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ABSTRACT

Context. Quantifying the space use and movement patterns of animals is important to under-
stand other aspects of a species ecology, such as habitat use and social systems. However, basic
data on space use and movement patterns, and how they are influenced by biotic or abiotic
factors, are lacking for many species. Aims. We identified the space use and movement
patterns of the central bearded dragon (Pogona vitticeps), and assessed how external factors
(environmental conditions) and internal factors (sex and morphology) shape these patterns.
Methods. We tracked 36 P. vitticeps individuals over three seasons from 2017 to 2018. Animals
carried tags with a Global Positioning Systems (GPS) device to collect spatial data and an
accelerometer to collect movement data in far western New South Wales, Australia.
Measurements of body morphology were taken for each individual and ambient temperatures
were recorded. Space use was analysed by calculating minimum convex polygons (MCPs) and
kernel density estimates (KDEs) using the spatial data. Movement data were analysed to deter-
mine whether dragons had moved during 10-min periods. Results. Twenty-three out of 36
individuals held defined activity areas. Males with wider tails were most likely to be floaters (i.e.
not restricted to specific areas). Evidence of floater behaviour was shown by 45% of females and
20% of males, though both sexes often roamed over distances greater than | km. Air tempera-
tures strongly influenced movement rates in both sexes. Movement rate was significantly higher
for males than females during late-spring, but not mid-summer, and was inversely related to head
sizes and body mass during mid-summer. Interestingly, although there was no correlation
observed between daily movement rates and size of MCPs calculated, the movement rates of
residents were significantly different from floaters for each season. Conclusions. These results
confirm that wild P. vitticebs movement patterns are driven by temperature, though space-use
patterns vary from previously studied agamids, with high rates of nomadism, possibly due to
drought conditions. Individuals varied widely in their space-use tactics, which seem unrelated to
size, a potential proxy for social status or age. Implications. Our study provides baseline
information on a common arid zone agamid that is lacking research in the wild. More complex
studies on the ecology of P. vitticeps can build on the findings of this study.
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Introduction

The movement of individuals to specific locations, i.e. their space use, is driven by a
combination of internal and external factors (Nathan et al. 2008). For example, the
physiological requirement for an ectotherm to regulate its body temperature (internal)
drives that ectotherm to move into a more appropriate location based on the current
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environmental conditions (external). However, because suit-
able basking or shelter sites may be limiting, social inter-
actions can influence the movement and space-use patterns
of individual of different social ranks (e.g. Sinervo and
Lively 1996; Baird et al. 2012).

External factors that influence physiological function,
such as ambient temperature, are particularly important for
ectotherms, such as lizards. A lizard’s daily activities such as
foraging or seeking mates, and the maximum performance
level of these activities, are directly driven by ambient tem-
peratures (Huey 1982; Adolph and Porter 1993; Angilletta
et al. 2002). Therefore, to successfully survive and reproduce,
lizards must keep their body temperature at an optimum,
meaning that certain activities can only take place in a
small range of ambient temperatures. This is shown in
Tiliqua rugosa, which has activity periods in spring from
0800 to 1700 hours, but shifts to a bimodal activity pattern
in summer, with a peak of activity occurring at 0800 hours
and a secondary peak at 1700 hours, in order to avoid the
intense heat in the middle of the day in the Australian arid
zone (Kerr and Bull 2006). Furthermore, lizards are able to
reduce their metabolic rate for extended periods, which can
allow for substantial savings in energy and water during times
of drought (Guppy and Withers 1999; Kerr and Bull 2006).

Predation is another factor that influences the space use
and time of activity in lizards. Lizards are faced with a trade-
off of being more active and moving further to feed on more
resources (Guarino 2001) or increase mating opportunities
(Alberts et al. 2002), at the cost of increased predation risk
(Schwarzkopf and Shine 1992). Strategies to avoid preda-
tion include reducing activity when predators are nearby
(Steinberg et al. 2014), choosing a home range with cover
from possible predators, i.e. high shrub cover or rock crev-
ices (Downes 2001), as well as camouflage (Schwarzkopf
and Shine 1992). The strategies adopted by lizard indivi-
duals or species will also depend on the need for that
individual to move to access resources as well as the benefit
of the resource to the lizard (Downes 2001).

Resource availability and distribution changes season-
ally, which in turn influences the timing and rate of lizard
activity. In the tropics, many lizards reduce their activity in
the dry season, even though ambient temperatures are suit-
able for activity (Christian et al. 1996; Fitch et al. 2005;
Garcia et al. 2010). This reduction in activity is likely to
represent an energy-saving tactic in response to there being
fewer resources in the dry season (Christian et al. 1996;
Price-Rees et al. 2014). In the arid zone, temporal variation
in resources is largely driven by patterns in rainfall and
drought (Morton et al. 2011; Maute et al. 2019), and lizard
activity reflects this by being higher in periods of rainfall
(Kerr and Bull 2006).

As isolated rainfall events in the arid zone drive the
availability of food resources (Morton et al. 2011), arid
zone animals must have space use and movement strategies
that locate and exploit resources when they become
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available. A high-mobility strategy is used by some species,
such as Australian arid zone mammals, in which individuals
move over large distances to locate resources rather than
stay in a defined area to defend resources (Dickman et al.
1995). Furthermore, the arid zone skink Tiliqua rugosa, has
home ranges that are on average almost four times as large
as similar body-sized congeners from the tropics (Kerr and
Bull 2006; Price-Rees et al. 2013). This is in contrast to other
arid zone species such as T. adelaidensis and Egernia stokesii,
which rely on shelter sites that are limiting but not transient
and thus have small home ranges (Gardner et al. 2007;
Fenner and Bull 2011). This suggests that there is variation
in the space-use strategies used by lizards in the arid zone,
which in part is driven by the variation in resource availa-
bility and type.

The variation in space-use strategies among lizard species
is also driven by individual traits, such as body size, sex, and
sociality. Larger lizards have higher food requirements (Nagy
et al. 1999), and thus need to forage more extensively, and
often have larger home ranges to cover more food resources
to meet energy demands (Guarino 2001; Perry and Garland
2002). This is seen in varanid lizards, in which species with
larger body mass have larger home ranges, and the relation-
ship between home range size and mass among species is
linear (Guarino 2001). However, individual lizards may show
different movement and space-use patterns based on their
social rank and/or social system. Visual observations of igua-
nid and agamid lizards suggest that to defend their territories,
dominant individuals are more vigilant and engage in aggres-
sive displays more often than subordinate non-territorial liz-
ards (Alberts et al. 2002; Baird et al. 2012). Dominant male
lizards are rewarded for defending the territory by gaining
more mating opportunities than subordinates (Alberts et al.
2002), or by gaining higher quality food resources (Lattanzio
and Miles 2014). However, for females, holding territories to
gain mating opportunities may not be as important and other
factors may drive their space-use patterns. Certain social
systems may also change the direction in the relationship
between body size and home range area, as dominant lizards
are often larger than subordinates, though subordinates usu-
ally have larger home ranges due to them floating widely
around the landscape rather than defending a defined terri-
tory (Alberts et al. 2002). However, although the subordinate
lizards move longer distances, they do not necessarily spend
more time moving than dominants, who put a lot of energy
into defending their territory. Therefore, combining data on
space use with movement patterns of individuals within a
population provides insights into the social and mating sys-
tem of that species.

The central bearded dragon (Pogona vitticeps) is a large,
common, conspicuous agamid found in central Australia
(Cogger 2014). It is a semiarboreal omnivore that breeds
from September to December and ranges in size from 15 to
25 cm snout-vent length (SVL), with a body mass of 150-600 g
(Cogger 2014). Despite being often used in laboratory studies
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(over 120 publications listed in Scopus from 2008 to 2018),
there is almost no published research on the behaviour of
P. vitticeps in the wild (Cogger 2014; Smith et al. 2016a).
The overall aim of this study was to identify patterns of space
use and movement rates of arid zone P. vitticeps and to
determine how these patterns are influenced by individual
traits and environmental conditions. The following hypotheses
were tested: (1) sex and morphological characteristics
influence space use and movement patterns; and (2) seasonal
(climate) changes in environmental conditions influence
space use and movement patterns. Based on data on other
Australian Agamid lizards, we expected that P. vitticeps would
show a range of social tactics, with the majority of individuals
restricting movement to a defined area or territory, and small
proportion of the population (younger or smaller individuals)
would show evidence of non-territoriality or floater beha-
viour (Kamath and Losos 2017; Strickland and Frére 2018).
Additionally, we predicted that the social status of indivi-
duals would influence timing and rate of movement patterns,
with physical traits being used as a proxy for social status.

Materials and methods

Study site

This study took place at Fowler’s Gap Arid Zone Research
Station, in far western New South Wales, Australia
(31°20728.50”S, 141°44’33.18”E). Fowler’s Gap has an arid
climate with a mean annual rainfall of 255.3mm and
monthly average maximum temperatures ranging from
17.0 to 36.4°C (Bureau of Meteorology 2018). The annual
rainfall for the year leading up to the study was 84.4 mm,
indicating that this study took place during drought (Bureau
of Meteorology 2018). All applicable international, national,
and institutional guidelines for the care and use of animals
were followed and the methods used were approved by the
University of Wollongong Animal Ethics Committee author-
ity AE17/19.

Capture and tracking of animals

Bearded dragons were studied over three tracking periods:
mid-spring (26 September-13 October 2017; late-spring (21
November-9 December 2017); and mid-summer (19
January-12 February 2018). Dragons were hand caught by
searching under shrubs or in burrows. Upon capture, mea-
surements were taken of SVL, tail length and width, head
length and width, and body mass. Sex was determined by
raising the tail to see hemipene eversion. Each dragon was
toe-clipped for permanent identification.

In total, 36 P. vitticeps were caught and tracked for
3-20days (Supplementary Table S1). Twelve dragons
(nine male, three female) were tracked in mid-spring for
an average of 11 days. In late-spring, 13 dragons (eight
male, five female) were tracked for an average of 12 days.

Fig. 1. An individual Pogona vitticeps tracked in the study. The
location and attachment of the GPS and accelerometer tags can be
seen, as well as the two axes in which acceleration was measured by
the accelerometer.

Thirteen dragons (seven male, six female) were also tracked
in mid-summer for an average of 14 days. Two dragons that
were tracked in mid-spring were recaptured in late-spring,
and all other dragons were tracked for one period. The
variation in total tracking times was due to staggered tag
deployment schedules, tag failure events and the rare occur-
rence of an individual/tag not being relocated.

We attached Pinpoint Beacon 120 or 240 (Sirtrack Ltd,
Havelock North, New Zealand) GPS trackers to the dorsal
surface of each dragon’s tail, using surgical tape (Fig. 1). The
GPS tags were set to record latitude, longitude, and Dilution
of Precision (DOP; a measure of the precision of a GPS
reading) locational data. In mid-spring and late-spring, GPS
tags were scheduled to take locational fixes every 40 min
from 0600 or 0800 to 2100 hours. Pilot studies showed that
dragons did not often move overnight during these periods.
In the mid-summer period, the occurrence of movement in
overnight periods increased (A. Bernich and K. Maute, pers.
obs.), likely in response to temperature increases. Therefore
tags were rescheduled to take fixes every 2 h all day and all
night in mid-summer to allow for a longer battery life and to
accommodate this change in behaviour. A VHF beacon
enabled relocation of the individual (VHF receiver and
antennae; Telonics TR5). We relocated each dragon every
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3-11days to download GPS data and replace tags, with
recaptures ranging from 1 to 5 times. Location data with a
DOP greater than 5 was excluded from further analysis,
because the probability of those fixes being an accurate
representation of the dragon’s location was low (Recio
et al. 2011). At the end of the study, we removed all tags
from the animals that could be relocated.

For all dragons tracked in late-spring and mid-summer,
but only three individuals from mid-spring, we attached
accelerometers (HOBO Pendant G) underneath the GPS
tags (Fig. 1) to measure activity rates. Accelerometers are
sensors that measure gravitational and inertial acceleration
(g) of three axes (X, Y, and Z) caused by movement (see
Brown et al. (2013) for a review on their application in
studies of the movement of free-ranging animals), thus a
change in acceleration indicates a movement performed by
the animal. To measure activity, accelerometers were set to
record acceleration (from —3 gto +3¢) on the X and Y axes
(Fig. 1) every 30 s. Not all animals were fitted with accelero-
meters in mid-spring, because this was a trial period under-
taken early in our research.

Space-use patterns

The tracking periods (3-20 days) were unlikely to capture the
entire home range of the animals; therefore, we estimated a
subset of their home range, called an activity area (Thompson
et al. 1999). To calculate activity areas, we used the mini-
mum convex polygon (MCP) method, using the 100% iso-
pleth. This was calculated by using the adehabitatHR package
(Calenge 2006) in R v4.0.2 (R Core Team 2020). Cumulative
MCP areas were created for successive tracking days for each
individual and areas were plotted against days tracked to
determine if individuals remained in a defined area, and if
repeated patterns of movement were evident in the two
individuals that were recaptured in multiple trapping sessions
(see Supplementary Fig. S2). Dragons for which the cumula-
tive MCP area curve was asymptotic were regarded as ‘resi-
dents’, most likely occupying a home range or a territory.
Dragons that did not have an asymptotic plot were called
‘floaters’. We use these terms as relative characterisation
labels for individuals, not absolute definitions of resident or
nomadic behaviour, due to the short time periods of measure-
ment. Images of the dragon’s location on cumulative days
were also visually inspected in QGIS (QGIS Development
Team 2017, QGIS Geographic Information System; http://
qgis.osgeo.org) to ensure that the dragon revisited core
areas, as a pattern of movement in a single direction, fol-
lowed by a lack of movement at the end of tracking also
resulted in an asymptotic curve. Five individuals that showed
asymptotic area vs days tracked curves were considered as
floaters due to this movement pattern. Therefore, all residents
were dragons that held defined activity areas over the time
they were tracked and were used in the analysis of MCPs,
whereas MCPs were not calculated for floaters.
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The 95% kernel density estimate (KDE) method was used
to determine areas of more intense use (the utilisation dis-
tribution; Worton 1989). We did not use KDEs as estimates
of home range size or activity areas because they have been
shown to produce inaccurate estimates in reptiles (Row and
Blouin-Demers 2006), and all animals were tracked for
<20 days. Instead, KDEs were used as a visual tool represent-
ing the core area of usage and compared among individuals
to determine areas of overlapping and more concentrated
usage, rather than for comparison of core area sizes among
individuals. The KDE search radius (sometimes referred to as
bandwidth, smoothing parameter, or h) was calculated using
the ad hoc method (hgg noc) following Kie (2013). To deter-
mine what percentage of the activity area represents the core
areas of activity, the isopleth of KDE that bounds the core
area was calculated following Vander Wal and Rodgers
(2012). The adehabitatHR package (Calenge 2006) was
used in R v4.0.2 (R Core Team 2020) to calculate MCPs,
95% KDEs and core areas. Only animals with sufficient data
were included in KDE calculations, based on recommenda-
tions from Stone and Baird (2002) and Rose (1982). We
found that roughly 8days described 80% of the average
MCP of resident dragons and thus was used as the minimum
sample size. Individuals that were tracked for fewer than
8 days were removed from KDE analyses. The distribution
of capture sites of individual dragons limited visualisation of
space-use overlap to six dragons in mid-spring and five drag-
ons in late-spring. Individuals tracked in late-summer were
spread across 14 km? of area on the property, as opposed to
4km? in other seasons. Due to this small sample size and
short temporal scale of tracking, we were only able to report
whether home range overlap occurs in P. vitticeps, rather
than perform a statistical analysis of overlap differences.

Analysis of movement

A moving individual is represented by large fluctuations in
acceleration recorded by that animal’s accelerometer
(Brown et al. 2013). Therefore, we used the variance statis-
tic for the raw acceleration data (recorded in g units;
1g=9.80665m s~ ) measured on the X- and Y-axis by
the accelerometer to define when an animal was moving.
Because the accelerometers used in this study could only
record when an individual is moving and not when it is
active (as activity may include basking individuals that do
not move for extended periods of times), we refer to mea-
surements taken by the accelerometers as movement rather
than activity. To determine what amount of variance consti-
tuted movement, a GPS tag was set up on a single individual
in spring to take locational fixes every 20min, and the
accelerometer was set up as above. Accelerometer data
was split into 10-min intervals and was matched with the
GPS data to see if movements shown represented an actual
change in location. The smallest variance for a 10-min
period where movement occurred was 0.0268 g%, and the
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largest variance for a 10- min period without movement was
0.0159 g% Based on this, 0.0199 g* was taken as the smallest
amount of variance that constituted movement and 10-min
variance subtotals were calculated for each individual using
0.0199 g* variance as the movement threshold. Data that
were recorded 10 min before recapture, and 20 min after
returning the dragon to the point of capture were removed
from analysis to reduce the impact of human disturbance on
the acceleration readings. Although we removed data as a
precaution, it is unknown whether capture stress impacts
behaviour in this species for any length of time.

Two types of movement rates were calculated:- total
average movement per hour (for all dragons pooled) and
average daily movement (per individual). Total average
movement per hour was calculated by first summing
10 min moving periods for every hour to determine hourly
movements (i.e. 0, 10, 20, 30, 40, 50 or 60 min) for each
individual. Next, the average minutes of movement for each
hour of the day was calculated by dividing the summed
minutes of movement over all days of recording that hour
by the number of days that hour was recorded for the focal
ndividual. The total average movement per hour of the day
was calculated by averaging data from all individual dragons.
These data were used to analyse the patterns in timing of diel
movement during the late-spring and mid-summer tracking
periods, the mid-spring tracking period was not used as only
three dragons carried accelerometers during this period. The
total minutes that a dragon moved was divided by the total
number of full days the dragon was tracked to determine the
average daily movement rates per individual.

Air temperature and movement

Air temperature data was accessed from Fowlers Gap Weather
Station (UNSW 2018) (31°4’35.54”S, 141°44’2.40”E), which
recorded air temperature (°C) every 10 min. To determine
how fine-scale air temperature patterns influenced movement,
10 min temperature data were converted into integer classes
(i.e. 30°C represents values from 30.00 to 30.99°C). The
occurrence of movement within each integer class was calcu-
lated by summing the number of times a dragon was recorded
moving within a specific integer class. The number of times
the dragon was not moving in each integer class was also
summed for use in analysis.

Statistical analysis

For the analysis of space-use patterns we used logistic
regressions to see if more individuals from one sex were
residents, and to determine if body measurements were
related to the probability of being a resident. Activity area
data were tested with separate t-tests to determine if MCP
area differed between resident males and females. Analysis
of variance (ANOVA) was used to test for differences in MCP
area among seasons. We also used linear regression to see if
body measurement characteristics influenced MCP area.

We used t-tests to compare individual dragon average
daily movement data between sexes and between the two
tracking periods. A t-test was used to compare the MCP size
of residents and floaters within each season separately. Linear
regressions were used to explore relationships between body
measurements and daily movement rates. Logistic regression
was used to determine if there was a relationship between
numbers of captures (i.e. capture stress) and the probability
that a dragon was a resident or floater.

We used a generalised additive model (GAM) with a logit
link to test how ambient temperature influenced the occur-
rence of individual dragon movement. Temperature was
used as the explanatory variable and response was a two-
column matrix of the number of times a dragon moved at a
temperature and the number of times it did not move at that
temperature. Dragon identity was added as a random effect
to account for repeated sampling of each individual dragon
being used in the dataset. The two tracking periods with
movement data, late-spring and mid-summer were analysed
separately. This test was undertaken in R v4.0.2 (R Core
Team 2020) using the mgcv package (Wood 2017).

All tests on differences between a response variable and
sex were run for each tracking period and all periods com-
bined, and all tests between tracking periods and a response
variable were run separately for each sex and both sexes
combined. All tests on body measurement variables were
run for each tracking period and all tracking periods com-
bined, as well as separate tests for each sex and both sexes.
Because six body measurement variables were being tested
on the same set of activity area and movement data, the
significance level (a, nominally 0.05) was adjusted following
the sequential Bonferroni method (Holm 1979) for these tests.
All data were explored to ensure assumptions of statistical
analyses were met by following the protocols in Zuur et al.
(2010). Statistical analyses were undertaken using JMP Pro
(version 11.0, 2013; SAS Institue Inc., Cary, NC, USA) and all
averages are quoted as mean * standard deviations (s.d.).

Results

Space-use patterns

Twenty-three of the P. vitticeps tracked held a defined activ-
ity area and were labelled as residents, and nine did not
meet our criteria for resident behaviour and were labelled
floaters. The remaining four dragons were only tracked for
4 days or less, which was insufficient to determine whether
they were residents. The limited tracking periods for these
dragons were due to us being unable to relocate them, or on
one occasion the individual died from predation (dragon
was found deceased with only the skin remaining). These
dragons were removed from further analyses. All other
dragons were tracked for 8 or more days.

Tracking resulted in 6849 total successful GPS fixes
being taken, an average of 190 (*135) fixes per dragon
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Table I. Results of logistic regression among male (M) and female (F)
body size measurements and whether individuals were residents or
floaters.

Body M (n=21; 4 floater) F(=11;5
measurement floater)

s P s P
SVL 2.6749 0.101 1.051 0.305
Mass 2.148224 0.143 0.038 0.845
Head length 2.861263 0.091 1.149 0.284
Head width 2.257263 0.071 0.790 0.374
Tail length 6.187265 0.013* 0.123 0.726
Tail width 7.632024 0.006%* 4.279 0.037

Analysis was run for all periods with both sexes, and males and females
treated separately. Degrees of freedom are equal to | for all analyses.
Double asterisk denotes P-values under sequential Bonferroni adjustment
(Holm 1979), and single asterisk represents marginally non-significant result
(sequential Bonferroni adjustment a =0.010). Analysis was not run for each
period separately, because there were not enough dragons in either the
resident or floater categories to allow for comparison.

(Supplementary Table S1). The average fixes per dragon for
each tracking period was 210 (+146) for mid-spring, 264
(£113) for late-spring and 77 (*36) for mid-summer.
Approximately, 80% of males and 55% of females were
residents, but logistic regression showed that this difference
was not significant ()*; = 2.42, P = 0.12). The number of
times a dragon was recaptured to change GPS and accelero-
meter devices did not influence whether they would be a
resident or not (le = 1.44, P = 0.23). Male dragons with
wider tails were significantly more likely to be a floater,
with the average tail width for floaters 12% wider than
residents. Males with longer tails were more likely to be a
resident, with tails of residents on average 16% longer than
those of floaters, though this trend was not significant
(Table 1). There was also a non-significant trend for females
with wider tails being more likely to be a resident, with
residents having tails 12% wider on average (Table 1).

The average MCP activity area of residents was
2.89 + 1.82ha, and there was no difference in the activity
area sizes of males and females over all seasons (Fig. 2;
t-test: t; = 0.429, P = 0.682), though male MCPs were, on
average, 25% larger. There was no significant difference
between the size of male and female activity areas within
seasons (mid-spring: t; = 1.131, P = 0.346; mid-summer:
ts = 0.639, P = 0.550) or for the total average activity areas
among seasons when both sexes were pooled (ANOVA:
F550 =1.40, P = 0.270). Linear regression suggested that
the size of MCPs was not influenced by the number of times
dragons were recaptured for tag replacement when either all
dragons were analysed together or each period was analysed
separately (mid-spring: F; g = 1.48, R%Z =0.157, P = 0.259;
late-spring: F; 4 = 3.34, R%2=0.455, P =0.142; mid-
summer: F;, = 1.83, R* = 0.207, P = 0.218; all periods:
F123 =0.106, R®>=0.005, P =0.747). No significant
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Fig. 2. Average (+s.d.) minimum convex polygon (MCP) activity
areas for resident Pogona vitticeps tracked at different times in the
year. Black bars represent males and white bars represent females.
N total = 23; n male mid-spring = 7; n female mid-spring = 3; n male
late-spring = 5; n female late-spring = |; n male mid-summer = 6;
n female mid-summer = 3.

relationships were seen between body measurements and
MCP area when all resident individuals were analysed for all
tracking periods, or when each sex was analysed separately
for each period (based on sequential Bonferroni adjustment;
Supplementary Table S2).

Across all tracking periods, core area size ranged from
0.029ha to 1.13ha and occupied an average of 22.6%
(£2.4%) of the size of the 95% KDE. No resident P. vitticeps
used space uniformly, and 19 out of 23 individuals revisited
core areas (Fig. 3a). Three of the four individuals who did
not revisit core areas were females. For floater P. vitticeps,
six individuals continuously moved away from the site of
capture roughly in the same direction (Fig. 3c), whereas
three individuals (two males, one female) roamed in varied
directions and returned to previously used areas (Fig. 3d).

In mid-spring, all tracked dragons had areas of space-use
overlap with at least one other individual (Fig. 4a). Overlap
among residents occurred only once in late-spring, between
male dragons C and P (Fig. 4b, Supplementary Table S3).
Other resident dragons only had overlap occurring with
floaters, who all crossed through at least one resident’s
area (Fig. 4b, Supplementary Table S3).

Daily movement: late-spring and summer only

The total average daily movement per individual was 162
(£49) min moving per day. Males had significantly higher
daily average movement than females during the late-spring
period (Fig. 5a; tg = 1.44, P = 0.0403). However, daily
movement rates were very similar between the sexes for
mid-summer (ty = 0.48, P = 0.322). There was no significant
difference in movement among the seasons when each sex
was analysed separately (males: t;o = 1.1311, P = 0.142;
females: t, = 1.07, P = 0.160).

Resident dragons, regardless of sex, moved significantly
more each day than floaters during late-spring (Fig. 5b;
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Fig. 3.

Locations of Pogona vitticeps taken with GPS radio tracking. The locations taken on each day of tracking are

represented by different colours. (a) Activity area and core areas of male dragon N, who revisited core areas often.
(b) Activity area of female dragon J, who spent time in one core area before moving and staying in another core area.
(c) Trajectory of movement of female dragon S, who moved consistently south from the site of capture over 2 days.
(d) Trajectory of movement of female dragon T, who roamed widely but returned to previously used areas.

tg = 2.34, P = 0.0237). However, the opposite trend was
seen in mid-summer (Fig. 5b; t; = 2.97, P = 0.0109).
Linear regression suggested that the size of the MCP or
core area was not correlated with the daily average move-
ment (MCP: F; 1, = 0.103, R* = 0.009, P = 0.753; core:
F112 = 0.5104, R*>=0.041, P =0.489). Daily average
movement rates per individual showed significant negative
relationships with head length and width, and body mass
when data from both sexes from mid-summer were pooled
(Table 2). When analysed separately, there was a negative,
approaching significant, relationship between movement
and tail length in males, and movement and tail width in
females in mid-summer (Table 2).

Influence of temperature on occurrence of
movement

The GAM model showed that temperature influenced the
occurrence of movement in both tracking periods, with the

variance explained by the model being 64.5 and 48.9% in
late-spring and mid-summer, respectively (Supplementary
Table S4). In late-spring, a peak in the predicted mean
movement rate occurred at around 30-31°C, though levels
were similar between 25 and 35°C. Below 25°C the activity
rate dropped linearly until dragons were mostly inactive
around 15°C (Fig. 6a). Similar results were seen in mid-
summer, with the highest rates of movement occurring
between 25 and 35°C, and a negative linear trend below
25°C to inactivity around 15°C. However, there were
warmer temperatures in the mid-summer period and the
trend shows a sharp decline in predicted movement above
35°C, with only low predicted movement at the highest
temperatures, 42°C and above (Fig. 6b).

Diel timing of movement

Total average movement per hour (pooled data) showed
that P. vitticeps is mainly diurnal, with movements rarely
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Fig. 5. (a) The daily average (+s.d.) minutes moved for individual Pogona vitticeps tracked at different periods of the year (n = 15). Black bars
represent males and white bars represent females. (b) The average (£s.d.) daily minutes moved for home range holding (resident) and non-home
range holding (floater) P. vitticeps individuals in two different tracking periods (n = 22). Black bars represent residents and white bars represent
floater dragons. Asterisk denotes significant differences (P < 0.05).
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Results of linear regression analysis for body measurements versus daily activity rates of Pogona vitticeps.

Table 2.
Body

All periods

Mid-summer

Late-spring

Both (d.f.=1,19)

F(df.=1,7)

Both (d.f.=1,9) M (df.= 1,4) F(df.=1,2) Both (d.f.=1,9) M @df.=1,11)

F(df.=1,2)

M (df.=1,5)

measurement

R?

R?

0.0l 0.86 0.57 0.22 0.53 1.06 0.11 0.33 0.86 0.18 041 1.90 0.39 0.26 2.65 0.29 0.09 0.00 0.00 0.96 0.10 0.0l 0.76 0.11 001 075

0.03

SVL

0.03 0.72 4.02 0.67 0.18 0.46 0.05 0.52 1.34 0.25 0.31 13.45 0.82 0.04 10.35 053 0.011* 026 0.02 0.62 2.38 0.12 037 0.18 000 0.89

0.15

Mass

0.04 0.67 0.27 0.12 0.65 1.12 0.11 0.32 228 0.36 021 2826 093 0.03 1255 061 0.008* 0.10 0.0l 0.76 1.6l 021 0.25 0.00 000 096

0.20

Head length

00 0.00 0.97 0.00 0.00 0.98 1.82 0.17 0.21 5.85 0.59 007 5065 0.96 0.02 1186  0.60 0.009* 0.0l 0.00 0.94 0.03 0.01 0.86 0.28 001 0.6l

0.

Head width

0.24 0.26 9.13 0.82 0.09 2.24 0.20 0.17 9.55 0.70 0.04 0.6l 0.17 0.49 4.96 0.36 0.05 0.35 0.03 0.28 0.56 0.07 0.48 0.49 0.02 049

1.59

Tail length

0.28 0.22 6.28 0.76 0.13 0.05 0.0l 0.84 0.67 0.14 0.46 31.50 0.94 0.03 8.03 0.50 0.02 0.99 0.08 0.34 1.16 0.16 0.32 0.99 005 033

1.92

Tail width

:6’

1'1), both sexes separate in late-spring (male n =7, female = 4), and mid-summer (male n
9), and both sexes and all periods combined (n = 21). Asterisk denotes significant P-values under

1) and mid-summer (n=

Analysis was run for separate periods with both sexes combined for late-spring (n

female n

4), as well as for males and females separate with all periods combined (male n =13, female n

sequential Bonferroni adjustment (Holm 1979).

recorded in the late-night hours (2200-0600 hours). In late-
spring, movement showed a unimodal distribution, with the
most movement occurring during the middle of the day
(Fig. 7). However, the movement pattern of the mid-
summer tracking period had a bimodal distribution, with
the highest amounts of movement occurring at 1000 hours,
followed by a large reduction in movement during the mid-
dle of the day and then a secondary, smaller peak at 2000
hours (Fig. 7), around local sunset at 2040 hours AEDT.
Hourly temperatures in mid-summer were about 6°C higher
than those in late-spring (Supplementary Fig. S1).

Discussion

The data collected provide information regarding the space
use and movement patterns of P. vitticeps, as well as insights
into the possible social system. Two-thirds of individuals
remained in defined activity areas, whereas the remaining
individuals were wide-roaming floaters, often moving dis-
tances greater than 1 km. Although no significant difference
was found, the high proportion of female floaters contrasts
with a lower proportion of male floaters and suggests that
sexes may have differing space-use tactics. Overall individ-
ual movement rates coincided with optimal temperatures as
expected (Cadena and Tattersall 2009). We also found sea-
sonal differences in movement rates; males and residents
moved more in late-spring, but floaters moved more mid-
summer, possibly indicative of seasonal changes in feeding
resources, breeding or territorial behaviours. Findings of the
current study corroborate other research that suggests wild
P. vitticeps movement patterns may fit well into expected
models of ectotherm behaviour associated with optimising
movement to preferred temperatures (Cadena and Tattersall
2009; Smith et al. 2016b), but space-use patterns suggest
an unexpected lack of site fidelity and large movement
distances, particularly for females. These patterns may be
driven by variation in resources or social factors.

The large activity areas and high proportion of floaters
set P. vitticeps apart from other studied Australian agamids.
The activity areas recorded do not necessarily represent the
actual home range of P. vitticeps, but average activity areas
(2.9 ha) for P. vitticeps tracked from 3 to 20 days were still
larger than average home ranges recorded for other
Australian agamids. The Australian agamid with the closest
recorded home range size is Chlamydosaurus kingii (1.9 ha),
which was tracked over several years in monsoonal tropics
(Griffiths 1999). The proportion of floaters found in this
study has not been observed in large agamids previously
(Griffiths 1999; Baird et al. 2012; Ujvari et al. 2015), includ-
ing the closely related P. barbata (Wotherspoon 2007). The
proportion of territorial males in smaller agamid species
ranges widely (<10 to >80%), but females are commonly
sedentary (Olsson 1995; Lebas 2001; Watt et al. 2003; Olsson
et al. 2007; Stevens et al. 2010). Our results suggesting a
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large proportion of females do not remain in a defined
activity area were therefore unexpected.

Environmental factors may drive the large activity areas
and wide-roaming behaviour of both males and females of

@
03
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Fig. 6. Curves from the generalised additive model (GAM) fitted to
the occurrence of movement data at certain temperatures. The black
line shows the overall trend line, points represent the average
occurrence of movement that was recorded with the data from
each dragon pooled, and the grey areas show the 95% bounds
surrounding the overall trend. (a) Pogona vitticeps individuals tracked
in late-spring. (b) P. vitticeps individuals tracked in mid-summer.

P. vitticeps. This study occurred during a very dry year
(2017 annual rainfall was 170 mm below average) and
may have driven a switch to wider-ranging behaviours to
increase the probability of encountering scarce resources in
the landscape. Similarly, other species of lizards have
been observed to switch space-use tactics towards greater
nomadism during drought (Knapp et al. 2003). Floaters
moving more than resident dragons during mid-summer
(when resources would be rarer and breeding behaviour
would be less likely) supports this hypothesis. Drought
effects and grazing pressure from kangaroos, sheep and
goats substantially reduced the shrub cover at the site, and
may have increased exposure to predators, such as birds of
prey, foxes, pigs and feral cats, which would force individuals
to alter their behaviour to find areas with suitable shelter and
resources (Downes 2001). Further investigations of lizard
movement behaviour during periods of higher rainfall and
vegetation cover would be needed to test these hypotheses.
Although P. vitticeps males with wider tails were signifi-
cantly less likely to show resident behaviour, there was also
a trend towards shorter-tailed males to be floaters. Tail
autotomy does not occur in agamids, and many species
use their tails to display and communicate to conspecifics,
with tail flicks forming parts of aggressive displays (Antonio
and Anthony 2016). Thus, territorial individuals may use
their longer tails to aid in defending their territories either
through tail flicks or as a social status badge. Removal of
lizard tails can reduce social status (Fox et al. 1990), and the
two largest P. vitticeps individuals tracked in late-spring
were each missing a large part of their tail (Dragons O and
Q; Supplementary Table S1), and showed floater behaviour.
This suggests that many P. vitticeps males defend territories,
and is supported by the finding that overlap of MCPs only
occurred once among males during the late-spring tracking
period, which is likely when breeding, and therefore territo-
rial behaviours were at their most intense. Conversely, the
high rates of overlap between floaters and residents could
suggest a dominance hierarchy in which only dominant
males are excluded from other dominant males' territories,
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% Fig. 7. The average (+s.e.) minutes moved per hour
of the day for Pogona vitticeps tracked in late-spring and
e e o—o—o in mid-summer. Black dots represent the late-spring
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)

566

tracking period (n=11). Hollow dots represent the
mid-summer tracking period (n=11).



www.publish.csiro.au/wr

Wildlife Research

as seen in Intellagama lesueurii and Cyclura nubila (Alberts
et al. 2002; Baird et al. 2012). However, not enough dragons
were tracked to fully understand the social system of
P. vitticeps, and further study is needed.

The wider tails, yet similar movement levels, of these
floater males may drive them to expend more energy on
foraging than energetically costly mating or territorial beha-
viours. This would allow for floaters to maintain body con-
dition at cost of reduced breeding success, a scenario that
occurs in C. nubila (Alberts et al. 2002). Increased storage of
tail fat may allow these individuals to roam more widely in
search of transient resources, which is a tactic used by small
mammal species in the arid zone (Dickman et al. 1995), and
may result in improved chances of survival during drought.
In contrast, heavier females with wider tails showed a trend
towards reduced movement and resident behaviour after the
breeding season, suggesting females in better body condi-
tion remain in areas, possibly to revisit nest sites. However,
we did not see clear evidence of gravid females during our
monitoring. Our findings could instead suggest heavier
females are able to reduce both the amount of time moving
and distance travelled due to larger energy stores or higher
social status. The opposite direction of influence that tail
width has on space use and movement between the sexes
suggests that males and females have different space-use
and movement tactics. This is also supported by the high
number of females that showed floater behaviour compared
with males across all seasons. However, more study is
needed to fully understand the range of social and spatial
strategies of P. vitticeps, and the consequences of those
strategies on body condition and survival.

P. vitticeps males moved more than females in late-spring
during breeding, perhaps to maximise mating success, as is
seen in T. rugosa (Kerr and Bull 2006) and Iberolacerta
cyreni (Salvador et al. 2008). However, enhanced activity
rates can impose survival costs, and lower daily activity is
likely to be selected when not essential (Marler et al. 1995),
resulting in the lower movement seen in P. vitticeps females
during breeding (late-spring), resident males after breeding
(mid-summer), and heavier individuals compared with
lighter individuals in mid-summer. Similarly, dominant
C. nubila males relaxed their territorial behaviour outside
of the breeding season, yet little change was seen in subordi-
nate individuals (Alberts et al. 2002). The higher movement
of males than females in the breeding season may suggest
that males are expending more energy in social displays that
attract females or for competition with rival males, which
may be another factor that explains why resident males had
thinner tails (potentially less fat storage) after the breeding
season. This, coupled with the floater behaviour of females,
may suggest both sexes are maximising mating opportunities
and could indicate that P. vitticeps has a promiscuous mating
system, similar to at least one other agamid (I. lesueurii;
Frere et al. 2015). Our observed high rates of home range
overlap and non-exclusive core areas support this, and may

suggest that alternative mating strategies may be occurring
(Sinervo and Lively 1996; Baird et al. 2012). However,
although a promiscuous mating system is likely, it cannot
be confirmed without genetic parentage studies.

The lack of a relationship between movement and activ-
ity area measures was not expected, because a larger home
range size is often used as an indirect measure of higher
activity in lizards (Guarino 2001; Stone and Baird 2002).
However, this assumption is often based on consecutive
radio tracking fixes that measure straight line distances
between two points, and therefore may miss patterns of
higher or lower movement between these two points. In
this study, movements recorded by the accelerometer were
not always from a change in horizontal location; rather they
could have been from climbing, feeding, burrowing and
displaying to conspecifics. Therefore, individuals that had
higher rates of movement in this study may have engaged in
these behaviours more often while still occupying home
ranges of similar sizes as individuals that moved less. In
addition, a large home range size does not always correlate
with dominance, though high activity levels do correlate
with dominance in some species (Alberts et al. 2002; Baird
et al. 2012). Therefore, the absence of a relationship between
activity areas with movement levels in P. vitticeps was likely
due to individuals moving more by feeding, burrowing or
social signalling for territorial defence or mating opportuni-
ties. Nevertheless, how social or resource pressure drive the
space-use tactics of P. vitticeps is unclear, and greater knowl-
edge of the resource use and social and breeding systems for
this species are needed to make strong conclusions.

Our study differed from the previous studies tracking
agamid home ranges in that we used GPS devices rather
than VHF methods to track individuals. Our method
required multiple recaptures of dragons to replace GPS
units before their batteries expired. It could be argued that
the multiple recaptures could lead to larger activity areas
due to individuals moving to new areas after the stress of
being captured. Indeed, Kerr et al. (2004) found that
T. rugosa individuals altered their movement behaviour
more when being handled compared to just being observed.
However, we did not find that the number of recaptures,
which ranged from one to five (including the initial cap-
ture), did not influence MCP; nor did more recaptures make
it more likely for individuals to be floaters. Supporting this,
the two dragons that were tracked in two separate tracking
periods, and thus recaptured twice as much as other drag-
ons, had core areas and MCPs in very similar locations in
both periods (see Supplementary Fig. S2). Furthermore, the
ability of the GPS devices to record data remotely removes
the need for observers to track down an individual (some-
times multiple times a day) (Guarino 2001; Osterwalder
et al. 2004; Smith and Griffiths 2009) to take a location,
which also alters their behaviour (Kerr et al. 2004).
Therefore, although it is likely that recapturing dragons to
replace GPS tags does alter their behaviour for a period after
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handling, it is unlikely that it leads to the large activity areas
recorded for some individuals.

Conclusions

It was found that P. vitticeps individuals exhibited a variety of
space-use and movement tactics over short periods, in which
most males show resident behaviours and females less com-
monly so. Ambient temperatures had a strong influence on
movement rates, but relationships were also seen among
movement and individual morphological traits that may
reflect social status or body condition. With further study,
these patterns may provide insights into the resource use,
ecology and sociality of this species. Wide-ranging, floater
behaviour appeared to be a relatively common tactic for
females, and the lack of strong differences in activity area
size between sexes suggests that space-use and movement
tactics within activity areas differ. In contrast, the high rates
of wide-ranging behaviour recorded may be a response to
reduced resources, because this study took place during a
drought. Future surveys may determine whether these patterns
in space use and movement are conserved under better climate
conditions. This is the first study looking at the space-use
patterns of this species in the wild, despite P. vitticeps being
a dominant species in Australia’s semiarid to arid environ-
ments, and a commonly used laboratory model. This study
shows how P. vitticeps utility in scientific research extends
with free-ranging individuals and provides baseline informa-
tion that more complex studies on the space-use tactics,
sociality and mating systems of P. vitticeps can build upon.

Supplementary material

Supplementary material is available online.
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