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Summary

1. The distance travelled by animals is an important ecological variable that links behaviour, ener-

getics and demography. It is usually measured by summing straight-line distances between intermit-

tently sampled locations along continuous animal movement paths. The extent to which this

approach underestimates travel distance remains a rarely addressed and unsolved problem, largely

because true movement paths are rarely, if ever, available for comparison. Here, we use simulated

movement paths parameterized with empirical movement data to study how estimates of distance

travelled are affected by sampling frequency.

2. We used a novel method to obtain fine-scale characteristics of animal movement from camera

trap videos for a set of tropical forest mammals and used these characteristics to generate detailed

movement paths.We then sampled these paths at different frequencies, simulating telemetry studies,

and quantified the accuracy of sampled travel distance estimation.

3. For our focal species, typical telemetry studies would underestimate distances travelled by 67–

93%, and extremely high sampling frequencies (several fixes per minute) would be required to get

tolerably accurate estimates. The form of the relationship between tortuosity, sample frequency,

and distance travelled was such that absolute distance cannot accurately be estimated by the infre-

quent samples used in typical tracking studies.

4. We conclude that the underestimation of distance travelled is a serious but underappreciated

problem. Currently, there is no reliable, widely applicable method to obtain approximately unbi-

ased estimates of distance travelled by animals. Further research on this problem is needed.

Key-words: Barro Colorado Island, camera traps, daily distance, day range, movement

models, radiotracking, random walk, telemetry, travel distance, tropical forest

Introduction

The distance that animals must travel to meet their daily nutri-

tional and reproductive needs affects demographic outcomes

through the net availability of energy for reproduction and sur-

vival and through exposure to predation (Morales et al. 2010).

Distance travelled thus forms a quantifiable mechanistic link

between behaviour and energetics as well as between abun-

dance and demographic processes (see for example Carbone,

Teacher & Rowcliffe 2007; Carbone, Pettorelli & Stephens

2011). Measurement of distance travelled inevitably relies on

intermittent location data, usually derived from telemetry or

visual tracking, and summing the straight-line distances

between locations to give total distance. Except in the unusual

case that the locations recorded are resting places with

straight-line movement between them, this approach underes-

timates true distance travelled because actual paths taken

between location fixes are not in fact straight. The more tortu-

ous a movement path is (that is, the more an animal turns

between fixes), and the lower the frequency of fixes, the greater

this underestimation will be. This presents a problem for

robust and comparable measurement of distance travelled, as

the outcome is a function not only of the actual distance, but

also of the animal’s turning behaviour and the scale at which

we observe its path.*Correspondence author: E-mail: marcus.rowcliffe@ioz.ac.uk
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This underestimation problem has long been recognised.

For example, Laundré et al. (1987) and Reynolds & Laundré

(1990) showed that distances travelled estimated from low

sampling frequenciesweremuchshorter than, anduncorrelated

with those based on higher sampling frequencies for several

mammal species, while Pépin et al. (2004) illustrated the

dependence of estimated distance travelled by red deer Cervus

elaphus on sampling frequency. In this study, we build on this

work by developing a novel methodological framework for

estimating true, scale-independent distance travelled by ani-

mals, and quantifying the effect of path sampling on apparent

distance moved. We define true or scale-independent distance

as that measured at a scale commensurate with scale of the ani-

mal’smoves (sensuTurchin 1998, p129). In practice, thismeans

measuring at roughly the same sampling frequency as the ani-

mal’s step rate, as in principle there can be no further tortuosity

of paths at a scale finer than this.

A great deal of research in movement ecology has been

devoted to understanding how the scale of observation

interacts with animal movement behaviour to determine

observed outcomes (Kareiva & Shigesada 1983; Turchin 1998;

Nouvellet, Bacon & Waxman 2009). Key strands of this

research include finding the right balance between over- and

undersampling to avoid spatial autocorrelation between

observations while minimising loss of potentially important

spatial information (Turchin 1998); more recent developments

in understanding two-dimensional space use that can deal with

non-independence and location error in observations, such as

Brownian bridge (Horne et al. 2007) and state space models

(Jonsen, Flemming & Myers 2005; Patterson et al. 2008);

definingmeasures of movement tortuosity (also termed sinuos-

ity) that are independent of the scale of observation (Bovet &

Benhamou 1988; Benhamou 2004); and the use of random

walkmodels to study animal movement, dispersal and popula-

tion redistribution (Codling, Plank&Benhamou 2008).

Among these approaches, only the last two touch on the

problem of how to measure distance travelled in a scale-inde-

pendent way. Specifically, this research provides equations

linking net straight-line displacement expected for given time

between observations and path tortuosity (Bovet &Benhamou

1988; Codling & Hill 2005). However, these equations are

largely based on relatively simple models whose assumptions

may not be satisfied inmost real world situations.Most impor-

tantly, they assume that the parameters defining animal veloc-

ity are constant over time, whereas in practice, animals

typically shift between slower, more tortuous and faster, more

direct movement in response to their environment and internal

state at multiple temporal and spatial scales (Morales & Elner

2002;Morales et al. 2004; Fryxell et al. 2008). This further lim-

its the applicability of current randomwalk theory to the prob-

lem of scale-independentmeasurement of distance travelled.

The only study that we are aware of that has explicitly

attempted to estimate a scale-independent total distance trav-

elled from intermittent fix data is that of Pépin et al. (2004),

who suggested subsampling positions from telemetry data at a

range of lower sampling frequencies, and fitting an asymptotic

curve to the relationship between apparent distance and

sampling frequency, with the estimated asymptote assumed to

represent true distance travelled. In practice, the hyperbolic

curve suggested in this study fits real data very poorly, giving

an asymptote substantially lower even than the apparent dis-

tance derived from the actual telemetry sampling frequency. In

the absence of a generally acceptedmethod for estimating true,

scale-independent distance travelled from intermittent fix data,

most empirical and comparative studies of distance travelled

do not deal with, or even acknowledge, this estimation

problem, casting doubt on the value of these estimates.

In this study, we used empirical fine-scale movement pat-

terns from a community of terrestrial mammals as the basis for

developing a general framework for understanding the impact

of sampling frequency on the apparent distance travelled. To

quantify apparent distance travelled for a given species and

sampling frequency, we used correlated random walk simula-

tions. We parameterised these simulations using data on the

movement speed and turning behaviour of animals recorded

by camera traps. On the basis of the patterns found, we eluci-

date how sampling frequency and path tortuosity interact to

determine the degree to which sampling locations along move-

ment paths underestimates true distance travelled. Finally, in

the light of these results, we evaluate the potential for a more

consistent, scale-independent approach for the measurement

of distance travelled in future.

Methods

FIELD METHODS

Empirical data on fine-scale movements of animals were derived from

camera traps that recorded videos of terrestrial animals walking

through the tropical moist forest of Barro Colorado Island, Panama.

Twenty camera traps (Rapidfire RC55; Reconyx Inc., Holmen WI,

USA) were deployed for 1 year, from February 2008 to February

2009 (Kays et al. 2011; Rowcliffe et al. 2011). The cameras were

placed at computer-generated random locations and were moved to

new random locations approximately every 8 days. The cameras were

triggered by passive infrared motion sensors and recorded a sequence

of consecutive digital images, using an infrared flash at night. Cam-

eras were mounted approximately 20 cm above-ground on small

trees, with the angle of view parallel to the overall slope of the ground

and unobstructed by vegetation and topographic relief. For every

motion trigger event, cameras recorded 10 low-resolution (1 mega

pixel) pictures at a frame rate of just under 1 s)1 and could immedi-

ately be triggered again without delay, producing short video clips of

animals moving in front of the camera. A total of 6312 trap-nights at

789 locations yielded 17 226 animal detections of 25 different verte-

brate species.

To obtain data on the movement patterns of animals, we examined

a subset of the image sequences in the field before removing the cam-

eras. We noted the position of the animal in each image relative to

nearby landmarks such as trees and rocks and traced this movement

path across the field of view with a measuring tape (Supporting infor-

mation). Estimates of total distance travelled using this method were

highly correlated with estimates made remotely through video image

analysis (Kays et al. 2011), and based on this and our experience of

the process, we believe that our estimates of the point locations in

movement path were accurate to within a few cm. This is much more

2 J. Marcus Rowcliffe et al.
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accurate than most GPS or VHF tracking location estimates, which

typically have 10–20 m error (Frair et al. 2010).

We measured the movement speed of animals from 2140 video

sequences by dividing the length of each animal’s path during the

sequence by the time between first and last images recording the ani-

mal. We measured the angle of each change in direction of travel

between consecutive images with a compass. We focused this analysis

on 10 core species for which we obtained at least 30 sequences (the

minimum for reasonably precise estimation) of at least three images

(the minimum within which a turn could be observed), a total of 1172

sequences, yielding 635 recorded turns. Sample sizes are summarised

in Table 1.

ESTIMATION OF MOVEMENT PARAMETERS

The goal here was to derive measures of movement behaviour that

can be used to parameterise a realistic simulation of fine-scale move-

ment (simulation methods below). Parameters to be estimated were

average speed and its variance, and three aspects of turning behaviour

were the following: (i) the probability of turning at each step; (ii) the

probability that successive turns are made to the same side (side

persistence); and (iii) the distribution of turn angles.

Speed observations were log-normally distributed, and we

therefore used this distribution to simulatemoves, requiring us to esti-

mate the mean and standard deviation of log speed. The appropriate

measure of average rate when the numerator is held constant is the

harmonicmean (Ferger 1931), which effectively controls for oversam-

pling of higher rates by weighting rates by their inverse. Furthermore,

this inverse weighting remains appropriate even if the numerators

vary, so long as they vary independently of the rates. In the case of

camera trap records, speed is observed within an arena of essentially

fixed size (the camera detection zone), and the numerator (distance

travelled) is thus indeed independent of the rate (speed). We therefore

estimate average log speed as its arithmetic mean weighted by inverse

speed and take the standard deviation of log speed to describe its

dispersion.

As change in movement behaviour over time is a pervasive charac-

teristic of animal movement (Fryxell et al. 2008), with important

consequences for path tortuosity, and hence for perceived distance

travelled (Turchin 1998), we also needed to characterise this change

in behaviour. On the basis that different movement behaviours are

likely to be characterised by shifts between slower, more tortuous and

faster, more direct movement patterns (Morales & Elner 2002;

Morales et al. 2004), we looked for correlations between speed and

each of the three elements of turning behaviour listed earlier. In the

case of turn probability, we used a binomial generalised linear model

(GLM), with dependent variable defined as the number of turns

observed given the total possible turns in each sequence (i.e. two less

than the number of images in the sequence). Probability of turning to

the same side in sequential turns was also modelled using a binomial

GLM for pairs of turns within sequences, with the dependent variable

defined as the number of turns made in the same direction as the pre-

vious turn given the total number of turn comparisons in each

sequence. For the purposes of describing simulations below, we

denote the probability of turning to the same side predicted by this

GLM s.

To quantify turn angle distribution, we fitted von Mises distribu-

tions (Mardia & Jupp 2000) to the absolute radian values of turn

angles obtained in the field. The choice of distribution was based on a

visual comparison of goodness of fit between von Mises, wrapped

Cauchy and wrapped normal distributions, which indicated very little

difference in functional forms for our data, but a marginal preference

for von Mises. Preliminary exploration of turn angles also indicated

fewer shallow turns than expected, giving a peak frequency at inter-

mediate turn angles.While it is possible that this is a genuine distribu-

tion of angles, with animals tending to avoid shallow turns, our

experience suggests that it is more likely due to a tendency for observ-

ers to miss shallow turns when attempting to trace paths on the

ground while looking at footage from oblique camera angles in the

field. To solve this problem, we used amixture model composed of an

underlying half von Mises distribution with location parameter 0 to

estimate the underlying distribution of absolute turn angles

(0 < a < p), with an exponentially declining probability of missing

turns of increasing angle. The probability of an observed angle p(a) is

thus given by:

pðaÞ ¼ ejcosðaÞ

pI0ðjÞ
ð1� e�aÞ eqn 1

where I0(x) is the zero-order modified Bessel function (Bowman

1958), e is a parameter defining the rate of increase in probability of

detecting an angle, and j defines the vonMises concentration param-

eter for the underlying distribution of angles. High values of j indi-

cate angles concentrated around 0, while j = 0 indicates a uniform

distribution of angles between 0� and 180�. The probability density of
an observed angle is given by:

fðaÞ ¼ pðaÞRp
a¼0

pðaÞda
eqn 2

Table 1. Sample sizes for movement parameters estimated for the 10 Panamanian forest mammal species with at least 30 sequences examined for

turns. Abbreviated common names given in brackets are used hereafter

Species

Sample sizes

Turn rate Turn angle Speed

Mouse unknown species (mouse) 39 15 42

Tome’s spiny rat Proechimys semispinosus (rat) 84 67 135

Red-tailed squirrel Sciurus granatensis (squirrel) 39 27 68

Central American agouti Dasyprocta punctata (agouti) 601 313 980

White-nosed coati Nasua narica (coati) 41 21 129

Nine-banded armadillo Dasypus novemcinctus (armadillo) 30 21 41

Paca Agouti paca (paca) 110 47 196

Ocelot Leopardus pardalis (ocelot) 48 24 93

Central American red brocket deer Mazama temama (brocket) 70 48 184

Collared peccary Tayassu tajacu (peccary) 110 52 272

Estimating animal travel distance 3
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and parameters j and e are estimated bymaximising the likelihood:

LðaÞ ¼
Y

fðaiÞ eqn 3

The parameters of both GLMs and the angle distribution model

were fitted as functions of speed and species in various combinations

and for the angle model either with or without failure to detect shal-

low angles (defined, respectively, by 0 < e < ¥ and e = ¥). Models

were compared using the Akaike Information Criterion (Akaike

1973) corrected for small sample size (AICc, Burnham & Anderson

2002).

The proportion of turns made that were in fact recorded was then

estimated as the area under the probability curve:

q ¼
Zp

0

pðaÞda eqn 4

Given the predicted probability of turning derived from the GLM,

u, which assumes that all turns are detected, a corrected estimate of

true turning probability,w, was given by:

w ¼ u

q
eqn 5

RANDOM WALK SIMULATION

The speed and turning parameters (probability, angle and side persis-

tence) obtained from camera trapping were used to parameterise a

correlated random walk model for each species, in which movement

paths were simulated through a series of short straight-line steps. We

used a step rate of 0Æ9 s per step (the average frame rate in the camera

data). For each species, we simulated a single continuous series of

88 000 steps, corresponding to 22 h of movement. We use a single

long sequence rather than shorter replicate sequences because we are

interested in defining the average outcome as precisely as possible,

not in variation between replicates, which is defined primarily by the

arbitrary length of sequence chosen. Assuming starting x,y co-ordi-

nates of 0,0, the position after the first step was given by:

x ¼ 0�9v sinðhÞ
y ¼ 0�9v cosðhÞ

eqn 6

where v is speed in m s)1 and h is direction of travel in radians, chosen
froma randomuniformdistribution between 0 and 2p. Positions after
subsequent steps were then given by:

xtþ1 ¼ xt þ 0�9vt sinðhtþ1Þ
ytþ1 ¼ yt þ 0�9vt cosðhtþ1Þ

eqn 7

where direction ht+1 is related to direction in the previous time step

by:

htþ1 ¼ ht þ
0 Ut<w
½at��at Ut>w;Ct<s
�½at��at Ut>w;Ct>s

8<
: eqn 8

Here, a are random turning angle deviates drawn from a half von

Mises distribution with location parameter 0 and concentration

parameter j, and [at)] is the side of the previous turn, assigned 1 for

right and )1 for left. F and C are standard random uniform deviates

defining, respectively, whether a turn is made (with respect to turn

probability parameter w), and if so whether it is to the same side as

the previous turn (with respect to side persistence parameter s). At

each step, v was drawn from an autocorrelated log-normal distribu-

tion, with sequential values given by:

vt ¼ exp �vþ r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� r2Þ

q Xt
s¼1

zsr
t�s þ z0r

t

 !
eqn 9

where �v and r are, respectively, the mean and standard deviation

of loge(v), z is a set of uncorrelated random normal deviates, and

r is the correlation coefficient between successive loge(v) values.

Autocorrelation was introduced to allow persistence of movement

behaviour over time, simulating shifts between periods of faster

and slower movement. Through correlation between speed and

turning parameters, this also allows for linked shifts in tortuosity

of movement.

Because we had no information on patterns of autocorrelation in

speed, we explored the sensitivity of results to a range of r values

between 0Æ9 and 0Æ9999, roughly corresponding to persistence of

movement patterns over several seconds to several hours (as judged

by how long it takes for the correlation to fall close to 0).While persis-

tence of behaviours may occur over longer timescales than this in

some cases (e.g. Fryxell et al. 2008), this study focused on a suite of

non-migratory species resident within a relatively small, self-con-

tained area, and we would not expect strong persistence over days or

longer in this case. Turn angle concentration parameter values, j,
were given by predicted values from the best fitting turn angle model

described in the previous section. The probability of making a turn at

each stepwas defined byw, given by predicted values from the best fit-

ting turn probability GLM and corrected for missed turns. The side

of the first turn in a sequence was chosen randomly with equal proba-

bility of left or right, and thereafter, each turn was to either the same

or the opposite side relative to the previous turn, with probability

given by predicted values from the best fitting turn sideGLM.

QUANTIFY ING UNDERESTIMATION OF DISTANCE

TRAVELLED

To quantify the effect of sampling frequency on apparent distance

travelled for each of the 10 species, we simulated their movement

paths, sampled each path at different frequencies (simulating teleme-

try at different intensities), and calculated the proportional accuracy

for each sampling frequency. On the basis of our experience examin-

ing sequential images, we believe that the sampling frequency of cam-

era images (on average 0Æ9 s per image) is close to the pace rates of the

species covered and that there was therefore negligible turning at finer

resolution than that observed. On the basis of the definition of true,

scale-independent travel distance given in the introduction, we there-

fore assumed that the sum of all steps taken between start and end

points of a simulated path at maximum sampling frequency repre-

sented the true distance travelled (dTRUE). Apparent distance trav-

elled (d) at a given sampling frequency was then calculated as the sum

of straight-line distances between fixes, averaged across all possible

starting points on the path. From these, we calculated proportional

accuracy, D, quantifying the degree to which apparent distance

reflects the true distance travelled:

D ¼ d

dTRUE
eqn 10

D takes values between 0 and 1, with D = 1 indicating perfect

accuracy.

To predict proportional accuracy for any given sampling fre-

quency, we developed a model to describe the relationship between

these variables. A preliminary heuristic examination of simulated

data suggested that thatD plotted against sampling frequency (F) fol-

lowed a log–log relationship characterised by an initial linear

4 J. Marcus Rowcliffe et al.
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increase, followed by gradual transition to an asymptote (Fig. 1).

The rate of change in such a pattern can be characterised by a

negative sigmoid function:

d logðDÞ
d logðFÞ ¼

c

1þ ebðlogðFÞ�cÞ eqn 11

where a defines the slope of the initial increasing arm, b defines

the rate of change between increasing and asymptotic arms, and

c defines the midpoint of the transition between these arms on

the log(F) axis. Taking the indefinite integral, we derive:

logðDÞ ¼ d
� logð1þ ebðc�logðFÞÞÞ

b
eqn 12

which gives an asymptotic proportional accuracy of 1. Figure 1 illus-

trates this function fitted to data from a random walk simulation of

the form described earlier with proportional accuracy calculated for

14 points, demonstrating a close match between data andmodel.

All simulations and analyses were carried out using R 2.13.1 (R

Development Core Team, 2011).

Results

QUANTIFY ING MOVEMENT BEHAVIOUR

Modelling of turning angle distribution including failure to

detect shallow angles (including finite e parameter) was

strongly supported over models without this process (Table 2).

The turning angle concentration parameter j was most

strongly related to speed alone, with essentially no support for

additional variation in turning angle between species (Table 2).

The best model in the set (j(v) e(.)) had very strong support

(AIC weight = 0Æ95), and visual inspection of data distribu-

tions and values predicted by this model for different speeds

suggests a good fit between model and data (Fig. 2). The rela-

tionship between j and speed was positive, indicating sharper

turning angles at higher speeds (Fig. 2). Model j(v) e(.) was
used to generate turning angles for the simulations.

The model for turning probability that included speed,

species and their interaction (v*s) was strongly supported over

all others (AIC weight = 0Æ9; Table 3), indicating that there

were trends in turning probability with speed that varied

between species (Fig. 3). These relationships were generally

positive, indicating higher turning rates at higher speeds; how-

ever, this trend was weak or non-existent for most species, and

in all cases the expected turning rate per unit distance

decreased with speed. The model including speed, species and

their interaction (v*s) was used to generate turning probabili-

ties (u) for the simulations.

Modelling the probability of sequential turns being made on

the same side (side persistence), there was no support for varia-

tion between species, but speed had some support as a predic-

tor (AIC weight = 0Æ47). This indicated a weak positive effect

of speed on persistence in turning side, with predicted probabil-

ities ofmaintaining turning side fromone turn to the next vary-

ing between about 0Æ38. and 0Æ5. However, given that support

for this model was not overwhelming and that the trend

described by it was weak, we used the null model (AIC

weight = 0Æ53) to define turning side persistence in the simula-

tions. The average probability of turning to the same side as

the previous turn was 0Æ41.

QUANTIFY ING UNDERESTIMATION OF DISTANCE

TRAVELLED

Accuracy of distance travelled was insensitive to the degree of

autocorrelation in speed assumed (Fig. S1). The four autocor-

relation scenarios explored simulated persistence of movement

behaviour over timescales from a few seconds to several hours,

but for all species, proportional accuracy of distance travelled

varied by amaximum of about 5%between scenarios. For fur-

ther exploration of patterns, we focus on simulations assuming

r = 0Æ99, indicating persistence of movement behaviour over

a timescale of a fewminutes (Fig. 4).
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Fig. 1. Example of the relationship between proportional accuracyD

(apparent distance relative to the true total distance travelled) and

sampling frequency. Points are data generated by a correlated ran-

dom walk model parameterised for agouti, assuming speed autocor-

relation r = 0Æ999. The curve is eqn 12 fitted to these data with

parameters: d = 0Æ428; b = 1Æ236; c = 4Æ342. Axes are logarithmic.

Table 2. Summary of support for 10 alternative models of turning

angle distribution as a function of species and speed of movement,

indicating the number of parameters (K), difference in AIC corrected

for small sample size from that of the best model (DAICc) and AICc

weight (w). j denotes von Mises dispersion for the underlying

distribution of turns, and e denotes rate of decline in probability of

missing shallow turns.Where no e appears, it is assumed that no turns

are missed. (v) denotes speed as a covariate, (s) denotes stratification

by species, and (.) denotes no covariate or stratification used for the

parameter indicated

Model K DAICc w

j(v) e(.) 3 0 0Æ952
j(v) e(s) 12 6Æ4 0Æ039
j(v + s) e(.) 12 9Æ4 0Æ009
j(v*s) e(.) 21 21 0

j(v) 2 37Æ3 0

j(s) e(s) 20 48Æ2 0

j(s), e(.) 11 48Æ5 0

j(.) e(.) 2 52Æ4 0

j(s) 10 84 0

j(.) 1 85Æ8 0
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For all species, proportional accuracy was sensitive to sam-

pling frequency below a threshold of about one fix per minute.

The degree of underestimation of distance travelled at sam-

pling frequencies that are typically used in field studies was

large. At sampling frequencies of 0Æ5 to 6 fixes h)1 (which are

typical of the more intensive radiotracking studies that report

distance travelled to date), proportional accuracy was in the

region of 0Æ07–0Æ33. This implies that distances travelled would

be underestimated by a factor of at least 3, and as much as 14,

given a typical radiotracking study of these species. Even at an

exceptionally high sampling frequency of 60 fixes h)1, distance

travelled would still be underestimated by 25–45%. A

frequency of at least 400 fixes h)1 (one fix every 9 s) would be

necessary to estimate distance travelled to within 5% of the

true value for the group of species that we studied. The degree
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Fig. 2. Turning angle distributions observed (bars) and predicted by model j(v) e(.) (curves) for different speeds. Speed quartiles used to split

observations are from slow (quartile 1) to fast (quartile 4), and the fitted curve on each panel is for mid-quartile speed.

Table 3. Summary of support for alternative models of turn

probability (probability of turning at each step, left-hand panel) and

turn side persistence (probability of successive turns being on the

same side, right-hand panel) in relation to species and speed of

movement. Columns contain the number of parameters including

intercept (K), difference in AIC corrected for small sample size from

that of the best model (DAICc) and AICc weight (w) for each model.

v denotes speed as a covariate, s denotes stratification by species, and

NULL denotes no covariate or stratification used

Turn probability

Turn side persistence

probability

Model K DAICc w Model K DAICc w

v*s 20 0 0Æ902 NULL 1 0Æ0 0Æ528
v + s 11 4Æ4 0Æ098 v 2 0Æ2 0Æ466
v 2 28Æ9 0 v + s 11 11Æ0 0Æ002
s 10 71Æ3 0 v*s 20 11Æ0 0Æ002
NULL 1 109Æ9 0 s 10 11Æ6 0Æ002
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Fig. 3. Predicted turn probability values derived from a generalised

linear model with speed, species and their interaction term as predic-

tors. The range of speeds plotted covers the central 95% quantile for

each species.
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of underestimation at a given sampling frequency tended to be

lower for the larger species (such as paca and peccary) than for

the smaller species (such as squirrel and rat).

The form of the relationship between proportional accuracy

and sampling frequency varied among species primarily in the

position of the curve on the sampling frequency axis (para-

meter c in eqn 12; Fig. 4). Other parameters describing the

curve (the slope of the increasing arm of the curve, d, and the

rate of transition from increase to asymptote, b) were similar

among species.

Discussion

Distance travelled is an important determinant of space use

and energy expenditure that is traditionally estimated by sum-

ming the linear distances between a limited number of location

fixes across the day. That this method underestimates the

actual distance travelled owing to unobserved tortuosity of

movement paths is well known and has been extensively

addressed through analysis of randomwalkmodels (e.g. Bovet

& Benhamou 1988; Benhamou 2004; Codling & Hill 2005).

However, the implications of this phenomenon for the estima-

tion of distance travelled by animals in the field are less widely

acknowledged or understood (Hebblewhite & Haydon 2010).

Using detailed movement paths simulated with speed and

tortuosity parameters estimated from camera trap footage, we

were able to quantify the magnitude of this bias for a range of

terrestrial vertebrates in a neotropical forest. We found a

marked effect of sampling frequency on estimates of distance

travelled. For example, with the traditional approach to

day-range calculation, a typical sampling frequency of two fix-

es h)1 could underestimate the true distance travelled by over

80%, with marked uncertainty over the magnitude of underes-

timation.

Given these results, we expect previous estimates of

distance travelled - based on intermittent fixes below the

frequency we found to be reliable for estimating day range -

to be biased, with worrying implications for the accuracy of

some conclusions. For example, Kowalczyk, Zalewski &

Jedrzejewska (2006) present an interesting comparison of

daily movement distances across European badger popula-

tions, showing 6-fold variation between the extremes. How-

ever, the sampling frequencies used to derive these estimates

varied between 1 and 12 fixes h)1. Assuming tortuosity of

movement similar to that in our study species, our results sug-

gest that the true variation in distance travelled between pop-

ulations is probably closer to 14-fold, more than twice that

suggested by the uncorrected comparison. This elucidates the

importance of accounting for sampling frequency in calcula-

tions of distance travelled. We therefore urge future studies of

travel distance based on intermittent fixes to report the

sampling frequency used and preferably also to archive the

raw location data for future reanalysis (see for example

http://www.movebank.org).

We also found significant variation among species in turning

behaviour, with smaller species in our sample tending to show

more tortuous movement paths, hence greater underestima-

tion of distance travelled at a given sampling frequency. We

expect that this is likely to be a general result, arising because

smaller species have shorter stride lengths, and thus use space

at a finer spatial scale (Haskell, Ritchie & Olff 2002). Underes-

timation is therefore likely to scale with bodymass, thus poten-

tially confounding the scaling relationship found between

body mass and telemetry-based estimates of distance travelled

(Garland 1983; Carbone et al. 2005). Systematic bias in esti-

mates of distance travelled across species may have important

implications for our understanding of animal space use (Jetz

et al. 2004; Carbone et al. 2005; Carbone, Teacher&Rowcliffe

2007) and requires further attention.

Although the problem of underestimation of distance trav-

elled from tracking data is well known, few studies have

attempted to quantify or correct for the magnitude of underes-

timation. Two examples from Poland (Zalewski, Jedrzejewski

& Jedrzejewska 1995; Musiani, Okarma & Jedrzejewska 1998)

compared radiotracking data with high-resolution movement

data obtained by tracing foot prints that radiocollared individ-

uals left in snow and found that radiolocations with a

frequency of 4 h)1 produced apparent distances 55%and 21%

lower than the actual distance (respectively, pine marten

Martes martes, Zalewski, Jedrzejewski & Jedrzejewska 1995;

and wolfCanis lupus, Musiani, Okarma & Jedrzejewska 1998),

which are smaller biases than those we found. This is likely due

to less tortuous movement in these species. In particular,

Musiani, Okarma & Jedrzejewska (1998) pointed out that

the wolves frequently followed relatively linear features,

such as roads and rivers, and that more tortuous movements

during social interactions or around kills were probably
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Fig. 4. Proportional accuracy (ratio of apparent to true distance trav-

elled), plotted against sampling frequency for 10 terrestrial mammal

species on Barro Colorado Island, Panama. Autocorrelation of speed

in simulations used to generate curves (r) was 0Æ99 for all curves. Typi-
cal sampling frequencies in radiotracking studies are indicated by the

shaded region. The parameters d, b and c in eqn 12 were estimated by

fitting curves to data generated from simulations of the species-spe-

cific randomwalkmodels.
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underrepresented in their data. In contrast, our field data rep-

resent a random sample of all forms of movement behaviour

and show very little evidence of travel along linear features.

These comparisons emphasise the need for a better under-

standing of variation between species, habitats and environ-

mental conditions in tortuosity of movement.

Measuring distance travelled through visual tracking of

focal animals, as widely applied to primates (Wrangham,

Gittleman &Chapman 1993) and occasionally to other species

(e.g. van Gyseghem 1984; Schradin 2006), has the potential to

provide sufficiently fine-scale information on movement paths.

Here, however, great care is needed to ensure that every small-

scale movement is traced. Without such rigour, estimated

distance becomes sensitive to the scale at whichmovements are

effectively recorded in the field, and this will be hard to stan-

dardise. Without such standardisation, comparisons between

distance travelled estimates are likely to reflect differences in

the approach to measurement as much as any true underlying

differences. This potential pitfall appears not to be widely

appreciated among authors publishing results based on these

methods.

Several authors have suggested that underestimation of dis-

tance travelled in telemetry studies could be avoided by

increasing fix frequency (Mills, Patterson & Murray 2006;

Johnson & Ganskopp 2008; Lonergan, Fedak & McConnell

2009), an approach made possible, in principle, by the advent

of GPS tracking (Hebblewhite &Haydon 2010). However, our

results suggest that many fixes per minute would be necessary

to achieve reasonable insensitivity to sampling frequency, at

least for species showing similar turning patterns to those

investigated here. Such high frequencies are probably unrealis-

tic at present, as they bring their own problems. First, high

power usage leading to short tag lifespan (Ganskopp & John-

son 2007; Hurford 2009; but see Brown et al. in press). Second,

typical GPS accuracy for intermittent location estimates is

currently within 10–20 m, and at high sampling frequencies

this degree of error leads to substantial upward bias in both

apparent turning angles (Hurford 2009) and apparent distance

travelled (Frair et al. 2010). While it is possible that more fre-

quent GPS fixes might improve location accuracy (R. Kays,

unpublished data), thus reducing this bias to some degree, this

possibility has not been tested in the field, and methods to deal

with this problem will clearly be needed if extremely high sam-

pling frequencies are to provide reliable estimates of distance

travelled in the future.

Another possible approach, suggested by Pépin et al.

(2004), is to correct bias in distance estimation by subsam-

pling positions from standard telemetry data at a range of

lower sampling frequencies and fit an asymptotic curve to the

relationship between apparent distance and sampling

frequency. The estimated asymptote is then assumed to repre-

sent true distance travelled. Unfortunately, the hyperbolic

curve suggested by Pépin et al. (2004) fits real data very

poorly, giving an asymptote substantially lower even than the

apparent distance derived from the actual sampling frequency

used. Our Equation 11 describes a possible alternative curve

that fits trends in apparent distance with sampling frequency

extremely well (Fig. 1), but also shows why the principle of

attempting to find an asymptote is problematic. On log-trans-

formed data, the relationship at low sampling frequencies is

initially linear, giving a relationship on untransformed axes

that is decelerating but not asymptotic. As a result, if data are

available only within this range of sampling frequencies, as is

typical of telemetry studies, they contain no information

about the true distance travelled. Although the relationship

eventually does approach an asymptote, the sampling fre-

quency needed to identify the asymptote would be more than

one per minute for the species studied here. This extrapolation

approach could be more realistic for animals that have sub-

stantially less tortuous movement paths (likely to be true for

larger species, and those living in more open habitats), but we

cannot currently speculate on how reliable it would be in any

given case. Further analysis is needed, based on a broader

understanding of the variation in tortuosity that occurs in ani-

mal movement.

Finally, while we used camera traps in this study to obtain

data with which to highlight the problem of bias in distance

measurement, they are also a potential solution to the problem

themselves, as the simulations illustrated in Fig. 4 provide cor-

rection factors with which to adjust apparent distances trav-

elled derived from telemetry data. For example, given

proportional accuracy of 0Æ16 for ocelot at a sampling fre-

quency of 1 fix per hour, we could assume that the true distance

travelled per unit time would be around six times greater than

the apparent distance derived from a telemetry study of this

intensity. This is likely to be most reliable where simulation

parameters are estimated for the same population from which

the telemetry data come; however, it may also be valuable as a

way of approximately correcting telemetry-derived distances

across populations.

In either case, a degree of caution is needed. First, there

may be relevant movement processes that we have not been

able to model in our simulations because they take place at a

scale that we cannot observe using camera traps. In particu-

lar, movement within a home range is a fundamental process

in many species, with important implications for the approach

developed here. Specifically, if ranging behaviour is governed

by some form of biased or memory-based random walk

(Börger, Dalziel & Fryxell 2008) rather than the unbounded

correlated random walk assumed here, underestimation of

distance travelled is likely to be greater than our results

suggest and increasingly so as sampling frequency decreases.

Second, if applying a correction factor derived from one pop-

ulation to telemetry data from another, it must be recognised

that tortuosity of movement and home range usage patterns

are likely to vary between populations, potentially confound-

ing the application. In practice, it may be that variation in

movement behaviour between populations of the same species

living in similar habitats will be minimal, in which case appli-

cation of the approach across populations should be reason-

ably reliable. However, we are not aware of any existing

studies that shed light on the degree of variability in relevant

movement parameters between populations, highlighting a

need for synthesis in this area.
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Additional Supporting Information may be found in the online

version of this article.

Fig. S1. Proportional underestimation (ratio of apparent to true dis-

tance travelled), plotted against sampling frequency for 10 terrestrial

mammal species on Barro Colorado Island, Panama, with varying

degrees of autocorrelation in speed of movement (correlation coeffi-

cient denoted r, colour coded as indicated). The parameters a, b and c

in eqn 11 were estimated by fitting curves to data generated from

simulations of the species-specific randomwalkmodels.
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