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Abstract
Understanding the processes that determine how animals allocate time to space is a major challenge, although 
it is acknowledged that summed animal movement pathways over time must define space-time use. The critical 
question is then, what processes structure these pathways? Following the idea that turns within pathways might 
be based on environmentally determined decisions, we equipped Arabian oryx with head- and body-mounted tags 
to determine how they orientated their heads – which we posit is indicative of them assessing the environment 
– in relation to their movement paths, to investigate the role of environment scanning in path tortuosity. After 
simulating predators to verify that oryx look directly at objects of interest, we recorded that, during routine 
movement, > 60% of all turns in the animals’ paths, before being executed, were preceded by a change in head 
heading that was not immediately mirrored by the body heading: The path turn angle (as indicated by the body 
heading) correlated with a prior change in head heading (with head heading being mirrored by subsequent turns 
in the path) twenty-one times more than when path turns occurred due to the animals adopting a body heading 
that went in the opposite direction to the change in head heading. Although we could not determine what the 
objects of interest were, and therefore the proposed reasons for turning, we suggest that this reflects the use of 
cephalic senses to detect advantageous environmental features (e.g. food) or to detect detrimental features (e.g. 
predators). The results of our pilot study suggest how turns might emerge in animal pathways and we propose 
that examination of points of inflection in highly resolved animal paths could represent decisions in landscapes 
and their examination could enhance our understanding of how animal pathways are structured.
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Introduction
The study of how animals distribute themselves in space 
– how life relates to the environment - is one of the pil-
lars in ecology [1]. To elucidate this among vertebrates, 
data on animal location (for definition of this and other 
terms see Supplementary text) are increasingly being 
gathered using animal-attached tags [2–4] which have 
now progressed to systems that provide high accuracy 
(typically to within a few metres) [5], although most are 
deployed to be temporally irresolute (generally giving 
location information at hourly intervals or less [6–8]).

The high spatial accuracy of new systems though, has 
resulted in researchers using such location data to popu-
late models that describe animal movement, the process 
that leads animals to occupy space in the ways they do. 
These models are based on changes in animal locations 
between fixes, with these ‘step lengths’ being used as 
descriptors, although they are inevitably affected by the 
temporal resolution of the fixes. Models for movement 
patterns include, for example; random walk [9], corre-
lated random walk [10, 11] and Lévy walk [12].

Pyke [13] argued that the use of irresolute animal loca-
tion data made it difficult to relate movement paths to 
sensory systems that might inform decisions on how to 
move [14], most particularly if the scales at which animals 
make movement decisions (presumed based primarily on 
sensory information [cf. 14]) are smaller than the resolu-
tion of the approach used to describe them. Rather, Pyke 
purported that, to understand the movements of organ-
isms, work should have the appropriate temporal and 
spatial resolution to focus on decision-making processes 
that affect movement [15].

In their movement ecology paradigm for unifying 
organismal movement research, Nathan et al. [14] regard 
external factors as one of their four primary mechanis-
tic aspects affecting how animals move. Thus, movement 
decisions – specifically where, when and why animals 
have turns in their movement paths [16] - are the fun-
damental processes that translate into animal space 
use because turns give movement paths their structure. 
Indeed, this perhaps explains why initial, recent work 
looks at turn points in finely resolved animal paths [16, 
17], something which also dovetails with classic animal 
behaviour choice studies such as those examining deci-
sions taken in diverging tunnels in mazes [18].

We suggest that a reasonable schema for consider-
ing how animals modify their pathways from a default 
‘straight line path’ starts with some elicitor for turning 
behaviour which can then affect whether a turn should 
take place and the extent of the turn. The structure of the 
path, and the eventual space use by the animal follows as 

a consequence of this. As such, the turn elicitor should 
be key to understanding movement paths and space use 
in general.

To examine this, we use a new spatially and tempo-
rally highly resolute approach to try to identify how and 
when turns in animal paths occur [cf. 19]. For this, we 
conducted a pilot study where we used direction- and 
location-determining systems on the heads and bodies of 
semi-captive animals (Arabian Oryx, Oryx leucoryx) to 
elucidate how head ‘behaviour’ related to the subsequent 
movement path. Head behaviour is important because 
sensory systems are generally concentrated in the head 
[20, 21], this being the leading body part in normal move-
ment, informing about conditions ahead. As a conse-
quence, we reasoned that head heading should be linked 
to body heading during movement and that examination 
of both should elucidate mechanisms behind changes in 
animal paths. Specifically, we had two hypotheses; (i) that 
over scales of minutes, animals subjected to an increas-
ingly intense stimulus would first react to it by orientat-
ing their heads to assess the stimulus before, eventually, 
moving their body in response and (ii) that, over time 
scales of seconds, changes in head heading that occurred 
during normal locomotion, would precede changes in 
body heading, ultimately leading to turn points in the 
animal paths. We appreciate that animals responding in 
their movement patterns to external stimuli in this way 
is an oversimplification since it has been noted that both 
memory and internal ‘state’, such as blood sugar level, 
can also elicit changes in animal movement paths [14]. 
Nonetheless, we believe that response to external stimuli 
perceived by animal sensors may be a major reason why 
animals change the form of their movement paths and 
use this as a prime consideration in our treatise below.

Methods
Six Arabian oryx, from a herd of 12 semi-captive animals 
kept within a 0.5 × 0.5  km natural enclosure within the 
Imam Saud bin Abdulaziz Royal Nature Reserve (previ-
ously called Mahazat as-Sayd), a protected area located in 
west-central Saudi Arabia (41.58, 22.34), were equipped 
with head- and body-mounted tags (Daily Diary – stan-
dard model; http://www.wildbytetechnologies.com/tags.
html) that recorded tri-axial acceleration at 40  Hz and 
tri-axial magnetic field intensity at 13  Hz using a real-
time clock base [22]. The head-mounted tags were glued 
between the horns while the body-mounted units were 
attached to a collar and weighted to hang ventrally. The 
collar also had a dorsally mounted GPS, set to determine 
location once every 15 min. Although the real time clocks 
in the devices were reported to have maximum drift of no 
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more than a few seconds per month, all units were cali-
brated to synchronize time properly. This was done at the 
beginning and end of deployments by taping all units to a 
tray and subjecting them to sharp movements that could 
be defined with respect to time by the accelerometers so 
that any drift over the full deployment period could be 
corrected linearly. Following this, checks on when move-
ment was initiated by animals after long periods of rest in 
periods up to day 3 showed that the timing of the accel-
eration signatures defining the onset of movement from 
the head- and body-mounted tags were indistinguishable. 
Hard and soft iron distortions were corrected according 
to Gunner et al. [23].

The animals were then allowed to roam freely within 
their enclosure for 7 days. On day 6, two predator simula-
tion exercises took place that were video-recorded. In the 
first, a single person approached the (closely associated) 
herd from 685 m to ca. >10 m over 16 min, until the ani-
mals reacted by moving away. The person then returned 
to the start location and, 12  min later, together with 
another person, approached the herd in a similar man-
ner, but this time using a pincer movement where the two 
people approached from different directions, until the 
herd again reacted by moving away (Animation S1).

On day 3, we selected a single period of ca. 5  h of 
behaviour for each individual, during which the focal ani-
mals were predominantly moving, as indicated by Vecto-
rial sum of the Dynamic Body Acceleration [24] having 
values > 0.1 g. These were judged to be representative of 
‘normal movement behaviours’ for this species.

After recovery of the tags, the individual head- and 
body-headings from all animals for all periods were 
determined using methods described in Gunner et al. 

[23] as well as times when significant changes in either 
metric occurred (Fig. S1) and derivation of the animal 
movement paths. The fine-scale movement of all ani-
mals was determined using verified location-enhanced 
dead-reckoning [23] (see Supplementary text for further 
details). ‘Significant turns’ in the head- and body head-
ing were identified using the turning-point algorithm 
described by Potts et al. [17]. The algorithm looks for 
changes in the body heading by sliding a small window 
(w = 40 consecutive points (over 1 s) and used here) 
across the path and observes the squared circular stan-
dard deviation (SCSD) across the window. Spikes in the 
SCSD indicates a turn in the path and candidate turns are 
filtered according to whether they achieved a threshold 
turn angle (thresh = 30o used here).

Three basic categories were recognised based on how 
the head heading changed with respect to the body head-
ing during movement and, to facilitate description of 
this, we termed the difference in the degree of alignment 
of the head with respect to the body (in the horizontal 
plane) ‘DaHwB’ (Supplementary text). The three differ-
ent scenarios that we recognised were: (i) changes in just 
head heading, where the head changed significantly but 
the body did not [DaHwB increased]; (ii) changes in just 
body heading, where the body heading changed signifi-
cantly in a manner that was mirrored in time and extent 
by the head heading (so that DaHwB effectively did not 
change significantly from zero); and (iii) changes head 
heading followed by changes in body heading, where 
an independent change in head heading (Fig. 1) was fol-
lowed by a change in body heading within 3.5 s [DaHwB 
first increased and then decreased within 3.5 s].

Fig. 1 Schematic diagram of the process used to calculate changes in head- and body headings and whether they were significant
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The 3.5  s threshold for the association between head- 
and body-turns was based on density versus time plots 
for changes in head heading and the next change in head 
heading resulting in a turn in the movement path (Fig. 2).

Results
Reaction to threats
When we simulated potential predators (humans) 
advancing on a group of 12 oryx, 6 of which were 
equipped with body and head tracking technology, we 
determined that, as the stimulus approached, all animals 
preferentially changes their head headings so that they 
faced the threat (Fig. 3), indicating that the direction that 
the head heading took is an important correlate of stimuli 
of interest.

Specifically, when one person approached the group at 
distances of up to ca. 500 m, head heading was distributed 
relatively evenly (Fig. 3A1). With distance then decreas-
ing to 275  m, all animals directed their heads towards 
the approaching person (Fig. 3A2), while at distances of 
between 275 and 100 m, the head heading of the animals 
became bimodal, predominantly looking at the approach-
ing person, but also apparently with headings seeming to 
indicate the animals fixating on an escape route although 
all oryx remained stationary (Fig. 3A3). Finally, at shorter 
human-oryx distances (less than 100 m), the animals had 
a head heading that resulted in their heads being pointed 
predominantly towards the escape route as they moved 
away (Fig.  3A4) (Animation S1). The group approached 
by two people from different directions showed similar 

head heading variability (Fig.  3B1, B2, B4), but notably 
animals prioritized the closer person (Fig. 3B3).

A more detailed examination of the single predator 
simulation (Fig.  3A) indicated an increase in the num-
ber and magnitude of heading changes as the human 
approached. Specifically, these related to; (i) just head 
heading and (ii) body heading changes preceded by 
changes in head heading. This contrasted the uninformed 
changes exclusively in body heading (see supplementary 
text; Fig. S2).

Non-threatening environments
In non-threatening environments, animals exhibited 
complex paths as they moved, with head heading period-
ically differing substantially from body heading (Fig. 4A) 
even though, overall, there was good concurrence 
between both (Fig. 4B).

Where significant deviations in DaHwB were fol-
lowed (within 3.5 s – Fig. 2) by changes in body heading 
(Fig.  5A), the extent of the change in head heading and 
preceding change in body heading were highly correlated 
(circular-circular correlation: rho 0.93, p < 0.001; Fig. 5B).

Generally, the oryx; (1) changed their body heading 
following a significant change in head heading in 61.1% 
(IQR 1.7) [IQR: Interquartile range refers to the differ-
ence between the upper and lower quartiles of relative 
frequencies collated for each individual] of all head/
body heading changes, (2) exhibited ‘just changes in head 
heading’ in 24.0% (IQR 3.1) of cases, and (3) engaged in 
‘just changes in body heading’ in 14.9% (IQR 2.8) of cases 
(Fig. 6A). ‘Just changes in head heading’, ‘just changes in 
body heading’, and ‘changes in head heading followed by 
changes in body heading’ were executed in equal propor-
tions to the left and right (Fig.  6B). Notably, changes in 
head heading then changes in body heading in the same 
direction (head heading moved anticlockwise [left] then 
the body moved anticlockwise [left] and head ‘right’ then 
body ‘right’ – cis-turns) were made a mean of 21.1 times 
(IQR 7.5) more often than opposing changes in head 
heading then body changes in heading (head ‘left’ then 
body ‘right’ and head ‘right’ then body ‘left’ – trans-turns) 
(Fig. 4B). Conversely, although changes in head heading 
did occur (within 3.5 s) following changes in body head-
ing, these instances were relatively uncommon, compris-
ing only 36% of all head heading changes (of which, 77% 
were ‘informing’ changes for the subsequent body head-
ing change). In contrast, changes in head heading that 
preceded changes in body heading represented 72% of 
all head heading changes. Changes in head heading that 
occurred after a body heading change constituted only 
49% of the total body heading changes that were pre-
ceded by a head heading change.

Fig. 2 Summary frequency distribution of the time elapsed between 
‘head-’ and subsequent turns in the movement paths for all oryx (manifest 
by changes in body heading). The blue vertical dashed line at the point 
of inflection corresponds to 3.5  s, the threshold time window, less than 
which changes in body heading were considered to be associated with 
the action of the head
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Discussion
Although the centrality of animal senses for informing 
animal behaviour is acknowledged within the literature 
[25], the link between what animals perceive and how 
they choose to move is poorly developed. Consideration 
of this may enhance our ability to determine the things 
that might affect animal movement and strengthen 
our capability to model pathways and animal area use 
although, technically, this approach is subject to appre-
ciable challenges. Our predator simulation experiment 
demonstrates the importance of head heading for oryx 
as they inspect the environment [26], which we attri-
bute to them gathering information of relevance to 
decide whether to change or maintain their current path 
[cf. 27, 28]. Importantly, the highly correlated changes 

in oryx head- and body headings strongly suggests that 
the direction of travel is largely informed by head move-
ment [cf. 29]. In the case of the simulated predator(s), 
the head heading ultimately led to animals adopting an 
opposite body heading as they moved away. Within this 
context, although we could not identify the specific fea-
tures of the environment that might act as turn elicitors 
within their normal movement pathways, we suggest that 
the most common head/body interaction, cis-head and 
body heading, occurs because animals have identified an 
object or area of interest during changes in head heading 
after which the body heading changes to move the ani-
mal towards this site [30]. The relative paucity of trans-
head and body heading cases is presumably related to 
the safety of the oryx compound where stressors, such as 

Fig. 3 (A) Approach by people to 6 oryx within a ca. 0.5 × 0.5 km pen by walking (starting top left) in a (A) single-, then (12 min later) (B) double predator 
simulation. The person/people approaching is shown in black with timings and distances to the left while the locations of the oryx are shown in red, with 
head headings depicted by straight ‘hairs’. The predominant head heading for the different individuals (different colours) for each sector is shown to the 
right. Note how in (A) the single predator simulation, the oryx initially have head headings in a predominantly circular pattern (panel A1), but rapidly (at 
distances of < 480 m) fixate on the human (pane A2) until distances of < 275 m when some changes in head heading (scanning) appears to concentrate 
on an escape path (pane A3). Finally, at < 100 m, the animals concentrate their attention on the escape path, with less attention maintained on the human 
(pane A4). In (B), the two predators simulation, similar patterns occur, including the animals apparently looking for an escape route (pane B2) but, as the 
humans approach to < 300 m, with attention seemingly focused on the closest person (pane B3)
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Fig. 5 The relationship between head- and body heading. (A) 100 min of an individual oryx movement data showing the incidence and extent of change 
in head heading in relation to the body heading. The lower panel shows the Vectorial Dynamic Body Acceleration, a proxy for movement speed. (B) Data 
on all changes in head heading from 6 oryx, each over a mean of 5.15 animal hours (SD 0.15), in relation to the extent of the subsequent change in body 
heading showing the correlation between them (see text for details). This representation also has the area divided into four quadrats to help understand 
what each point means. Data in the bottom left and top right quadrats constitute cases where the head heading changes are in the same direction as 
the body heading whereas data in the top left and bottom right quadrats constitute cases where the head heading changes are in a direction opposite 
to the body heading. Note that a very small percentage of points have the head looking back over the animals’ shoulders (with a DaHwB of 180°). These 
values are due to the animals indeed looking back over their shoulders but may have more error in heading because at this time the collar may be pressed 
against the body, displacing it from its normal position on the neck to some extent

 

Fig. 4 DaHwB (the angular difference between the heading of the head and the body) during routine movement. (A) Example of an oryx head heading 
(depicted by ‘hairs’ emanating from the animal movement path – black line) when it deviated from body heading (DaHwB - with red hairs showing head 
heading being anticlockwise [left] of the body heading and blue hairs showing the reverse) and was followed by a change in body heading within 3.5 s 
(see Fig. 2) resulting in a turn in the path – note the differing scales of path tortuosity over the length of the track. (B) Density distribution of head DaHwB 
of the 6 individual oryx (colour-coded in blue), illustrating that, although changes in head heading with respect to body heading may be substantial dur-
ing oryx movement (see A), the head and body are well aligned for most of the time
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predators, are essentially absent. Changes in head head-
ing without a correlated change in body heading can be 
attributed to monitoring of the environment [26], within 
which the movements of conspecifics are included, with-
out finding any beneficial or detrimental aspects that 
might initiate a path change. The incidence of changes in 
body heading without prior changes in head heading may 
be due to sub-threshold head DaHwB informing changes 
in body heading (including capitalizing on the extended 
lateral visual field of artiodactyls that is presumably pres-
ent in the Arabian oryx [31]) or animals responding 
to changes in body heading made by conspecifics [32]. 
Given the high incidence of links between DaHwB and 
change in body heading (Fig.  5), it seems unlikely that 
most of these ‘un-informed’ changes in body heading are 
the result of random decisions [33].

Rather than ascribing a high degree of probabilistic or 
random elements within animal pathways, based on our 
results, we propose the following schema for helping 
explain animal movement paths: Notwithstanding that 
animals may change heading as a result of memory and/
or internal state (14 - see earlier), moving animals engage 
in environmental scanning to inform themselves of fea-
tures that are relevant to them [21]. Finding no cues rel-
evant to navigation based on memory or changes caused 
by memory per se as well as no other relevant cues, a 
straight-line path will be maintained [16]. Where relevant 
environmental features are identified, animals will change 
body heading which directs them towards features iden-
tified as beneficial (e.g. food or proximity to conspecifics) 
and directs them away from detrimental features (e.g. a 

difficult energy landscape or threats from predation) [28] 
(Fig. 7).

This schema specifically implies that there may be 
less randomness in the step lengths and turn angles in 
animal pathways than previously thought. Rather, the 
mechanistic causes and functional motivations behind 
the processes that lead to particular movement types (as 
exemplified in a suite of powerful movement models [e.g. 
34, 35–39]) could be substantially, and perhaps primar-
ily, governed by informed decision-making. We suggest 
that the use of high resolution animal movement data 
should help to identify turns in animal pathways [17] and, 
according to our proposed schema, examination of the 
frequency and extent of turns should help identify deci-
sion points [16]. If combined with DaHwB data, this may 
even facilitate determination of whether the turns are 
towards perceived benefits or away from perceived detri-
ment. Indeed, it may even be possible to examine DaHwB 
with respect to subsequent ‘informed’ body headings to 
populate a tracked animal’s environment with objects/
issues of interest while the interplay of positive and neg-
ative reactions may help us to determine the density of 
beneficial and detrimental objects. This should allow the 
quantification of particular environments in terms of 
costs and benefits for the animal. For example, we expect 
hungry animals in landscapes of high food density to 
exhibit high frequency head scans and a high incidence 
of ‘attractant’ turns in the movement pathways – effec-
tively resulting in area-restricted search (ARS) behaviour 
[cf. 40, 41]. Otherwise, animals, particularly herbivores 
which operate in high food density areas, might search 

Fig. 6 Relative incidences of changes in head- and body heading in 6 oryx during a mean of 5.15 h (SD 0.15) of routine movement per individual. (A) 
According to whether; only the heading of the head changed (pink), only the heading of the body changed (grey) or changes in the head heading 
preceded a change in body heading (black) [total number of instances given in brackets, and the number of heading changes per hour given in white 
text]. (B) Details of changes in body heading without changes in head heading (whether anticlockwise or clockwise [to the left or right] of the heading 
adopted by the body), changes in head heading (whether to the left or right of the body heading) and, in the case of changes in head heading followed 
by changes in body heading, their relation to the subsequent changes in body heading (whether left or right) for individual oryx. Note the roughly equal 
number of left and right heading changes for both bodies and heads, whether linked or not, but that the incidence of cis-head followed by changes in 
body heading (head heading moved left of the body heading before the body heading moved left or the head heading moved to the right of the body 
heading before the body heading moved right) greatly exceeded the reverse situation
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for food less when it is plentiful, particularly if searching 
has a high cost. In contrast, detrimental landscapes (e.g. 
“a landscape of fear” [42] or heterogenous energy land-
scapes [43]) should be typified by high frequency scans 
[44] and a high incidence of ‘avoidance’ turns. Other 
modulators of animal pathways may be more opaque, 
such as landmark salience in spatial navigation [45]. 
Overall though, examination of the density of identi-
fied head heading changes relates to body heading with 
respect to space might help define landscapes of fear, 
energy landscapes or accident landscapes. 

Conclusions
Overall, our work with Arabian oryx suggests that the 
identification of turns within highly resolved animal 
movement paths may help point to movement elicitors 
which may vary in density across space, although the 
issue of determining precisely what these elicitors are, 
will be a major challenge. Importantly though, the com-
bination of two sensor systems, one on the head and one 
on the body, should allow workers to investigate how 
scanning can lead, or not, to movement patterns and 
paths.

Limitations of the study
The sample size for this study was relatively small and 
only concerned one species in a semi-captive setting 
that limited behavioural options for the oryx. Further, 

no information on food resources were sampled which 
would have supplemented reported trends in the direc-
tion of animal movement. All this makes our work more 
of a pilot study in the area which attempts to link envi-
ronmental cues mechanistically to animal pathways. 
Nonetheless, we speculate that this proposed schema 
derived from Arabian oryx should be a useful starting 
point for understanding the decision rules underlying the 
incidence of inflection points in other species’ movement 
paths although we recognise that more experiments are 
required across a range of species to justify this. Lastly, 
properly controlling for the effect of eye movement 
within the eye orbits, something that is fairly minimal in 
ungulates anyway, is difficult and we did not attempt it. 
Its effect, if there is an effect, might be to result in dimin-
ished change in head heading.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40462-023-00432-y.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We are particularly grateful to Prince Bander bin Saud Al-Saud, former 
President of the Saudi Wildlife Authority (SWA), for his unlimited and 
enthusiastic support to undertake these studies on the Arabian oryx, 
managed by the SWA.

Fig. 7 Proposed links for changing DaHwB (the difference between head heading and body heading) and associated subsequent body heading during 
movement

 

https://doi.org/10.1186/s40462-023-00432-y
https://doi.org/10.1186/s40462-023-00432-y


Page 9 of 10Gunner et al. Movement Ecology           (2023) 11:71 

Authors’ contributions
The manuscript was conceived by R.M.G., R.P.W., and D.M.S. The methodology 
was collaboratively developed by R.M.G., R.P.W., M.D.H., N.C.B., A.N.A., M.F.B., 
O.B.M., T.W., P.R.M., K.I., and D.M.S. The original draft was written by R.P.W. and 
R.M.G. All authors contributed to the review of the manuscript.

Funding
This study was funded by researchers supporting project number 
RSPD2023R602 from King Saud University, the Deanship of Scientific Research 
at the King Saud University through Vice Deanship of Research Chairs, the 
National Geographic Global Exploration Fund (A.A), and the Royal Society/
Wolfson Lab refurbishment scheme (RPW).
Open Access funding enabled and organized by Projekt DEAL.

Data Availability
The IMU Oryx datasets have been submitted to Dryad repository (https://doi.
org/10.5061/dryad.c59zw3rc1). The Dryad repository also contains an example 
R script that follows the steps outlined in Fig. 1, to detect ‘significant’ changes 
in body and head headings.

Declarations

Ethics approval and consent to participate
Ethical approval was obtained from the University of the Witwatersrand 
Animal Ethics Committee (2014/53/D). Permission to work in the field was 
granted by the President of the Saudi Wildlife Authority.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department for the Ecology of Animal Societies, Max Planck Institute of 
Animal Behavior, 78467 Konstanz, Germany
2Department of Biosciences, College of Science, Swansea University, 
Swansea SA2 8PP, Wales
3Mammal Research Institute, Department of Zoology and Entomology, 
University of Pretoria, Pretoria 0002, South Africa
4Zoology Department, King Saud University, P. O. Box 2455, Riyadh  
11451, Saudi Arabia
5Copenhagen Zoo, Centre for Zoo and Wild Animal Health, Frederiksberg, 
Denmark
6KSU Mammals Research Chair, Zoology Department, King Saud 
University, P.O Box 2455, Riyadh 11451, Saudi Arabia
7Zoophysiology, Department of Biology, Aarhus University, Aarhus, 
Denmark
8School of Anatomical Sciences, Faculty of Health Sciences, University of 
the Witwatersrand, Johannesburg, South Africa
9Prince Saud Al-Faisal Wildlife Research Center, National Center for 
Wildlife, Taif, Saudi Arabia
10School of Biological Sciences, Queen’s University Belfast, 19 Chlorine 
Gardens, Belfast BT9 5DL, UK

Received: 2 June 2023 / Accepted: 18 October 2023

References
1. Elton CS. Animal Ecology. University of Chicago Press; 2001.
2. Kernohan BJ, Gitzen RA, Millspaugh JJ. In: Millspaugh JJ, Marzluff JM, editors. 

Radio Tracking and Animal populations. San Diego: Academic Press; 2001. pp. 
125–66.

3. Dujon AM, Lindstrom RT, Hays GC. The accuracy of Fastloc-GPS locations and 
implications for animal tracking. Methods Ecol Evol. 2014;5:1162–9.

4. Kays R, Crofoot MC, Jetz W, Wikelski M. Terrestrial animal tracking as an eye on 
life and planet. Science. 2015;348:aaa2478.

5. de Weerd N, et al. Deriving animal behaviour from high-frequency GPS: track-
ing cows in Open and Forested Habitat. PLoS ONE. 2015;10:e0129030.

6. Webb SL, Dzialak MR, Harju SM, Hayden-Wing LD, Winstead JB. Influence of 
land development on home range use dynamics of female elk. Wildl Res. 
2011;38:163–7.

7. Pagano AM, Durner GM, Atwood TC, Douglas DC. Effects of sea ice decline 
and summer land use on polar bear home range size in the Beaufort Sea. 
Ecosphere. 2021;12:e03768.

8. Rivers JW, et al. An analysis of monthly home range size in the critically 
endangered California Condor Gymnogyps californianus. Bird Conserv Int. 
2014;24:492–504.

9. McClintock BT, et al. A general discrete-time modeling framework for animal 
movement using multistate random walks. Ecol Monogr. 2012;82:335–49.

10. Kareiva PM, Shigesada N. Analyzing insect movement as a correlated random 
walk. Oecologia. 1983;56:234–8.

11. Bovet P, Benhamou S. Spatial analysis of animals’ movements using a cor-
related random walk model. J Theor Biol. 1988;131:419–33.

12. James A, Plank MJ, Edwards AM. Assessing Lévy walks as models of animal 
foraging. J Royal Soc Interface. 2011;8:1233–47.

13. Pyke GH. Understanding movements of organisms: it’s time to abandon the 
Lévy foraging hypothesis. Methods Ecol Evol. 2015;6:1–16.

14. Nathan R et al. A movement ecology paradigm for unifying organismal 
movement research. Proceedings of the National Academy of Sciences 105, 
19052–19059 (2008).

15. McFarland DJ. Decision making in animals. Nature. 1977;269:15–21.
16. Munden R, et al. Why did the animal turn? Time-varying step selection analy-

sis for inference between observed turning-points in high frequency data. 
Methods Ecol Evol. 2021;12:921–32.

17. Potts JR, et al. Finding turning-points in ultra-high-resolution animal move-
ment data. Methods Ecol Evol. 2018;9:2091–101.

18. Redish AD. Vicarious trial and error. Nat Rev Neurosci. 2016;17:147–59.
19. Kano F, Naik H, Keskin G, Couzin ID, Nagy M. Head-tracking of freely-behaving 

pigeons in a motion-capture system reveals the selective use of visual field 
regions. Sci Rep. 2022;12:19113.

20. De Grisse AT, Lippens PL, Coomans A. The cephalic sensory system of 
Rotylenchus Robustus and a comparison with some other Tylenchids. Nema-
tologica. 1974;20:88–95.

21. Wilson GI, et al. In search of rules behind environmental framing; the case of 
head pitch. Mov Ecol. 2015;3:24.

22. Wilson RP, Shepard E, Liebsch N. Prying into the intimate details of animal 
lives: use of a daily diary on animals. Endanger Species Res. 2008;4:123–37.

23. Gunner RM, et al. Dead-reckoning animal movements in R: a reappraisal 
using Gundog.Tracks. Anim Biotelem. 2021;9:23.

24. Wilson RP, et al. Estimates for energy expenditure in free-living animals using 
acceleration proxies: a reappraisal. J Anim Ecol. 2020;89:161–72.

25. von der Emde G WEe. The ecology of animal senses: matched filters for 
economical sensing. London: Springer International Publishing; 2016.

26. Fourie B, Berezina E, Giljov A, Karenina K. Visual lateralization in artiodactyls: 
a brief summary of research and new evidence on saiga antelope. Laterality. 
2021;26:106–29.

27. Beauchamp G. A comparative analysis of vigilance in birds. Evol Ecol. 
2010;24:1267–76.

28. Raoult CMC, Gygax L. Valence and Intensity of Video Stimuli of Dogs and 
Conspecifics in Sheep: Approach-Avoidance, Operant Response, and atten-
tion. Animals. 2018;8:121.

29. Eckmeier D, et al. Gaze strategy in the Free Flying Zebra Finch (Taeniopygia 
guttata). PLoS ONE. 2008;3:e3956.

30. Manger PR, Pettigrew JD. Electroreception and the feeding behaviour of 
platypus (< i > Ornithorhynchus anatinus: Monotremata: Mammalia). Philo-
sophical Trans Royal Soc Lond Ser B: Biol Sci. 1995;347:359–81.

31. Heesy CP. On the relationship between orbit orientation and binocular visual 
field overlap in mammals. Anat Record Part A: Discoveries Mol Cell Evolution-
ary Biology. 2004;281A:1104–10.

32. Strandburg-Peshkin A, Farine DR, Couzin ID, Crofoot MC. Shared 
decision-making drives collective movement in wild baboons. Science. 
2015;348:1358–61.

33. Ahearn SC, Dodge S, Simcharoen A, Xavier G, Smith JLD. A context-sensitive 
correlated random walk: a new simulation model for movement. Int J Geogr 
Inf Sci. 2017;31:867–83.

34. Wilson RP, et al. Turn costs change the value of animal search paths. Ecol Lett. 
2013;16:1145–50.

https://doi.org/10.5061/dryad.c59zw3rc1
https://doi.org/10.5061/dryad.c59zw3rc1


Page 10 of 10Gunner et al. Movement Ecology           (2023) 11:71 

35. Nield AP, Nathan R, Enright NJ, Ladd PG, Perry GL. The spatial complexity of 
seed movement: animal-generated seed dispersal patterns in fragmented 
landscapes revealed by animal movement models. J Ecol. 2020;108:687–701.

36. Yackulic CB, Blake S, Deem S, Kock M, Uriarte M. One size does not fit all: 
flexible models are required to understand animal movement across scales. J 
Anim Ecol. 2011;80:1088–96.

37. Chudzinska M, et al. Agent-based model describing movement of marine 
central-place foragers. Ecol Model. 2021;440:109397.

38. Ferreira EM, et al. Assessing behaviour states of a forest Carnivore in a 
road-dominated landscape using hidden Markov models. Nat Conserv. 
2022;47:155–75.

39. Alavi SE et al. A quantitative Framework for identifying patterns of Route-Use 
in Animal Movement Data. Front Ecol Evol, 899 (2022).

40. Proceedings of the National Academy of Sciences 105, 4576 (2008).
41. Papastamatiou YP, DeSalles PA, McCauley DJ. Area-restricted searching by 

manta rays and their response to spatial scale in lagoon habitats. Mar Ecol 
Prog Ser. 2012;456:233–44.

42. Laundré JW, Hernández L, Ripple WJ. The landscape of fear: ecological impli-
cations of being afraid. Open Ecol J 3, (2010).

43. Shepard ELC, et al. Energy Landscapes Shape Animal Movement Ecology. Am 
Nat. 2013;182:298–312.

44. Beauchamp G. Predator Attack patterns influence vigilance in a virtual experi-
ment. Behav Ecol Sociobiol. 2020;74:49.

45. Caduff D, Timpf S. On the assessment of landmark salience for human naviga-
tion. Cogn Process. 2008;9:249–67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Examination of head ﻿versus﻿ body heading may help clarify the extent to which animal movement pathways are structured by environmental cues?
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Results
	﻿Reaction to threats
	﻿Non-threatening environments

	﻿Discussion
	﻿Conclusions
	﻿Limitations of the study

	﻿References


