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a  b  s  t  r  a  c  t

Numerous  methods  are  currently  available  to track  animal  movements.  However,  only  one of these,
dead-reckoning,  has  the  capacity  to  provide  continuous  data  for animal  movements  over  fine  scales.
Dead-reckoning  has  been  applied  almost  exclusively  in the  study  of  marine  species,  in  part  due  to the
difficulty  of accurately  measuring  the  speed  of  terrestrial  species.  In  the  present  study  we evaluate  the
use of accelerometers  and  a metric  known  as overall  dynamic  body  acceleration  (ODBA)  as  a  proxy
for  the  measurement  of  speed  for use in  dead-reckoning.  Data  were  collated  from  previous  studies,  for
10  species  locomoting  on  a treadmill  and  their  ODBA  measured  by  an attached  data  logger.  All  species
except  one  showed  a highly  significant  linear  relationship  between  speed  and  ODBA;  however,  there  was
errestrial locomotion
rack tortuosity

appreciable inter-  and  intra-specific  variance  in  this  relationship.  ODBA  was  then  used  to  estimate  speed
in a simple  trial run of  a dead-reckoning  track.  Estimating  distance  travelled  using  speed  derived  from
prior  calibration  for ODBA  resulted  in appreciable  errors.  We  describe  a method  by  which  these  errors
can be  minimised,  by  periodic  ground-truthing  (e.g.,  by GPS  or VHF  telemetry)  of the  dead-reckoned  track
and adjusting  the  relationship  between  speed  and ODBA  until actual  known  positions  and  dead-reckoned
positions  accord.
. Introduction

The ability to determine animal movements and record
ehaviour is critical for proper understanding of how free-living
nimals interact with their environment (Holyoak et al., 2008). This
xplains why animal tracking has been a key area of interest for
ertebrate biologists for decades (e.g. Hooker et al., 2007). Indeed,
tudies of animals’ space use over time have helped elucidate many
undamental issues in animal biology such as migration patterns
e.g. Johnson et al., 1997; Bentivegna, 2002), habitat preferences
e.g. Hindell et al., 2002) and the laws governing animal movements
e.g. Sims et al., 2008).

The use of animal-borne devices has been hugely helpful in deal-
ng with these issues and different methods of animal tracking
ave been developed over the last 50 years using a biotelemetric
Please cite this article in press as: Bidder, O.R., et al., The need for speed:
dead-reckoning systems. Zoology (2012), doi:10.1016/j.zool.2011.09.003

pproach (see Cooke et al., 2004, for review). Their utility depends
rincipally on their temporal and spatial accuracy, as well as their
apacity to function in the particular environment in question

∗ Corresponding author.
E-mail address: 367097@swansea.ac.uk (O.R. Bidder).

944-2006/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
oi:10.1016/j.zool.2011.09.003
© 2011 Elsevier GmbH. All rights reserved.

(Wilson et al., 2002). For example, there are particular challenges
for those species living in conditions which limit direct observa-
tion and/or cover large distances (e.g. Davis et al., 1996; Block
et al., 2001). Very high frequency (VHF) telemetry cannot be used
in marine habitats unless the animal is at the surface (Wilson et al.,
2007) and traditionally requires fieldworkers to be close enough
to triangulate animal position (Cagnacci et al., 2010). Technolo-
gies such as satellite telemetry and geolocation allow animals to
be tracked over large temporal and spatial scales but are limited in
their recording frequency (typically <1 fix per hour) and positional
accuracy (0.5–200 km)  (Hays et al., 2001; Phillips et al., 2004). GPS
technology has proven particularly powerful, providing high spa-
tial resolution (to within 6.7 m) of animal position (e.g. Hulbert and
French, 2001). However, this technique may  be compromised in
environments where radio-transmission is attenuated, such as in
thick vegetation (e.g. Maitland et al., 2002; Paul and David, 2003),
or rendered useless when under salt water (e.g. Garshelis and Siniff,
1983; Bridger and Booth, 2003). Other problems with GPS include
 testing acceleration for estimating animal travel rates in terrestrial

high current drain, which limits the length of deployments (e.g.
Steiner et al., 2000), reduces the rate at which fixes can be made or
prevents deployment on smaller species (Guillemette et al., 2002;
Reynolds and Riley, 2002; Bridger and Booth, 2003).

dx.doi.org/10.1016/j.zool.2011.09.003
dx.doi.org/10.1016/j.zool.2011.09.003
http://www.sciencedirect.com/science/journal/09442006
http://www.elsevier.de/zool
mailto:367097@swansea.ac.uk
dx.doi.org/10.1016/j.zool.2011.09.003
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Table 1
Species, sample sizes (N) and sources of the data included in this study (Buenos Aires
Zoo: Halsey et al., 2009a,b; University of Birmingham: Wilson et al., 2006; Halsey
et  al., 2008).

Species N Data collection
location

Greylag goose (Anser anser) 1 Buenos Aires Zoo
Domestic goose (Anser cygnoides)  1 Buenos Aires Zoo
Larger hairy armadillo (Chaetophractus villosus) 1 Buenos Aires Zoo
Magellanic penguin (Sphenicus magellanicus) 2 Buenos Aires Zoo
Rockhopper penguin (Eudyptes chrysocome) 1 Buenos Aires Zoo
Hog-nosed skunk (Conepatus chinga) 1 Buenos Aires Zoo
Muscovy duck (Cairina moschata) 2 Buenos Aires Zoo
Swamp  beaver (Myocastor coypus) 3 Buenos Aires Zoo
ARTICLEOOL-25276; No. of Pages 7
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Dead-reckoning is currently a little-used method for determin-
ng animal tracks but is purported to provide fine-scale movement
Bramanti et al., 1988; Wilson and Wilson, 1988; Wilson et al., 1991)
rrespective of the vagaries of the environment because the sys-
em does not use any signal transmission. Instead, data on speed,
eading (direction) and change in the vertical axis (depth/height)
re recorded in a data logger fixed to the animal to eventually
llow calculation of the route via vectors (Wilson, 2002). Dead-
eckoning systems thus allow animal routes to be traced in three
patial dimensions, something that is particularly pertinent for
quatic animals (Wilson, 2002). While early animal-attached dead-
eckoning systems were crude (Bramanti et al., 1988; Wilson and

ilson, 1988; Wilson et al., 1991; Ioale et al., 1994), developments
n solid state technology now allow heading to be resolved to

ithin 1◦ and to be recorded multiple times per second (Wilson
t al., 2008). Although dead-reckoning can produce a number of
rrors in determining absolute position (e.g. Wilson et al., 2007;
hiomi et al., 2008), it has the potential to resolve relative ani-
al  movement so finely that even behaviour can be inferred by

ooking at tracks (e.g. Wilson et al., 2007). Indeed, one of the main
trengths of dead-reckoning is that animal position is recorded con-
inuously, irrespective of signal transmission conditions, so that
t could prove an effective alternative to transmission telemetry
Wilson and Wilson, 1988). To date, however, this technique has
een used almost exclusively on marine animals, perhaps because
ransmission telemetry is so problematic at sea (Dewar et al., 1999;
edak et al., 2002). For use on land, dead-reckoning would seem
roblematic because of the difficulties in determining speed (cf.
hepard et al., 2009).

Two approaches might help solve the speed issue. One involves
etermination of stride frequency via an accelerometer (Kato et al.,
006) and relies on a strong correlation between stride frequency
nd stride length to enable derivation of speed (Delciellos and
ieira, 2007). Although theoretically viable, this approach would
equire detailed species-specific calibration.

Another option is to use a metric derived from tri-axial accel-
ration called overall dynamic body acceleration (ODBA) (Wilson
t al., 2006). ODBA is the sum of the dynamic acceleration compo-
ents of all three spatial dimensional axes from a device attached
lose to the centre of gravity of an animal. ODBA provides an inte-
rated measure of the animal’s dynamic acceleration, reflecting its
ovement in the three dimensions.
Wilson et al. (2006) proposed that animals should tend to exhibit

igher levels of dynamic acceleration with increasing levels of
ctivity and, accordingly, studies have shown a strong correla-
ion between ODBA and energy expenditure for a range of species
ncluding mammals (e.g. Halsey et al., 2008, 2009b), birds (Wilson
t al., 2006; Halsey et al., 2009a),  fish (Gleiss et al., 2009), amphib-
ans (Halsey and White, 2010) and reptiles (Halsey et al., 2011a).
ince almost all of these studies have influenced energy expen-
iture of the study animals through pedestrian locomotion on a
readmill at varying speeds (e.g. Halsey et al., 2009b),  the impli-
ation is that ODBA correlates with speed. Indeed, two  studies
xplicitly report this (Halsey et al., 2008; Wilson et al., 2008). If
his is generally the case, ODBA could be used as a convenient
roxy for speed in terrestrial dead-reckoning systems by simply
nsuring that the animal-attached dead-reckoner records tri-axial
cceleration at appropriate sampling rates.

The present study seeks to evaluate ODBA as a proxy of speed
or application in dead-reckoning animal movement. In order to
est explicitly the relationship between speed and ODBA, a range of
errestrial species including humans (Homo sapiens) were studied
Please cite this article in press as: Bidder, O.R., et al., The need for speed:
dead-reckoning systems. Zoology (2012), doi:10.1016/j.zool.2011.09.003

o that both inter- and intra-specific variation could be examined.
n addition, we undertook a simple field test to illustrate the gen-
ral value of determining speed via ODBA for dead-reckoning the
ovements of terrestrial animals.
Great cormorant (Phalacrocorax carbo) 5 University of
BirminghamHuman (Homo sapiens) 9

2. Materials and methods

2.1. Speed to OBDA calibrations

Data were collated from three previous studies (Table 1).
Detailed accounts of the protocols used for the various species at
the Buenos Aires Zoo, and the cormorants and humans at the Uni-
versity of Birmingham are given in Halsey et al. (2009b), Wilson
et al. (2006) and Halsey et al. (2008),  respectively.

Determination of the relationship between speed and ODBA was
undertaken by placing accelerometer-equipped animals on a tread-
mill and recording while they undertook pedestrian locomotion
at randomly presented speeds interspersed with rest periods. All
of these species, routinely or entirely, employ terrestrial locomo-
tion. Eight species were studied at the Buenos Aires Zoo, moving
at speeds between 0 and 0.7 m/s, while the cormorants and man
were examined at the University of Birmingham for speeds up to
0.53 m/s  and 4.4 m/s, respectively.

The accelerometers deployed were tri-axial, measuring surge,
heave and sway in orthogonal axes (see Wilson et al., 2008 for
details) and recorded with 22-bit resolution onto a 128 Mb  flash
random access memory, at sampling frequencies ranging from 6
to 32 Hz (Table 1). Device size was  65 mm × 36 mm × 22 mm and
units were attached variously, according to species morphology.
For mammals, the tags were attached using silastic collars (Thom-
son Bros. Ltd., Newcastle upon Tyne, UK), except in the case of
human trials, where the device was worn on a belt around the waist.
For birds, tesa tape (tesa SE, Hamburg, Germany) was used to affix
the device to feathers on the upper back following the procedure
described by Wilson et al. (1997).  Care was  taken to ensure that
attachment was  conducted so that the sensor axis aligned with the
animal reference frame. For all deployments, the mass of the device
did not exceed 3% of animal body mass (cf. Hawkins, 2004).

2.2. Analysis

Instantaneous ODBA values were calculated from the raw tri-
axial accelerometer signals according to Wilson et al. (2006),  using
a running mean over 2 s to derive the static portion of the sig-
nal (Shepard et al., 2008). This static component was  subtracted
from the total acceleration in order to obtain the dynamic com-
ponent. The absolute dynamic components for all three axes were
then summed to obtain instantaneous ODBA. Once instantaneous
ODBA had been calculated, mean ODBA over a period of 1 s was
calculated from the acceleration signals at the various speeds to
produce a value for ODBA at each known speed.
 testing acceleration for estimating animal travel rates in terrestrial

The speed–ODBA relationship was  compared across species
and, in the case of humans and cormorants (N > 4), within
species, using general linear models (GLM). The first GLM
investigated at the species level: speed ∼ ODBA + species

dx.doi.org/10.1016/j.zool.2011.09.003
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 individual + ODBA × species, with species included as a random
actor and ODBA as a covariate. The second GLM investigated at the
ndividual level: speed ∼ ODBA + individual + ODBA × individual,

ith individual included as a random factor and ODBA as a
ovariate.

.3. Test of the effects of derived speed on dead-reckoned tracks

A single person ran around a precise rectangular level track
28.8 m × 63.0 m),  following measured lines (±1 cm)  painted on

 grassy surface. In order to maintain consistency with previous
alibrations, acceleration was measured using a waist-mounted tri-
xial accelerometer recording at 6 Hz, which was  calibrated for g.
rior to running the rectangular track, a calibration was  obtained
or ODBA at varying speeds by conducting a treadmill trial simi-
ar to that of Halsey et al. (2008).  This calibration for speed against
DBA, obtained from a single human at Swansea University, was
sed to derive the calibration-derived speed (see below) for the
ead-reckoning trial. The subject was made to run at 17 different
peeds, ranging from 0.26 to 3.35 m/s. However, during these trials
t Swansea University, the speeds (up to 3.35 m/s) were maintained
or 30 s rather than 120 s, because this provided sufficient data to
btain an accurate average ODBA value.

The corner points of the rectangular track were treated as if they
ere four precise GPS waypoints in the dead-reckoned track of

he participant. In order to isolate the effect of errors in estimat-
ng speed using ODBA, potential errors in the compass (cf. Wilson
t al., 2007) were eliminated in the procedure by taking the head-
ng during the locomotion around each leg of the track (straights
etween the track corners) to be exactly North, East, South or West.
he runner attempted to maintain a constant speed during each
eg of the track, whilst every leg of the track was  ran at a different
peed. Speeds around the corners of the track varied slightly to the
verage speed of each leg, as an inevitable result of the difficulty of
hanging direction sharply. The mean speed of the runner between
aypoints was determined by taking the time (to the nearest 0.1 s)

o travel between the waypoints using a stopwatch.
Treatment of the acceleration data involved deriving ODBA for

he period of recorded data corresponding to the test run. Dead-
eckoned tracks consisted of simple vectorial calculations involving
eading (0◦, 90◦, 180◦ or 270◦, corresponding to North, East, South
nd West, respectively) and speed, which was multiplied by time
o give the distance travelled.

Three estimates were used for the speed of the runner:

(i) the mean speed for each leg derived by using the time between
waypoints taken with the stopwatch and dividing by the
appropriate distance. This was taken as the standard ‘reference’
speed and is hereafter referred to as the ‘real mean speed’;

(ii) the instantaneous speed derived from using the linear relation-
ship between speed and ODBA obtained from the treadmill
calibration, applied to the values for ODBA recorded by the
accelerometer whilst running around the track, hereafter
referred to as the ‘calibration-derived speed’;

iii) the fully corrected speed where the slope component of the
regression for speed and ODBA was changed iteratively until
the end position of each leg as estimated by dead-reckoning
accorded with the actual known position, hereafter referred to
as the ‘fully corrected speed’.

Each of these estimates for speed can be multiplied with the
lapsed time to derive the estimated distance travelled. Given that
Please cite this article in press as: Bidder, O.R., et al., The need for speed:
dead-reckoning systems. Zoology (2012), doi:10.1016/j.zool.2011.09.003

he distances between all of the waypoints (corners of the rectan-
ular track) are known, we are able to measure how each of the
ethods for estimating speed performs by seeing how the dis-

ances calculated from each one of them accord with the known
Fig. 1. Linear regressions for ODBA against speed for the 8 species trialled at Buenos
Aires Zoo during treadmill exercise.

distances between the waypoints. The iterative process to correct
the estimated speed simply involves altering the slope component
for the speed vs. ODBA regression obtained during the calibra-
tion. This was done according to the concurrence of estimated and
known waypoints: where the calculated waypoint was farther than
the real waypoint, the gradient of the slope was reduced by some
nominal amount. When it was less far, the gradient was increased.
The distance travelled using the modified regression was then
recalculated and the comparison between calculated and known
waypoints repeated. This process was reiterated until the estimated
distance travelled accorded with that of the actual known distance
between waypoints. This corrected regression for speed and ODBA
was then applied to the acceleration data for movement between
other waypoints, or corrected further, as needed.

3. Results and discussion

3.1. Relationship between speed and ODBA

All of the species trialled at Buenos Aires Zoo, except the
hog-nosed skunk, showed a statistically significant positive lin-
ear relationship between speed and ODBA (Fig. 1). Indeed, ODBA
appears to be a good proxy for speed in the remaining species (r2

values for all species are 0.74–0.99; Table 2). Such a relationship
was also present in cormorants (r2 = 0.98–0.99; Fig. 2 and Table 3)
and humans (r2 = 0.77–0.99; Fig. 3 and Table 4). Thus, broadly, ODBA
seems to be a reasonable proxy for speed and therefore appears
useful for dead-reckoning.

Halsey et al. (2008) found the relationship between speed and
ODBA to be nonlinear for humans. This was  attributed to the fact
that humans undertook a change in gait (from walking to running)
in order to attain higher speeds. The zoo animals and cormorants
did not exhibit gait changes and the relationships derived for them
were approximately linear. In humans we  assumed a linear rela-
tionship for the purposes of this study, because whilst nonlinear
regressions may  produce an improved fit, this benefit does not nec-
essarily justify the increased complexity of the fit (Halsey et al.,
2008).

However, the relationship between speed and ODBA is subject
to both inter- and intra-specific variation. There was a signifi-
cant interaction between species and ODBA (F12 = 57.409, P < 0.001;
 testing acceleration for estimating animal travel rates in terrestrial

Fig. 1), and between individual cormorants and ODBA (F5 = 379.636,
P < 0.001; Fig. 2) and individual humans and ODBA (F9 = 142.222,
P < 0.001; Fig. 3). Such variation can be explained by differences
in locomotion mechanisms between species, and by differences in

dx.doi.org/10.1016/j.zool.2011.09.003
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Table  2
Regression statistics for the Buenos Aires Zoo treadmill trials where y = speed (m/s) and x = ODBA (g). N denotes the number of speeds used during the trial to obtain the
regression.

N F P r2 Regression equation

Armadillo 4 38.17 0.03 0.95 0.79427 × ODBA + −0.0943
Rockhopper penguin 4 256.02 <0.01 0.99 0.6846 × ODBA + −0.06738
Megallanic penguin 1 5 971.85 <0.001 0.99 0.64298 × ODBA + −0.03817
Megallanic penguin 2 5 23.40 0.02 0.89 0.74991 × ODBA + −0.03893
Muscovy duck 1 5 199.05 <0.001 0.99 0.89011 × ODBA + −0.01311
Muscovy duck 2 6 132.82 <0.001 0.97 1.03044 × ODBA + −0.08221
Swamp  beaver 1 6 716.85 <0.001 0.99 1.57318 × ODBA + −0.06212
Swamp  beaver 2 4 5.95 0.13 0.75 0.55974 × ODBA + −0.03871
Swamp  beaver 3 7 52.09 <0.001 0.91 1.10647 × ODBA + −0.03844
Domestic goose 6 107.44 <0.001 0.96 1.15371 × ODBA + 0.00449
Greylag  goose 5 4410.73 <0.001 0.99 0.91671 × ODBA + −0.01252
Hog-nosed skunk 5 8.46 0.06 0.74 0.81026 × ODBA + −0.11096

Table 3
Regression statistics for the cormorant treadmill trials at Birmingham University where y = speed (m/s) and x = ODBA (g). N denotes the number of speeds used during the
trial  to obtain the regression.

N F P r2 Regression equation

Cormorant 1 10 1283.89 <0.001 0.99 0.68728 × ODBA + −0.02983
Cormorant 2 7 650.79 <0.001 0.99 0.57766 × ODBA + −0.03718
Cormorant 3 7 212.93 <0.001 0.98 0.53635 × ODBA + −0.04435
Cormorant 4 6 135.28 <0.001 0.97 0.58341 × ODBA + −0.02929
Cormorant 5 5 168.32 <0.001 0.98 0.6868 × ODBA + −0.04721

Table 4
Regression statistics for the human treadmill trials at Birmingham University where y = speed (m/s) and x = ODBA (g). N denotes the number of speeds used during the trial
to  obtain the regression.

N F P r2 Regression equation

Human 1 11 145.14 <0.001 0.94 0.64779 × ODBA + −0.35365
Human 2 9 106.90 <0.001 0.94 0.54105 × ODBA + −0.36074
Human 3 6 13.04 0.02254 0.77 0.63366 × ODBA + −0.32144
Human 4 8 93.81 <0.001 0.94 0.55429 × ODBA + −0.30621
Human 5 10 3894.38 <0.001 0.998 0.3564 × ODBA + −0.05953
Human  6 14 145.08 <0.001 0.92 0.44327 × ODBA + 0.01749

<0
<0
<0

m
t
e
s
T
l

F
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truthing, e.g. via GPS (see below).
Human  7 12 433.36 

Human 8 13 203.52 

Human  9 5 254.98 

orphology between species and individuals (Alexander, 2003),
hat result in variable patterns of dynamic acceleration (Shepard
Please cite this article in press as: Bidder, O.R., et al., The need for speed:
dead-reckoning systems. Zoology (2012), doi:10.1016/j.zool.2011.09.003

t al., 2008). Thus, there is not a single speed–ODBA relation-
hip that would be valid between species, or even within species.
herefore at present, calibrations are required at the individual
evel when used for dead-reckoning applications. This calibration

ig. 2. Linear regressions for speed against ODBA for the cormorants at Birmingham
niversity where y = speed (m/s) and x = ODBA (g).
.001 0.98 0.31489 × ODBA + −0.04178

.001 0.95 0.3967 × ODBA + −0.11123

.001 0.99 0.5431 × ODBA + −0.06351

can, however, be done ad hoc using a secondary means of ground-
 testing acceleration for estimating animal travel rates in terrestrial

The derivation of ODBA involves summation of the dynamic
components of the animal’s tri-axial acceleration (Wilson et al.,

Fig. 3. Linear regressions for speed against ODBA for the human trials at Birmingham
University where y = speed (m/s) and x = ODBA (g).

dx.doi.org/10.1016/j.zool.2011.09.003
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Fig. 5. Comparison of dead-reckoned tracks derived from the real position and the
fully corrected speed. The track begins at the point marked by the arrow moving
anti-clockwise. Initially, the gradient for the regression of speed against ODBA from
ig. 4. Comparison of dead-reckoned tracks derived from the real position and the
alibration-derived speed. The track begins at the point marked by the arrow moving
nti-clockwise.

006), and this may  lead to overestimation of proper acceleration.
he correct vectorial solution, vectorial dynamic body acceleration
VeDBA), may  also be used, particularly when non-alignment of
eference frames is a concern or animal movement varies across
arying planes (Gleiss et al., 2011). However, ODBA and VeDBA are
ctually very tightly correlated (r2 = ca. 0.99; Qasem et al., unpub-
ished data) so whether ODBA or VeDBA is used is essentially
cademic. In favour of ODBA, however, we note that it is becoming

 standard metric as a proxy for metabolic rate (e.g. Wilson et al.,
006; Halsey et al., 2008, 2009a,b, 2011b; Gleiss et al., 2009, 2011;
hepard et al., 2009; Halsey and White, 2010) and, as such, is a
arameter already in extensive use.

.2. ODBA in dead-reckoning

The different methods of estimating speed have a profound
ffect on the concurrence between the dead-reckoned track and
he actual track. The dead-reckoned track calculated using the
alibration-derived speed showed poor adherence to the true path
Fig. 4), underestimating the distance travelled on all four legs
y a mean distance of 14.47 m (SE = ±2.85 m).  Differences in sub-
trate and incline could account for the disparity between the
peed–ODBA relationship on the treadmill and in the field, given
hat the latter was conducted on soft grass. This is a potential source
f error when dead-reckoning free-living animals, as they are likely
o encounter various substrates within their environment. Concur-
ence between the dead-reckoned track and the true track (using
he real mean speed) was best met  using the fully corrected speed
FCS). However, during correction it became apparent that the rela-
ionship between speed and ODBA varied during the trial (Fig. 5).
he slope component of the relationship was set at 3.928 for legs 1
nd 2, but at 3.99 and 3.521 for legs 3 and 4, respectively. Initially,
t was thought that this requirement for a change in slope after
eg 2 was due to a change in speed. However, speed did not differ

uch between legs (mean speed was 1.646 m/s, SE = ±0.019 m/s).
s substrate was homogeneous around the track (soft grass), it is
ossible that another factor, such as incline, is responsible for this
ariation in the speed–ODBA relationship. A study by Herren et al.
1999) suggested that vertical acceleration increases as humans
alk up gradients, and Halsey et al. (2008) found that the pre-
Please cite this article in press as: Bidder, O.R., et al., The need for speed:
dead-reckoning systems. Zoology (2012), doi:10.1016/j.zool.2011.09.003

ictive power of ODBA forVO2 (ml  min−1) diminished slightly on
n incline. Certainly, the effects of both substrate and incline on
ur ability to accurately estimate speed for dead-reckoning merit
urther investigation.
the treadmill calibration had been 2.3796. After the correction it was  set at 3.928
for  legs 1 and 2, 3.990 for leg 3, and 3.521 for leg 4.

The results of the dead-reckoning exercise indicate that using
prior calibrations of speed vs. ODBA may  not prove particularly
helpful, or even necessary, for producing accurate speed estimates
with which to dead-reckon. The advantage of the FCS approach is
that it requires no calibration for ODBA to speed prior to deploy-
ment as the relationship between ODBA and speed is solved by
iteration. This avoids the often substantial logistical difficulties
involved with obtaining such calibrations for non-human species.
Our work has indicated that a linear relationship between speed
and ODBA can generally be assumed so that, using the iterative pro-
cess, no prior knowledge about the gradient between speed and
ODBA is required. The procedure would begin with any nominal
value which can be altered to accord with the true value once the
iteration procedure is undertaken. We note, too, that with appro-
priate temporal resolution in accelerometry sampling (e.g. Yoda
et al., 1999), environmental factors such as incline can be detected
(Herren et al., 1999; Shepard et al., 2008) and animal behaviours
can be identified (e.g. Shepard et al., 2008; Sato et al., 2009) so that
periods of rest can be isolated to determine the intercept in the
speed–ODBA relationship. This means that little, if any, prior cali-
bration is required, as all components of the relationship between
speed and ODBA (slope and intercept) can be calculated ad hoc.

Clearly the trade-off in employing the FCS method to estimate
speed is that it requires ground-truthing (i.e. verification of posi-
tion by a secondary means). In its crudest sense, this could be two
points, the first where the animal was  released with the tag, and
the second where the tag was  recovered. Periodic ground-truthing
would, of course, reduce errors and could be undertaken by GPS
fixes, VHF telemetry or even via sightings of the animal. Further
research will have to determine the appropriate frequency of such
ground-truth fixes while consideration of the manner in which the
speed–ODBA relationship changes between ground-truth fixes will
allow researchers to examine variance in this and thus calculate the
potential error in dead-reckoned tracks due to speed inaccuracies
as a function of time since the last fix.

Despite the reliance of independent fixes of animal position,
this approach to dead-reckoning should allow calculation of very
fine-scale movement data, which may  serve to complement less
 testing acceleration for estimating animal travel rates in terrestrial

finely resolved GPS data (cf. Cooke et al., 2004; Wilson et al.,
2007). Comparison of dead-reckoned data with estimates of animal
positions between temporally spaced data points using, for

dx.doi.org/10.1016/j.zool.2011.09.003
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xample, Bayesian estimation (Sumner et al., 2009) will prove an
nteresting field for informing both approaches.

.3. Future work with GPS-enhanced dead-reckoning

Our highly controlled trial had the test participants continuously
ravelling (albeit at different speeds per leg) so that all ODBA val-
es corresponded to animal movement. Deployments in the wild
ill have to ensure that the accelerometry signal equally corre-

ponds to movement and not, for example, to scratching or rolling
lthough with appropriate sampling rates this should not generally
e problematic (cf. Shepard et al., 2008).

Importantly, our experimental protocol to create and derive the
ead-reckoned track considers no error in heading. The apparent
uccess of ODBA as a proxy for speed, and particularly the method
y which the speed can be derived using iteration, does not take

nto account any heading errors (see Wilson et al., 2007), which
ust be considered as a separate, and important, issue.

. Conclusion

ODBA appears to be a powerful predictor of speed in terres-
rial animals, with most tested relationships being linear. However,
nter- and intra-specific variance, and the influence of factors such
s substrate and incline, are such that direct incorporation of prior
alibrations for ODBA as a measure for speed in dead-reckoning
ystems is likely to cause appreciable errors in track determina-
ion. However, periodic true fixes (e.g. from GPS) can be used to
ompare true to dead-reckoned tracks and, via iteration, refine the
utative relationship between ODBA and speed. When this is done,
rue tracks and dead-reckoned tracks show excellent concurrence
n time and space. Further work is needed to examine specifically
ow terrain (e.g. substrate, incline, etc.) impacts the derivation of
peed for dead-reckoning, how to identify movement rigorously,
nd the specifics of how GPS and dead-reckoning may  be used in
ynchrony in order to produce the most accurate fine-scale animal
ovement data.
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