becomes unimodal with mean equal to the true turning angle

(Figure 5A). The minimum step length required to reject the

hypothesis that the mean of the measured turning angles was not

equal to 0u was 1.76 error standard deviations. This was affected

by the true turning angle and for a true turning angle of 90u the

minimum step length was 1.08 error standard deviations

(Figure 5B). The effect of step length on measured directional

bias was similar. When the true directional bias was 180u, a step

length of at least 1.74 error standard deviations was needed for the

true directional bias to stand apart from the error signal

(Figure 5C). For a true directional bias of 90u this minimum step

length was 0.51 error standard deviations (Figure 5D).

Tables 3 and 4 describe the minimum measured step length the

receiver moved so that the true tuning angle or directional bias

could be detected. For r= 0.3 there is a 95% chance that a

measured step length of 18.1 meters is observed when the true step

length is 1.62 error standard deviations (6.6 meters): the minimum

true step length needed to detect a true turning angle of 0u. To be

50% certain the true step length threshold is exceeded, a measured

step length of 9.9 meters is required. Similar results for a range of

r values and for directional biases are provided in Tables 3 and 4.

Discussion

I have shown that GPS measurement error will give rise to 180u
turning angles and strong directional biases in movement data

(Figure 4). This result appeared consistently in the stationary collar

experiment, the probabilistic model and the stochastic model. This

result alerts researchers to a false signal that could be

misinterpreted as animal behavior. I parameterized the distribu-

tion of measurement error from a stationary GPS collar and ran

simulations that suggested the spurious effects of measurement

error are unlikely to occur for measured step lengths .20 meters.

As evidence that spurious 180u turning angles may occur in animal

movement data, GPS data recovered for a gray wolf showed a

high frequency of 180u turning angles. This pattern may have

been caused by measurement error.

To understand intuitively why measurement error would give

rise to 180u turning angles, consider a stationary animal and a

symmetrical distribution of GPS measurement error with a global

maximum at the animal’s true location. Assume the distribution of

error monotonically decreases away from the maximum. Let the

animal’s location be denoted as (x̂xt, ŷyt). Recall that a turning angle

requires three successive locations and let (x̂xt, ŷyt) be the second of

the three. The most likely direction the animal was measured to

have come from must pass through the maximum of the

distribution of measurement error and is denoted as Q̂Qt{1

Table 3. Detection of the true turning angle.

r
True step length
cutoff (95% CI) Measured step length cutoff for various levels of certainty.

95% 75% 50%

Error sd meters Error sd meters Error sd meters

0.2 1.55 (1.29, 1.94) 4.41 27.3 2.60 16.1 1.70 10.5

0.25 1.58 (1.41, 1.82) 4.38 21.7 2.58 12.8 2.02 10.0

0.3 1.62 (1.45, 1.94) 4.39 18.1 2.59 10.7 2.42 9.9

0.35 1.61 (1.41, 1.98) 4.50 15.9 2.83 10.0 2.83 10.0

0.4 1.66 (1.41, 1.98) 4.49 13.9 3.23 10.0 3.23 10.0

0.45 1.62 (1.29, 1.94) 4.47 12.3 3.63 10.0 3.63 10.0

0.5 1.64 (1.21, 2.02) 4.52 11.2 4.04 10.0 4.04 10.0

doi:10.1371/journal.pone.0005632.t003

Spurious Turns in GPS Data
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(Figure 6A). The most likely direction the animal will be measured

to move to must also pass through the maximum and is denoted as

Q̂Qt (Figure 6B). Because Q̂Qt{1 points to the location that Q̂Qt

originates from, and because the distribution of GPS measurement

error does not move through time, Q̂Qt{1 and Q̂Qt must point in

exactly opposite directions. It follows that the most likely turning

angle Q̂Qt{Q̂Qt{1 must be 180u. A similar argument can be used to

explain why an animal located at the bias point that does not move

is most likely to have a measured directional bias of 0u.
This research draws attention to the types of results that are

signatures of measurement error. Tables 3 and 4 show that

spurious 180u turning angles for measured step lengths up to

20 meters may be caused by measurement error. The results in

Tables 3 and 4 are consistent with [15] who suggest that measured

step lengths of .5 error standard deviations are needed for

accurate estimates of measured turning angles.

The measured step length results for directional bias (Table 4)

are less robust since the true step length cutoffs were generated by

assuming the receiver was 0.34 error standard deviations

(5 meters) from the bias point. This is quite conservative and it

is likely that the extent to which spurious 0u directional biases are

seen is less than the measured step lengths reported in Table 4.

Another restrictive assumption is the use of the V test to detect the

true turning angle and directional bias. This tests that the sample

mean approximates the true mean and this does not imply the

distribution of measured turning angles is a good approximation of

the distribution of true turning angles. An accurate approximation

of the true distribution would require a longer measured step

length. The filtering method shown in Figure 3F removed all

measured step lengths ,20 meters. Another possible filtering

method is to weight turning angles according to the measured step

length. A similar approach was successfully used to resolve location

accuracy by weighting locations by the known accuracy of

different fix types [30]. Other possible improvements are to use

activity monitors to identify and remove periods of inactivity from

location data [35,36].

If researchers wish to improve the accuracy of measured turning

angle and directional bias distributions the best course of action is

to increase the accuracy of measured locations. These are well

documented: dense canopy cover, changes in elevation, atmo-

spheric conditions and poor satellite geometry will all reduce

location accuracy [13,23,27]. When the interval between GPS

measurements is longer, the animal is able to move further

between fixes, and more data can be retained [15,16]. Location

accuracy can be improved with differential correction [24], wide

[37] and local [23] area augmentation, or real time differential

GPS [23] that use carrier phase enhancement. However, following

the removal of selective availability in 2000 these types of

investments are less warranted [24] unless understanding fine

scale movements is necessary.

For parameterization of mechanistic movement models, the

objective is to accurately determine the distribution of turning

angles, directional biases or step lengths and not necessarily to

accurately resurrect the animal’s true location, movement path or

home range. This alters the performance of data filtering methods

because it alters how accuracy is improved relative to the cost of

data loss. Improving the accuracy of the measured turning angles

and directional biases depends on the accuracy of measured

locations relative to the distance that the collar moves between

locations. This is complicated by the relationship between location

accuracy and measured step length, since measured step lengths

overestimate true step lengths and more so when location accuracy

is poor [15].

The costs of removing a single location from the data are higher

when turning angles are considered. Calculating a turning angle

requires three successive locations and calculating a directional

bias requires two successive locations. Filtering out locations can

dramatically reduce the number of turning angles or directional

Figure 4. Distributions of measured (A) turning angles and (B) directional biases for stationary animals. The proportion of measured (A)
turning angles and (B) directional biases for each 15u interval from 0u to 360u for the stationary collar data (*, n = 406), the probabilistic models
(Equations 6 and 7, solid line), and computer simulations with Normal (s = 4.80, #) and Bessel (r = 0.303, D) with M = 0 where 100,000 measured
turning angles and directional biases were generated.
doi:10.1371/journal.pone.0005632.g004
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biases that can be calculated, in much the same way as a decreased

fixed rate [15]. As a further consideration, errors in measured

location are uniform (but see [38,39]) while errors in measured

turning angles and directional biases are systematic.

The differences between location accuracy and turning angle

accuracy are discussed to point out that studies reporting turning

angles and directional biases cannot cite CEP and other measures

of location accuracy to justify claims that measurement error does

not affect their results. Previous studies report the effect of location

error on other descriptors of animal movement: fractal dimension

[14], linear feature use [32] and resource selection [40,41].

Bootstrapping, where errors in measured locations are simulated,

is a simple method to resolve the accuracy of descriptive statistics.

For individual-based simulations, measurement error could be

added to the recorded GPS locations, the distributions of

measured turning angles and directional biases are recalculated

and animal movement then simulated. Even if GPS locations are

quite accurate the importance of such a procedure should not be

overlooked due to the profound effect that measurement error can

have on turning angle accuracy.

From the data collected from the gray wolf, I cannot conclude

that the 180u turning angles (Figure 2) are behavioral because

Figure 5. The effect of step length on turning angle and directional bias distributions. The solid line shows the minimum true step length
for which the true turning angle or directional bias could be detected. (A) The distribution of measured turning angles where the true turning angle
was 0u. Dark colors show more frequent observations. The solid line at 1.76 error standard derivations shows the minimum step length where the null
hypothesis that the mean of the measured distribution of turning angles was not equal to the true turning angle was rejected using the V test. For
the distribution of measurement error used in this simulation, this corresponds to 7.2 meters. (B) The true turning angle is 90u. The solid line at 1.08
error standard deviations is the minimum true step length where the true turning angles could be detected. This corresponds to 4.4 meters. (C) The
distribution of directional biases where the true directional bias was 180u. The minimum error standard deviation where the true directional bias
could be detected was 1.74. This corresponds to 7.1 meters. (D) The true directional bias was 90u and the minimum error standard deviation where
the true directional bias could be detected was 0.51. This corresponds to 2.1 meters. For all simulations step lengths from 0 to 1.35 error standard
deviations by 6.761024 error standard deviations were simulated. For each step length one hundred turning angles were generated. The distance
from the true location to the measured location was modeled as a Bessel distribution with r= 0.303.
doi:10.1371/journal.pone.0005632.g005
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measurement error remains a likely cause. The systematic bias in

measured turning angles also suggests that measurement error will

produce movement with two distinct modes: 1) short step lengths

with spurious 180u turning angles and 2) longer step lengths where

the measured turning angles reflect the true turning angles. It is

important to note that the appearance of such modes is not

necessarily behavioral and could be driven by measurement error.

For example, these two modes will appear if an animal moves in a

straight line at a speed that is a random variable drawn form a

uniform distribution. In this case the appearance to two different

types of movement is spurious. To properly affirm the existence of

two distinct behavioral modes the use of activity sensors [35,36]

are suggested.

GPS measurement error can have significant consequences for

conservation biology because GPS data are widely used to design

conservation plans. A possible consequence is that studies failing to

consider measurement error may detect directed movement

towards a fixed point in space when no directed movement exists.

The high frequency of 180u turning angles at short step lengths is

relevant to studies that identify movement states from measured

turning angles and step lengths (e.g., [42,43]). For individual-based

simulation models, if the spurious effects of measurement error are

Table 4. Detection of the true directional biases.

r
True step length
cutoff (95% CI) Measured step length cutoff for various levels of certainty.

95% 75% 50%

Error sd meters Error sd meters Error sd meters

0.2 2.36 (1.78, 3.39) 4.36 27.0 2.58 16.0 1.62 10.0

0.25 1.88 (1.41, 2.42) 4.44 22.0 2.63 13.0 1.62 8.0

0.3 1.56 (1.21, 2.18) 4.36 18.0 2.67 11.0 1.70 7.0

0.35 1.38 (0.85, 1.98) 4.24 15.0 2.54 9.0 1.70 6.0

0.4 1.25 (0.97, 1.62) 4.52 14.0 2.58 8.0 1.62 5.0

0.45 1.14 (0.73, 1.45) 4.36 12.0 2.54 7.0 1.82 5.0

0.5 1.08 (0.81, 1.62) 4.54 11.2 2.42 6.0 1.62 4.0

doi:10.1371/journal.pone.0005632.t004

Figure 6. Intuitive explanation. For a stationary animal, the distribution of GPS error is centered at the same point for all time. The probability
density of measured animal locations is shown in grey scale where darker shades represent higher probabilities. (A) For an animal measured at (x̂xt, ŷyt)
the probability the animal was measured to have come from the direction ĥht{1 is the sum of the probabilities for all measured locations with a
direction of ĥht{1 . Let the most likely direction the animal is measured to come from be Q̂Qt{1 . Note that Q̂Qt{1 is the direction of a vector that
terminates at (x̂xt, ŷyt) and travels through the maximum of the GPS error probability density function. (B) Using similar logic, the animal is most likely
to be measured to move away from (x̂xt, ŷyt) in the direction Q̂Qt . Note that Q̂Qt is the direction of a vector that originates at (x̂xt, ŷyt) and travels through
the maximum of the GPS error distribution. Turning angles are measured as t̂tt~ĥhtz1{ĥht . Therefore, the most likely measured turning angle is
Q̂Qt{Q̂Qt{1~1800 because Q̂Qt and Q̂Qt{1 point in exactly opposite directions.
doi:10.1371/journal.pone.0005632.g006
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not removed from turning angle distributions, movement paths

will overestimate the frequency that animals return to previously

visited locations and predict overly tortuous movement. Previous

studies have found more tortuous movement on smaller spatial

scales [10,44] when measured step lengths are smallest relative to

the variance of the distribution of GPS measurement error. A

possible consequence of over predicting the tortuousity of

movement is that animals are predicted to cross linear features

more often than they actually do. For example, an accurate

understanding of the effects of linear features on animal movement

(e.g., effects of roads and seismic lines on Woodland caribou

(Rangifer tarandus), [45,46]) is essential for the sustainable manage-

ment of wildlands. Other effects of measurement error on

simulated animal movement are relative to the true animal

movement. For an animal moving in a straight line, failing to

remove measurement error has the effect of underestimating

species range, and overestimating the use of a core range area.

Core areas are often used in the delineation of protected areas

[47,48]; therefore, accurate estimation of these areas is essential for

delineating appropriate ecological boundaries.

The first stage of an analysis of movement data is to perform

error correction [49]. Unlike errors in measured locations,

measured turning angles are affected by a systematic bias. The

false biological signals observed by [14] and the dramatic drop off

in the inaccuracy of measured turning angles as a function of step

length [15] are probably caused by spurious 180u turning angles

(Figure 5). For the most part, movement of large mammals is not

biologically meaningful if the displacement between measured

locations is less than 20 meters (especially because the true

displacement is likely nearer to 9.9 meters; Tables 3 and 4).

Therefore, for most studies improving the accuracy of measured

locations is not particularly necessary, instead it is important to be

mindful of interpreting results only to the accuracy possible for the

equipment. One concern is that as technology advances GPS

receivers will be attached to smaller animals and it will be possible

to collect data with higher fix rates. Interpretation of data collected

under these scenarios will need to carefully consider the effects of

GPS measurement error. If there is any uncertainty as whether the

receiver being used is sufficiently accurate, an important message

from this work is to treat 180u turning angles with suspicion.

Supporting Information

Text S1 Mathematical calculations to determine the: 1) error

standard deviations for the Bessel distribution, 2) probability

density of measured turning angles and 3) probability density of

measured directional biases.

Found at: doi:10.1371/journal.pone.0005632.s001 (0.10 MB

PDF)

Acknowledgments

I thank M Hebblewhite for collecting the stationary GPS data, A Potapov

for assistance in solving the integrals in the Supplementary Material, H

McKenzie for the code to fit the GPS error distributions. I thank Andy

Solow, two anonymous reviewers, M Lewis, E Merrill, S Boutin, C

Cassidy-St Clair, C Jerde, E Noonburg, S Leroux, M Hebblewhite, J Frair,

H McKenzie, and E Hansen for helpful comments on this work.

Author Contributions

Analyzed the data: AH. Contributed reagents/materials/analysis tools:

AH. Wrote the paper: AH.

References

1. Turner MG, Wu YG, Romme WH, Wallace LL (1993) A landscape simulation-
model of winter foraging by large ungulates. Ecol Model 69: 163–184.

2. Holmes EE, Lewis MA, Banks JE, Viet RR (1994) Partial differential equations

in ecology: spatial interactions and population dynamics. Ecology 75: 17–29.

3. Moorcroft P, Lewis MA (2005) Home Range Patterns: Mechanistic Approaches
to the Analysis of Animal Movement. Princeton: Princeton University Press.

208 p.

4. Adrados C, Verheyden-Tixier H, Cargnelutti B, Pepin D, Janeau G (2003) GPS

approach to study fine-scale site use by wild red deer during active and inactive
behaviors. Wildl Soc Bull 31: 544–552.

5. Anderson CR, Lindzey FG (2003) Estimating cougar predation rates from GPS

location clusters. J of Wildl Manag 67: 307–316.

6. Bishop J, Last JD (1995) Global radionavigation and location systems for
tracking marine mammals. Int J Remote Sens 16: 1943–1956.

7. Iglay RB, Bowman JL, Nazdrowicz NH (2006) A comparison of two methods for

studying box turtle movements. Wildl Soc Bull 34: 208–210.

8. Yasuda T, Arai N (2005) Fine-scale tracking of marine turtles using GPS-Argos
PTTs. Zool Sci 22: 547–553.

9. Gudbjornsson S, Godo OR, Palsson AK (2004) Mini GPS fish tags contributing

to fisheries management. Sea Technol 45: 23.

10. Fritz H, Said S, Weimerskirch H (2003) Scale-dependent hierarchical

adjustments of movement patterns in a long-range foraging seabird. P R Soc B
270: 1143–1148.

11. Vyssotski AL, Serkov AN, Itskov PM, Dell’Omo G, Latanov AV, et al. (2006)

Miniature neurologgers for flying pigeons: Multichannel EEG and action and
field potentials in combination with GPS recording. J Neurophysiol 95:

1263–1273.

12. Weimerskirch H, Corre M, Ropert-Coudert Y, Kato A, Marsac F (2005) The

three-dimensional flight of red-footed boobies: adaptations to foraging in a
tropical environment. P R Soc B 272: 53–61.

13. Johnson C, Parker K, Heard D, Gillingham M (2002) Movement parameters of

ungulates and scale-specific responses to the environment. J Anim Ecol 71:
225–235.

14. Bradshaw CJA, Sims DW, Hays GC (2007) Scale-dependent threshold erosion

of biological signals in animal movement data. Ecol Appl 17: 628–638.

15. Jerde C, Visscher D (2005) GPS measurement error influences on movement
model parameterization. Ecol Appl 15: 806–810.

16. Ryan P, Petersen SL, Peters G, Gremillet D (2004) GPS tracking a marine

predator: the effects of precision, resolution and sampling rate on foraging tracks

of African penguins. Mar Biol 145: 215–223.

17. Rondinini C, Chiozza F, Boitani L (2006) High human density in the
irreplaceable sites for African vertebrates conservation. Biol Conserv 133:

358–363.

18. Patlak CS (1953) Random walk with persistence and external bias. B Math
Biophys 15: 311–338.

19. Turchin P (1998) Quantitative Analysis of Movement. Sunderland: Sinauer

Associates Inc. pp 396.

20. Karieva P, Odell G (1987) Swarms of predators exhibit ‘preytaxis’ if individual

predators use area restricted search. Am Nat 130: 233–270.

21. Turchin P (1991) Translating foraging movements in heterogeneous environ-
ments into the spatial distribution of foragers. Ecology 72: 1253–1266.

22. Bergman CM, Schaefer JA, Luttich SN (2000) Caribou movement as a

correlated random walk. Oecologia 123: 364–374.

23. Johnson C, Barton C (2004) Where in the world are my field plots? Using GPS

effectively in environmental field studies. Front Ecol Environ 2: 475–482.

24. Dussault C, Courtois R, Ouellet JP, Huot J (2001) Influence of satellite geometry
and differential correction on GPS location accuracy. Wildl Soc Bull 29(1):

171–179.

25. Moen R, Pastor J, Cohen Y (1997) Accuracy of GPS telemetry collar locations
with differential correction. J Wildl Manage 61: 530–539.

26. Lewis JS, Rachlow JL, Garton EO, Vierling LA (2007) Effect of habitat on GPS

collar performance: using data screening to reduce location error. J Appl Ecol
44: 663–671.

27. D’eon R, Delparte D (2005) Effects of radio-collar position and orientation on

GPS radio-collar performance, and the implications of PDOP in data screening.
J Appl Ecol 42: 383–388.

28. Moen R, Pastor J, Cohen Y, Schwartz CC (1996) Effects of moose movement

and habitat use on GPS collar performance. J Wildl Manage 60: 659–668.

29. Rempel RS, Rodgers AR, Abraham KF (1995) Performance of a GPS animal

location system under boreal forest canopy. J Wildl Manage 59: 543–551.

30. Jonsen ID, Flemming JM, Myers RA (2005) Robust state space modeling of
animal movement data. Ecology 86: 2874–2880.

31. Zar J (1998) Biostatistical Analysis 4 ed. Upper Saddle River: Prentice Hall. pp

929.

32. McKenzie HW, Jerde CL, Visscher DR, Merrill EH, Lewis MA (2008) Inferring

linear feature use in the presence of GPS measurement error. Environ Ecol

Stat;DOI: 10.1007/s10651-008-0095-7.

33. Burnham K, Anderson D (2002) Model selection and multimodel inference: A

practical infomation theoretic approach 2 ed. New York: Springer-Verlag.
496 p.

Spurious Turns in GPS Data

PLoS ONE | www.plosone.org 11 May 2009 | Volume 4 | Issue 5 | e5632



34. Solow A (1990) A note on the statistical properties of animal locations. J Math

Biol 29: 189–193.

35. Ganskopp DC, Johnson DD (2007) GPS error in studies addressing animal

movements and activities. Rangeland Ecol Manage 60: 350–358.
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