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Original article

New possibilities of observing animal behaviour from a distance

using activity sensors in GPS-collars: an attempt to calibrate

remotely collected activity data with direct behavioural

observations in red deer Cervus elaphus

Petra Löttker, Anna Rummel, Miriam Traube, Anja Stache, Pavel Šustr, Jörg Müller & Marco Heurich

Knowing what an animal is doing where and when is crucial for understanding habitat use as well as for detecting

deviations from the norm, e.g. the animal’s responses to disturbances or predators. While an animal’s position can

quite easily be assigned using VHF- or GPS-telemetry, determining its behaviour from a distance is still limited.

A new generation of GPS-collars, equipped with a dual-axis acceleration sensor allows insights into the animal

activity by continuously (5-minute intervals) delivering x- and y-values on a scale from 0 to 255. However, until now

it has not been possible to tell which activity values can be attributed to which kind of behaviour. Therefore, the

overall aim of our study was to find a method to distinguish different behavioural categories from these activity

values. We used four captive red deer Cervus elaphus (one male and three females) and equipped them with GPS-

collars while simultaneously observing their behaviour. Values for different behavioural categories were compared

statistically using ANOVA with 'individual' as random effect and Tukey’s follow-up test. Threshold values between

the categories were determined by recursive partitioning and were assured by 5,000 bootstraps. While the difference

between feeding and slow locomotion was significant in the x- but not in the y-values, each of these two categories

differed significantly from resting and fast locomotion. Specific thresholds were established between the three cate-

gories resting, feeding with slow locomotion and fast locomotion. Subsequent comparison of the behaviour de-

termined by these threshold values with observed behaviour revealed a high percentage of correctly assigned behav-

iour (93%). Taken together, this preliminary study demonstrates the potential of dual-axis acceleration sensors in

GPS-collars for estimating the activity of wild-living red deer. However, further observations of activity on more

individuals of each age and sex class should be performed to take into account inter-individual variability and to

improve the predictive power of the threshold values.
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Knowing what an animal is doing where and when
is crucial for understanding habitat use as well as
for detecting deviations from the norm, e.g. the

animal’s responses to disturbances or predators.
Because of increasing interference of humans in
natural habitats, wild-living animals are put under
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growing pressure by man with regard to their space
and time requirements (Berger et al. 2002, Gervasi
et al. 2006). Therefore, investigation of the spatio-
temporal behaviour of wild animals is relevant
for the management of potentially disturbing an-
thropogenic activities, and hence for the conser-
vation of endangered species. Additionally, data
on animal activity are necessary to improve our
understanding of their foraging behaviour, and
may contribute to generate predictivemodelswhich
may help wildlife managers and land use planners
to integrateplant-herbivorerelationships intoforest
and wildlife management (Coulombe et al. 2006).
The conflict between wildlife management and

conservation on the one hand and requirements of
human recreation and tourism on the other hand
is especially pronounced in national parks, which
by definition have to fulfil both functions. In the
BavarianForestNational Park,management of red
deerCervus elaphus is of great importance since the
species is the largest herbivore which can cause
considerable browsing damage, butwhich is also an
attractive flagship species. With formation of the
NationalParkin1970reddeerlivingconditionshave
changeddramaticallydue to the suspensionofhunt-
ing in a wide area, increased tourism, creation of
large forest clearings and subsequent forest regen-
eration after spruce bark beetle Yps typographus
calamity, and reintroduction of lynx Lynx lynx,
whichisanimportantpredatorforyoungandfemale
reddeer, intotheareathatwasfreeof largepredators
for around 150 years. Studying red deer spatio-
temporalbehaviouristhereforecrucialtoassesshow
they cope with the challenges of the new situation.
The most unambiguous way to study animal be-

haviour is by direct observations of focal animals.
However, direct observations bear several prob-
lems. Animals might be disturbed by the ap-
proachingobserverandmightflee.Moreover,direct
observations depend much on the territory and
are only possible during the day and in areas with
little or no cover (Gervasi et al. 2006), and they are
time and manpower consuming (Craighead et al.
1973). Elusive species, like red deer, which move
great distances in a largely inaccessible area in the
Bavarian Forest National Park require other, in-
direct methods. One such indirect method is VHF-
or GPS-telemetry which was originally developed
for position determination, but increasingly offers
the possibility to study animal activity with little
disturbance as well. Based on the assumption that
animal movement can influence the transmission

of radio signals, early studies interpreted signal
changes in tone or strength during a fixed time
interval as active behaviour (see Gervasi et al. 2006
forareview).Thismethodwas,however,criticisedto
be rather subjective. Later radio-collars contained
motion-sensitive devices. These devices are acti-
vated by animalmovement, which leads to a change
in the signal mode, usually in the pulse rate. Such
changes in pulse rate allowed the discrimination be-
tween feeding and slow locomotion, and between
rumination and sleeping in red deer (Georgii &
Schröder 1978, Georgii 1981, Green & Bear 1990).
In the 1990s specific collars for activity measure-
ments were designed (ETHOSYS; Scheibe et al.
1998, Berger et al. 2002, Berger et al. 2003). These
collars contain two sensors, one for acceleration
and the other for position tracking of the animal’s
head (i.e. up or down). The two sensors permit the
discrimination of feeding from general activity. In
the past decade, GPS-collars have been equipped
with dual-axis motion sensors sensitive to vertical
and horizontal head and neck movements (GPS-
collars from Lotek Engineering; e.g. Adrados et al.
2003,Ungar et al. 2005,Coulombe et al. 2006;GPS-
collars fromVECTRONICAerospace; e.g.Gremse
2004, Gervasi et al. 2006). These collars allow in-
sights into animal activity by continuously deliver-
ingx-andy-valuesonascalefrom0to255.However,
so far, studies using these collars reported that the
sensor-measured values provided information on
thedegreeofactivityonlyatabroaderscale(activevs
passive), whereas discrimination of the different ac-
tive behaviours failed (Adrados et al. 2003, Gremse
2004, Coulombe et al. 2006, Gervasi et al. 2006).

Considering this background, the overall aim of
our study was to find a method to distinguish be-
tween different behavioural categories based on ac-
tivity values generated by a dual-axis acceleration
sensors inGPS-collars.Morespecifically,wewanted
to 1) determine specific threshold values for the
different behavioural categories in captive red deer,
and2)validatethesethresholdsthroughbehavioural
observations.

Methods

Technical details of the activity sensors

We used GPS-GSM collars from VECTRONIC
Aerospace, Berlin, Germany. The collars are equip-
ped with one dual-axis acceleration sensor, with the
horizontal sensor being oriented perpendicular and
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theverticalsensorbeingorientedparallel tothespine
of the animal. Consequently, left-right and back-
forth movements generate x- and y- values, respec-
tively.Data are recorded continuously 6-8 times per
second, and the resulting values are accumulated
and averaged in the time interval between two suc-
cessive activity fixes, here in 5-minute intervals. The
mean activity values are arranged on a linear nu-
merical scale and range from 0 to 255.All values are
saved in the collar and can be downloaded after the
de-collaring of the animal.
For our tests we used collars from the series 600,

2100 and 2300. These collars did not differ in the
technical equipment concerning the activity sensors
(VECTRONICAerospace,pers.comm.).However,
the collars differed insofar as they were of different
size/weight, ranging from ca 600 g to ca 900 g, with
the lightestcollarusedfor the juvenile femaleandthe
heaviest for the male. Additionally, in contrast to
the female collars, themale collarwasequippedwith
a drop-off device. The possible imbalance that this
device might have caused was counterbalanced
through another box of similar size at the opposite
side of the collar.

Animals and housing conditions

For matching behavioural observations and ac-
tivity data generated by GPS-collars, we used four
reddeerofdifferentagesandsexes (one juvenile, one
subadult, one adult female, and one adultmale with
ample antler) and equipped them with GPS-GSM
collars for around one month each (Table 1). The
females lived togetherwith seven adult females, two
adultmalesandseveral subadultsand juveniles inan
outdoor enclosure of 2 ha encompassing grassland
and an open stable. The animals received daily sup-
plemental feeding in formof hay or silage, and from
time to time fruits or corn were fed as supplements.
The male lived together with one adult and two
subadult females in an outdoor enclosure of 7 ha
encompassing half grassland and half mixed forest
of Norway spruce Picea abies and European beech

Fagus sylvatica. The daily provisioning consisted of
hay and grass pellets.

We intentionally chose females of different age
classes and an adult male during the antler phase
since the head movements and tightening of the
collar canvarydependingon theageand/or sexclass
ofanindividual(Gremse2004,Coulombeetal.2006,
Gervasi et al. 2006). Since differences between age
and/or sex classes may mask general differences in
the values for different behavioural categories, this
approach is conservative.

Behavioural observations

We observed detailed behaviour using focal animal
sampling and continuous recording (Martin &
Bateson 1993) on the three female red deer, for a
total of 83 observation hours during the time they
woretheGPS-collars(seeTable1;theobserverswere
Miriam Traube and Anna Rummel). The GPS-
collaredmalewasobserved in the subsequentyear in
a similar manner by Sabine Schade for a total of 30
observation hours (see Table 1). We recorded the
four behavioural categories resting, feeding, slow
locomotionand fast locomotion (Table 2), aswell as
all shorter events (mainly head movements and
change of body position) including the time in-
formation on a standardised data sheet. In order to
be able to compare behavioural observations with
activity values generatedby theGPS-collars, a stop-
watch was synchronised with the internal clock of
the collars.

Statistical comparison of activity values for

different behavioural categories

For comparison of activity values for the different
behavioural categories we used only 'pure' 5-minute
intervals, i.e. intervals in which deer were observed
performing only one of the four behaviours for the
whole samplingperiodandwhichwere virtually free
of shorter events.Additionally,weusedvalues in the
middle of a longer time sequence for a certain be-
havioural category, and not values at the beginning

Table 1. Summary characteristics and observation period of the four (F1-F3 and M1) study animals.

Animal-ID Sex Age class Date of collaring Date of de-collaring Remarks

F1 , Juvenile (0.5 years) 15/09/20061 16/10/20061

F2 , Subadult (1.5 years) 14/09/20061 16/10/20062

F3 , Adult (y10 years) 15/09/20061 16/10/20062

M1 < Adult (y10 years) 16/08/20071 11/09/20073 With antler

1 Immobilisation with 'HellabrunnerMixture' (500 mgXylazine dry substance dissolved in 4 ml 10%Ketamine solution;Wiesner 1998) in the following

doses; F1: 1 ml; F2: 1.8 ml; F3: 2 ml; M1: 3 ml. Application IM with blowpipe.
2 Shot to death.
3 Drop-off device on GPS-GSM collar.
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orat theendofresting-or feeding-periods (e.g.when
a resting period lasted from 15:00 to 15:30 we chose
valuesfrom15:05to15:25).Thiswasimportantsince
theclockthattriggerstheactivity loggerdoesnotrun
synchronouswiththe internalclockof thecollar,but
is exposed to time lags (VECTRONIC Aerospace,
pers. comm.). Thismeans that although the internal
clock isquerying theactivityvaluesatdefinitepoints
of time in 5-minute intervals (00:00, 00:05, 00:10,
00:15, …), the measuring period at a query at 00:05
can range from 00:00:01 to 00:05:00 or in the other
extreme from 00:05:01 to 00:10:00.When using val-
ues in themiddle of a resting- or feeding-period, the
time lags do not fall into account.
We calculated and plotted the median (25 and

75%quartiles)activityvaluesforthedifferentbehav-
ioural categories for the four individuals (M1, F1,
F2, F3; see Table 1) separately as well as for the
pooled data from all of them. We did this for x-
values, y-values and for the sums of x- and y-values
(xy-values) as ameasure for the overall acceleration
(total activity level) in the twoorthogonal directions
(Gervasi et al. 2006).
All statistical analyses were performed using

R2.5.1 (R Development Core Team 2004). To test
our global hypothesis of independence of the x-
values(insamewayy-andxy-values)amongthefour
behavioural categories, we fitted a linear mixed-
effect model using the function glht in the package

'lme4'. We used the pooled data and considered our
four individuals as random effects. According to
Westfall&Young (1993), for each responsevariable
a post-hoc test (Tukey’s all-pair comparison) was
appliedadditionally inorder toassess thedifferences
betweeneachpairof the fourbehavioural categories
using the function mcp in the package 'multcomp'.

Determination of threshold values

Based on the previous analyses, we determined
threshold values from pooled data using recursive
partitioning with single branching (Hothorn & Zei-
leis 2008,Zeileis et al. 2008). This statistic procedure
incorporates parametric models into trees and, in
this special case, finds the value (split point) that
separates best between two behavioural categories.
Since in red deer locomotion is mostly linked with
feeding (Georgii&Schröder1978),meaningthat the
animals feed where they walk or walk where they
feed, and the difference between feeding and slow
locomotionwasnot significant iny-values (Table 3),
we united these two categories into one category.
Consequently, thresholdswerebuiltbetweenresting
and feeding/slow locomotion and between feeding/
slow locomotion and fast locomotion. Afterwards,
95% confidence intervals for the threshold values
were determined by 5,000 bootstraps.

In a second step, we divided the data set into
two parts of equal size, and used only half of the

Table 2. Ethogramme of the recorded behavioural categories.

Behavioural

category Definition

Resting (R) Persisting without leg movements, either standing or lying.

Feeding (F) Pullingmovement withmouth and subsequent mastication, head down,mostly with accompanying forwardmotion and incidental

head up movements (vigilance).

Slow locomotion

(sLoc)

Pace: forward motion in which all four legs are consecutively lifted from the ground and subsequently put on the ground further

ahead; sequence: hind left, fore left, hind right, fore right.

Fast locomotion

(fLoc)

Trot: forwardmotion inwhich two legs are lifted fromtheground simultaneously andsubsequently puton theground further ahead;

sequence: hind left with fore right, hind right with fore left or

Gallop: forwardmotion inwhich initiallyonehind leg, then theotherhind leg togetherwith thediagonal fore leg, andfinally theother

fore legareput furtherahead; this is followedbya levitationphase inwhichall four legsare simultaneously released fromtheground.

Table 3. Results of ANOVA with random effect and Tukey’s follow-up test for the comparison between the four behavioural
categories resting (R), feeding (F), slow locomotion (sLoc), and fast locomotion (fLoc; see Fig. 1). Analyses were performed with
pooled data from all individuals (see Fig. 1 columns 'all')

Test variables

X-value
---------------------------------------------------

Y-value
---------------------------------------------------

XY-value
-------------------------------------------------

Z-value P-value Z-value P-value Z-value P-value

R vs F -26.5 <0.0001 -31.05 <0.0001 -30.34 <0.001

R vs sLoc -14.53 <0.0001 -12.35 <0.0001 -13.97 <0.001

R vs fLoc -41.72 <0.0001 -29.11 <0.0001 -36.5 <0.001

F vs sLoc -4.77 <0.0001 -0.82 n.s. -2.74 <0.05

F vs fLoc -32.53 <0.0001 -18.16 <0.0001 -25.87 <0.001

sLoc vs fLoc -20.83 <0.0001 -12.94 <0.0001 -17.31 <0.001
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data/every second value from each individual for
determination of threshold values. The other half
was used for validation of the threshold values (see
below).
The analyses were performed using R2.5.1 (see

above) and the add-on packages 'party' and 'coin'.
Again, thresholds and confidence intervals were
determined for x-values, y-values and the sums of x-
and y-values.

Validation of threshold values

The validation of threshold values was done in two
stepswiththesecondhalfof thedatasetconsistingof
'pure'5-minute intervals only (see above). In thefirst
step, we counted the observed number of intervals
per behavioural category and determined the per-

centage of correctly assigned intervals when using
the threshold values based on the x-, y- and xy-
values. In the second step we compared the number
of intervals per behavioural category as observed
with the number of intervals per behavioural cate-
gory as determined from x-, y- and xy-values. This
second step was performed in order to reveal which
behaviours were underestimated (assigned values
lower than those observed) and which were over-
estimated (assigned values higher than those ob-
served).

Significance between the observed and telemetry-
baseddistributionsofbehaviourswere testedusinga
G-TestwithWilliam’sCorrection (seeGreen&Bear
1990) using SsS1.0b (Rubisoft Software GmbH).
Due tomultiple pair-wise testing, significance levels

Figure 1. Activity values (A): x-values,
B): y-values and C): sums of x- and y-
values) for the behavioural categories
resting, feeding, slow locomotion and
fast locomotion for the pooled data 'all'
as well as the four individuals M1, F1,
F2 and F3 (compare with Table 1). Thick
horizontal lines indicate medians, box=
25- and 75%-quartiles and dashed lines
include 100% of data; except dots indi-
cate outliers. Sample size is given in pa-
rentheses. Horizontal lines are threshold
values between resting and feeding/slow
locomotion (lower line), and between
feeding/slow locomotion and fast loco-
motion (upper line) after recursive parti-
tioning (compare with Fig. 2). For signif-
icant differences between the behavioural
categories see Table 3.
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had to be adapted byHolm’s sequential Bonferroni
procedure(Holm1979); inthiscasePj0.0167,0.025
and0.05 for the three rankedP-values (fromsmall to
large)denotedsignificantdifference.Bothstepswere
performed using the pooled data of all individuals
and with all four individuals (M1, F1, F2, F3; see
Table 1) separately.

Results

Statistical comparison of values for different

behavioural categories

For both x- and y-values, and for the sum of these
values (xy), the differences between all four behav-
ioural categorieswere veryhighly significant, except
the difference between feeding and slow locomotion
whichwassignificant inxy-valuesbutnot significant
in y-values (Fig. 1 columns 'all'; ANOVA with ran-
domeffectandTukey’sfollow-uptestseeTable3).In
allvalues, themedian(andthe25and75%quartiles)
was lowest in resting andhighest in fast locomotion.
Feeding and slow locomotion were intermediate.
Concerning the different individuals, themedians

for the different behavioural categories in the three
femaleswereverymuchalike inbothx-andy-values,
and in xy-values. The male, however, differed from
the females andhad considerably lowermedians for
resting and fast locomotion (for slow locomotion
there were no values available for the male). This
differencewas especially pronounced in y-values for
fast locomotion which lay below the threshold for
fast locomotion.

Determination of threshold values

With high levels of significance, threshold values
were built and approved to separate resting from
feeding/slow locomotion and the latter from fast
locomotioninx-values,y-valuesandinthesumsofx-
and y-values (Fig. 2; Recursive Partitioning: all
combinations P<0.001). Values j15 (10), 27 (17)
and 30 (28) for x-, y- and xy-values, respectively,
indicated resting (values in parentheses represent
values beyond which the 95% confidence interval
was reached). Values >15 (21), 27 (30) and 30 (50)
andj189(162),183(168)and338(317)forx-,y-and
xy-values, respectively, indicatedfeeding/slowloco-
motion. Values>189 (189), 183 (236) and 338 (369)
for x-, y- and xy-values, respectively, indicated fast
locomotion.

Figure2.Thresholdvalues (thickvertical lines) toseparateresting
(R) from feeding/slow locomotion (F/sLoc) and the latter from
fast locomotion (fLoc) for x-values, y-values and the sums of x-
and y-values as determined by recursive partitioning, and over-
lapping zones (grey bars) after 5,000 bootstraps. White bars
denote 95% confidence intervals after 5,000 bootstraps. Thresh-
olds are built frompooleddata of four individuals (comparewith
Table 1).

Table 4. Validation of threshold values - 1. Percentage of correctly assigned intervals for x-, y- and the sums of x- and y-values.

Behaviour Individual Observed no. of intervals

% of correctly assigned intervals for
-----------------------------------------------------------------------------------------------

X-value Y-value XY-value

Resting All 150 98 96.7 94.7

M1 68 100 100 100

F1 38 97.4 92.1 86.8

F2 12 83.3 83.3 75

F3 32 100 100 100
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Feeding/slow locomotion All 166 94 92.2 97

M1 25 72 68 88

F1 32 93.8 93.8 96.9

F2 60 98.3 95 98.3

F3 49 100 100 100
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Fast locomotion All 8 100 75 87.5

M1 1 100 0 0

F1 2 100 100 100

F2 3 100 66.7 100

F3 2 100 100 100
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Total1 324 97.3 87.9 93.1

1Percentage=Mean percentage calculated from the pooled data ('all').
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Whenusingonlyhalfof thedata, thresholdvalues
differed slightly from the values above: Valuesj18
(9), 27 (19) and 31 (28) for x-, y- and xy-values, re-
spectively, indicated resting. Values >18 (23), 27
(27) and 31 (64) andj189 (143), 178 (157) and 369
(299) forx-, y-andxy-values, respectively, indicated
feeding/slow locomotion. Values >189 (189), 178
(180) and 369 (369) for x-, y- and xy-values, respec-
tively, indicated fast locomotion. The significance
level was high as described above (Recursive Parti-
tioning: all combinations P<0.001).

Validation of threshold values

Overall, the percentage of correctly assigned inter-
vals was high (93%; Table 4).With 94.7-98% it was
slightly higher in resting than in feeding/slow loco-
motion (92.2-97%) and in fast locomotion (75-
100%). Concerning the different activity sensors,
the percentage of correctly assigned intervals was
highest in the horizontal sensor (x-values: 97.3%),
and slightly lower in the vertical sensor (y-values:
87.9%) and the combination of both sensors (sum
of x- and y-values: 93.1%). Concerning the dif-
ferent individuals, the percentage of correctly as-
signed intervals was highest in F3 (always 100%),
slightly lower in F1 and F2 (ranges: 86.8-100 and
66.7-100%, respectively), and lowest in M1 (range:
0-100%).
When comparing the number of intervals per

behavioural category as observed with the assigned

number when using x-, y- or xy-values as reference
(Table 5), it turned out that the fit for all three
behavioural categories was quite good (assigned
values almost equal to observed values). Accord-
ingly, the differences between the observed and the
assigneddistributionofbehavioural categorieswere
not significant in either case (G-Test withWilliam’s
correction and Holm’s sequential Bonferroni pro-
cedure: x: G=0.32, df=2, P=0.851; y: G=0.22,
df=2, P=0.893; xy: G=0.1, df=2, P=0.951). Con-
cerning the different individuals, the fit was best for
F3 (always 100%). In M1, resting was slightly
overestimated (104.4-111.8%), whereas feeding/
slow locomotion was underestimated (72-92%; for
fast locomotiontherewasonlyonedatapointsothat
no clear picture emerged). In F2, resting was un-
derestimated (72-92%) and fast locomotion was
overestimated (133.3%),whereas the fit for feeding/
slow locomotionwasquite good (96.9-103.3). InF1,
resting was slightly underestimated (85.5-97.4%,
except in the x-value: 102.6%) and feeding/slow
locomotion was overestimated (103.1-112.5%, ex-
cept in the x-value: 96.9%), whereas the fit in fast
locomotion was 100%.

Discussion

Wepresent amethod to distinguish different behav-
ioural categories from activity values generated by

Table 5. Validation of threshold values - 2. Number of intervals per behavioural category as observed and as determined from x-,
y- and the sums of x- and y-values, and significance levels for the assigned vs the observed distributions. The percentage of
assigned to observed number of intervals is given in parentheses.

Behaviour Individual Observed no. of intervals

Assigned no. of intervals
------------------------------------------------------------------------------------------

X-value Y-value XY-value

Resting All 150 156 (104) 156 (104) 146 (97.3)

M1 68 75 (110.3) 76 (111.8) 71 (104.4)

F1 38 39 (102.6) 37 (97.4) 34 (89.5)

F2 12 10 (83.3) 11 (91.7) 9 (75)

F3 32 32 (100) 32 (100) 32 (100)
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Feeding /Slow locomotion All 166 159 (95.8) 160 (96.4) 170 (102.4)

M1 25 18 (72) 18 (72) 23 (92)

F1 32 31 (96.9) 33 (103.1) 36 (112.5)

F2 60 61 (101.7) 60 (100) 62 (103.3)

F3 49 49 (100) 49 (100) 49 (100)
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Fast locomotion All 8 9 (112.5) 8 (100) 8 (100)

M1 1 1 (100) 0 (0) 0 (0)

F1 2 2 (100) 2 (100) 2 (100)

F2 3 4 (133.3) 4 (133.3) 4 (133.3)

F3 2 2 (100) 2 (100) 2 (100)
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Significance level1 n.s. n.s. n.s.

1Significance levels afterG-TestwithWilliam’sCorrection andHolm’s sequential Bonferroni procedure as calculated for the pooleddata ('all'): n.s.=non

significant difference (for P-values see text).
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a dual-axis acceleration sensor in GPS-collars. By
means of threshold values built after behavioural
observations,wedifferentiatedrestingfromfeeding/
slowlocomotionandthe latter fromfast locomotion
in red deer. The validation of these threshold values
revealed a high percentage of correctly assigned be-
haviour.
However, despite the successful generation and

validation of threshold values, some methodologi-
cal problems emerged. First, although the overall
percentageofcorrectlyassignedbehaviourwashigh,
some classification errors occurred even though we
exclusively used 'pure' intervals of one behavioural
category for validation. The number of misclassifi-
cations increased further when applying the thresh-
old values to intervals of mixed behaviour or inter-
vals in which behavioural events of short duration
occurred. It turned out that all in all, resting was
underestimated, whereas both feeding/slow loco-
motion and fast locomotion were overestimated
(data not shown). Being placed around the animal’s
neck, theacceleration sensor is especially affectedby
head movements (Gervasi et al. 2006). Therefore,
head movements but also events like 'getting up',
'body shaking' and 'jumping' during a resting (feed-
ing/slow locomotion) period caused higher activity
values than usual for this period and thus lead to a
shift from resting to feeding/slow locomotion (or
fromthelatter tofast locomotion).This isatechnical
problemresulting fromthe fact thatactivitydataare
meanvalues for a 5-minute interval, and canonly be
solved by the collar-producing companies by either
shortening the interval or by completely avoiding
the averaging process and displaying the raw data
instead.However, reddeer arenot soproblematic in
this respect as they behave relatively constant and
usually remain within one behavioural category for
longer time intervals (e.g. feeding periods last from
30minutes to 2.5 hours; Bützler 2001). Therefore, in
red deer the problem of wrong classification can be
further reducedby considering longer time intervals
(e.g. 30 minutes, see above) instead of one 5-minute
interval only, and by subsequent determination of
theprevailingbehaviour inthisextendedperiod(i.e.,
when an animal’s assigned activity is feeding in a 5-
minute interval but this interval is surrounded by 5-
minute intervals of resting, it is assumed that the
animal was resting during all this time). By doing
so,misclassifications due to short events during one
5-minute interval would not fall into account. Con-
cerning the transferability to other study species, it
should, however, be noted that the problem of mis-

classification could be elevated in species which be-
have less constant and are more excited or vigilant
than red deer.

Second,theprocessesofgeneratingandvalidating
the threshold values were based on behavioural
observationsof four reddeer ofdifferent age andsex
classes. Other studies found that the head move-
ments and tightening of the collar can vary depend-
ing on the age and/or sex class of an individual
(Gremse 2004, Coulombe et al. 2006, Gervasi et al.
2006),andwouldsuggest tobuilddifferentthreshold
values for different age and sex classes. Indeed, also
in our study, the activity values for themale differed
from the females insofar as they were considerably
lower, whereas the distribution of values within the
females (despite theirdifferentageclasses)wasmuch
more homogeneous. The difference between the
male and the females was especially pronounced in
the behavioural category fast locomotion; in the
male, only the x-, but not the y-value, was elevated
(x: 255: y: ca 100). This difference between x- and
y-values was confirmed in data of wild-living red
deer stags during the antler phase (data not shown).
Whether this is a general phenomenon in male red
deer, if it reflects the general movement pattern
of stags in the antler phase (see Gremse 2004), or
whether it is caused by other factors (e.g. increase of
neck circumference and thus collar tightness dur-
ing the rutting season) should be investigated in
further studies. However, despite the difference be-
tween themaleand the female reddeer, theuniversal
threshold values built from the pooled data of all
individuals fit quite well with all of them (high
percentage of correctly assigned intervals in all four
individuals). Additionally, our statistically conser-
vative approach is supportedby the fact that despite
the pooling of data we obtained significant results.
Finally, for a long-term study on the spatio-
temporal behaviour of red deer like our study, in
which animals are GPS-collared for several months
up to several years, comprisingdifferent seasonsand
possibly different age classes, universal thresholds
that can be used year round and for all individuals
seemtobemuchmore feasibleandreasonable.Until
new insights become available in respect to the dif-
ferences between x- and y-values in red deer stags
in fast locomotion, we recommend the use of x-
values for determination of behaviour in red deer,
especially when individuals of both sexes and dif-
ferent ages are involved.

Third, our behavioural observationswere carried
out in outdoor enclosures. It might well be that the
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behaviour of captive red deer differs from the be-
haviour of wild living individuals, and that some
behavioural patterns do not occur in captivity. For
example, we only recorded few intervals of fast
locomotion in our captive individuals and they did
not showextendedperiodsof slow locomotionwith-
out feeding.Maybe, ahighernumberof intervals for
both fast and slow locomotion would have allowed
a better fine-tuning of the threshold values, and
would have allowed distinguishing feeding from
slow locomotion as well. However, fast locomotion
over extended periods seems to be generally rare in
red deer, and differentiating between feeding and
slow locomotion might not be essential, as in this
species locomotion ismostly linkedwith feedingand
90-95% of red deer active time can be attributed to
feeding (Bützler 1974,Georgii&Schröder 1978, but
also see Berger et al. 2002). Alternatively, a future
approach could be to include GPS-data into the
analysis and to use the distancewalked between two
GPS-fixes as an additional criterion to discriminate
between these two behavioural categories (Frair
et al. 2005, Ungar et al. 2005, Šustr 2007). Con-
cerning the transferability of our approach to other
study species, it should be noted that a careful gen-
eration and validation of threshold values, as we
have done, requires the availability of tame or cap-
tive individuals of the respective species, at least
when working in a forested area in which direct ob-
servationsarenot feasible, andcanthusbea limiting
factor.
Taken altogether, our preliminary study demon-

stratesthepotentialofdual-axisaccelerationsensors
in GPS-collars for estimating the activity of wild-
living red deer. While other systems might be more
suitable for remotely collecting behavioural data
(ETHOSYS: Scheibe et al. 1998, Berger et al. 2002,
Bergeretal.2003), thedual-axisaccelerationsensors
in GPS-collars clearly bear the advantage of simul-
taneously collecting behavioural and position data.
In combination, these data will offer new and excit-
ing insights into red deer behaviour in the natural
ecological context in terms of habitat use and the
temporaldistributionofbehaviouralcategories.For
thecurrentdevelopmental statusof theGPS-collars,
ourmethod todistinguish different behavioural cat-
egories from activity values seems to be vital and
transferable to other species as well. However, fur-
ther observations of activity onmore individuals of
each age and sex class should be performed to take
into account inter-individual variability and to im-
prove the predictive power of the threshold values.
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Georgii, B. & Schröder, W. 1978: Radiotelemetrisch

gemessene Aktivität weiblichen Rotwildes (Cervus ela-
phus L.). (In German with an English summary: A ra-
diotelemetric study of the activity of female red deer

(Cervus elaphusL)). - Zeitschrift für Jagdwissenschaften
24: 9-23.

Gervasi, V., Brunberg, S. & Swenson, J.E. 2006: An

individual-based method to measure animal activity
levels: a test on brown bears. -Wildlife Society Bulletin
34: 1314-1319.

Green,R.A.&Bear,G.D. 1990: Seasonal cycles anddaily

activity patterns of rocky mountain elk. - Journal of
Wildlife Management 54: 272-279.

Gremse, C.M. 2004: Positions- und Aktivitätsregistrie-
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