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General Abstract
The physical properties of the environment affect the efficacy of signals and thus the evolution of
signalling behaviour, but the full extent of their influence remains unclear. Studies that incorporate
habitat and signal structure are therefore essential to continue developing our knowledge of animal
communication. Compared to other signalling modalities, the study of motion-based communication
is still in its infancy. However, lizards are proving excellent models for understanding the evolution of
motion-based visual signals. Historically, most research in this field has focused on Caribbean anoles
(family Iguanidae), but Australian dragons (family Agamidae) are also well known for their wide
distribution encompassing many different habitat types, their diverse social behaviour, and in many
cases, their complex motion signalling displays. This makes them an ideal system to address
questions regarding environmental constraints on the structure of motion signals. In Chapter 1 I
summarised much of what is known about the signalling behaviour of Australian agamid lizards by
collating information available from the literature, accounts from colleagues and personal
observations. Using this information, in Chapter 2 I attempted to relate known signalling behaviour
in Australian agamid lizards to several aspects of their ecology. I concluded that broad habitat
descriptions do not correlate to habitat structure, and a more detailed assessment of habitat and
signal characteristics is needed to fully understand their relationship.
In order to achieve the required level of detail when considering signals and their
environment, I developed a novel methodology to quantify signal motion and environmental noise
(Chapter 3). This approach involves recording signal and habitat information independently of each
other, recreating signal motion in 3D and quantifying the masking potential of the vegetation using
motion analysis algorithms, in order to later calculate signal contrast. Because displays are recreated
in 3D, this approach does not assume that filming position is ideal, and provides great flexibility to
the analyses. Additionally, because signals and motion noise are recorded separately, signal
performance can be considered at habitats other than its own. In Chapter 4 I use this methodology
to analyse the motion displays of two allopatric populations of the Australian agamid Amphibolurus
muricatus, occurring in structurally distinct habitats, and provide evidence for habitat dependent
variation in motion signalling behaviour.
Several Australian agamid species are sympatric with other signalling lizards and therefore
exposed to similar environmental constraints. In Chapter 5 I analysed the signalling behaviour of two
pairs of sympatric lizards in order to determine the mechanisms they utilise to achieve signal efficacy
while simultaneously ensuring species recognition. My results provide support for local adaptation in
signalling behaviour, but emphasize that other selective pressures might be important for signal
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efficacy, such as territoriality. I also looked at a group of closely related signalling species (Chapter
6), the Ctenophorus decresii complex, to determine the extent of the similarities in their signalling
displays and also if their behaviour has been modified to suit their respective habitats after they
diverged. While many aspects of their signal structure are consistent across species, possibly as a
result of shared ancestry, significant differences were observed in the motion speed distributions
generated during their displays. This provides evidence for adaptations to local environmental
conditions in signalling behaviour.
Overall, the findings presented in this thesis are consistent with the hypothesis that motion
signalling behaviour is directly influenced by the environment. However, the extent of this influence
is variable and will depend on the selective pressures present at the time of signalling. This may
include territoriality and competition with conspecifics, the need to ensure species recognition due
to the presence of sympatric species, or environmental noise potentially masking the signal. All of
these factors need to be considered in order to accurately describe the context in which signalling
takes place.
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Chapter 1 – General introduction
Animal communication
Animal communication has always attracted the attention of the scientific community due to its
diversity and often unexpected complexity. The origin of this diversity is widely recognized as a
reflection of the selective pressures acting on all signalling species, which is why animal signalling is
frequently used as a model for ecology and evolution. During the process of communication, a signal
must travel from the signaller to the receiver. Thus, the main selective factors affecting signal
evolution include the social system for which the signal must function (Ord et al. 2001), the sensory
systems of receivers which constrain the ability to detect the signals (Endler 1987; Fleishman 1988),
and the environment through which the signal must travel to reach the receiver (Marchetti 1993;
Morton 1975).
While traveling through the environment and before reaching the intended receiver, signals
inevitably degrade (Bradbury and Vehrencamp 1998). Dense vegetation affects sound signals as they
propagate as a result of reflection and diffraction (Morton 1975), and lower light levels decrease the
active space of visual signals (Ord et al. 2002). Further constraints are generated by noise in the
environment, which may interfere or mask the signal (Endler 1992). Consequently, receivers must be
able to filter out these irrelevant stimuli and signallers must produce conspicuous signals capable of
standing out from the background, in order to achieve effective communication (Fleishman 1986).
Some animals maximise the chances of being detected by signalling during times of the day when
environmental conditions enhance signal intensity (Endler and Thery 1996; Greenfield 1988;
Schwartz 1987; Sun and Narins 2005). European robins, for example, sing more often during the
night in areas with increased day time urban noise (Fuller et al. 2007). Several bird species in a
Neotropical rainforest are also known to actively avoid overlapping their songs with those of other
species (Planqué and Slabbekoorn 2008).
Another strategy commonly employed by signallers is to utilise signal components that
increase signal to noise ratio and stimulate the sensory system of receivers in a different way to the
background. This is often observed in song birds (Brumm and Todt 2002; Cynx et al. 1998; Hart et al.
2015; Potash 1972) where they increase song amplitude to make themselves heard in noisy
environments. However, other taxa such as mammals (Brumm et al. 2004; Holt et al. 2009),
amphibians (Ryan et al. 1990; Witte et al. 2005), and reptiles (Ord et al. 2007; Peters et al. 2007)
employ similar strategies to enhance the transmission of their signals. For instance, two species of
Puerto Rican anoles increase the speed of the movements in their territorial displays relative to the
speed of background motion when signalling under noisy conditions (Ord et al. 2007).
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Lizards as a model system
Lizards have become an important model system for the study of signal evolution, due to their
complex social interactions and wide distributions (Carpenter and Ferguson 1977; Gibbons 1979;
Ramos and Peters 2016). Caribbean lizards from the genus Anolis are often used to examine the
evolution of colour based signals and the role they play in sexual selection (Leal and Fleishman 2004;
Nicholson et al. 2007; Rand and Williams 1970). Male lizards from sexually dimorphic species are
particularly interesting, as the complexity of their colour signals is frequently associated with sexual
selection (Stuart-Fox and Ord 2004). Anole display movements consist of up and down motions of
the head, body and the very conspicuous dewlap (Jenssen 1977). Anole dewlaps can be very
colourful and diverse, which is why they are the focus of most colour-signalling studies on lizards.
Additionally, dewlap patterns and colouration often reflect the constraints imposed by the
environment. The spectral environment is known to exert selective pressure on colour signals, which
possibly makes some colours and patterns more effective in particular habitats (Fitch and Hillis 1984;
Fleishman 1992; Leal and Fleishman 2004). The presence of sympatric congeners can also affect
dewlap adaptations, as it encourages the need for species recognition (Losos 1985; Vanhooydonck
et al. 2009).
Interest has also grown in recent years on the topic of motion-based signalling by lizards, as
many members of the Agamidae, and Iguanidae families possess complex display repertoires
(Gibbons 1979; Ord et al. 2002; Ord and Martins 2006; Peters et al. 2002). The complexity of
signalling displays varies among species, but for the most part, they are composed of discrete and
stereotyped motor patterns such as head bobs, limb waves, tail flicks and push ups (Carpenter 1962;
Jenssen 1977; Ramos and Peters 2016). Lizards use these displays during male-female courtship
interactions (Jenssen 1970), as well as during male-male territorial contests (Carpenter 1978; Ord et
al. 2001). In other species, territorial contests often result in detrimental wounds or even death.
However, by using signalling displays, lizards can assess rivals from a distance and avoid unnecessary
injuries. It is only when individuals perceived each other as equally matched that these contests
escalate into physical confrontations.
The first studies on lizard motion-based signals focused on describing the motor patterns
involved in the displays and by creating display action patterns, which describe changes in position
over time (Carpenter et al. 1970; Jenssen 1977). As research on the function of signals developed,
studies became more quantitative and focus started shifting toward understanding the association
between signals and the environment where they are emitted (Fleishman 1988). However,
characterising the environment is a difficult task, particularly the intricate structure of plants and
their noise production potential. As a consequence, most recent studies involve computational
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models that describe signal structure and the motion properties of the plant environment in detail
(Ord et al. 2007; Peters et al. 2002; Peters and Evans 2003a; Peters et al. 2008; Zeil and Zanker
1997). Motion detector algorithms are now the standard approach to quantifying signals and plant
motion noise (Fleishman and Pallus 2010; Pallus et al. 2010; Zanker and Zeil 2005), but even these
strategies have limitations (see Chapter 2). Only by developing new methodologies that describe
both the habitat and animal signals comprehensively can we hope to understand their complex
relationship.
Known signalling behaviour by Australian agamid lizards
Most studies on lizard signalling behaviour have clearly centred on American iguanids and the genus
Anolis, but other taxonomic groups also utilise motion to communicate. Australia is home to 14
genera and roughly 78 species of agamid lizards (Wilson and Swan 2013), many of which are known
for their social interactions and conspicuous signalling displays. Australian agamids, commonly
known as dragons, are diurnal lizards with well-developed limbs and a sophisticated visual system on
which they rely during their signalling displays.
Here I have summarised the current knowledge on the signalling behaviour of Australian
agamids. The Jacky dragon (Amphibolurus muricatus; Figure 1.1a) is probably the most well-known
species. It has been used as a model system for visual communication studies, and has featured in
many ecology (Hoese et al. 2008; Peters and Allen 2009; Peters et al. 2007) and physiology-related
publications (Harlow and Taylor 2000; Heatwole and Firth 1982; Radder et al. 2007). These lizards
display in response to conspecific intruders by performing tail flicks, push ups, limb waves and throat
extensions in highly stereotyped sequences (Carpenter et al. 1970; Peters and Ord 2003). The tail
flick serves as an introduction to the rest of the display by first ensuring the attention of the intruder
(Peters and Evans 2003a; Peters and Evans 2003b). Other members of the genus Amphibolurus such
as A. burnsi (Burn’s dragon) and A. gilberti (Gilbert’s dragon; now recognised as 2 species:
Amphibolurus centralis and Lophognathus gilberti; Melville et al. 2011; Wilson and Swan 2013) are
commonly known as “TaTa” lizards due to how readily they perform limb waves (circumduction) and
how often they do it after a short sprint (Wilson 2003; Wilson and Swan 2013; Witten 1993).
Gowidon longirostris (the Long-nosed dragon; Figure 1.1b), a close relative, has also been observed
limb waving and head bobbing (Ramos, pers. obs.). Similarly, these two behaviours are common in
G. temporalis. Blamires (1998) proposed that circumduction in this species (as Lophognatus
temporalis) functions as a distraction display for potential predators, or as a pursuit deterrent signal
directed at the predator. Blamires (1998) also concluded that head bobbing is utilized as a warning
display to signal dominance and territory ownership to subordinate males and other intruders. Limb
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Figure 1.1: Examples of Australian signalling agamids. a) Amphibolurus muricatus, b) Gowidon longirostris, c)
Ctenophorus decresii, d) C. fionni, e) C. vadnappa, f) C. mirrityana, g) C. pictus, h) C. caudicinctus, i) C. tjantjalka, j)
Pogona barbata, k) Rankinia diemensis, l) C. fordi, m) Diporiphora nobbi, n) Moloch horridus, and o) Tympanocryptis
tetraporophora.
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waving was mostly observed in juveniles and adult females while head bobbing was only employed
by adult males, demonstrating the role of movement-based signals in establishing a social hierarchy
(Blamires 1998). It is interesting to consider that while complex stereotyped push up displays are
known as part of the territorial behaviour of G. longirostris and A. muricatus, only basic signalling has
been observed in other members of these two genera. Furthermore, A. norrisi (the Mallee tree
dragon) is the only member of the genus Amphibolurus not known to execute any kind of signalling
behaviour. Territoriality is also apparently absent in this species (G. Witten, pers. com., 2013; South,
unpubl. data). This is quite surprising given the common occurrence of these behaviours within the
genus, and how closely related A. norrisi is to A. muricatus (Melville et al. 2011).
One of the most conspicuous displays in the Agamidae is that of Chlamydosaurus kingii. Both
male and female Frill-necked lizards erect their frill during social encounters, but males do it more
frequently and noticeably during the mating season. These displays, as in other Australian agamids,
are highly stereotyped and involve repeated partial erection of the frill, head bobbing, tail lashing,
and waving of forelimbs (Shine 1990). Shine (1990) reported three different circumstances when
displays were observed: after relocating, during male-male conflicts and during male-female
encounters. Males tend to signal after relocating as to make their presence known in a form of nondirected territorial defence that involves stereotyped sequences including the motor patterns
previously mentioned (Shine 1990). Males also signal by opening their mouth widely and fully
erecting their frills before engaging in battle. Lastly, if a male and a female come across each other
on the same tree during the mating season they will both perform a display involving partial erection
of the frill and head bobbing. The frill is also used in aggressive displays for predator deterrence
(Shine 1990).
Ctenophorus is the largest genus of Australian agamids comprising 27 species (not including
the recently described C. mirrityana; Wilson and Swan 2013), ten of which have been reported to
use movement-based signalling in the literature. Ctenophorus decresii (the Tawny dragon; Figure
1.1c), C. fionni (the Peninsula dragon; Figure 1.1d) and C. vadnappa (the Red-barred dragon; Figure
1.1e) belong to the Ctenophorus decresii complex. The push up displays from these three species
were thoroughly described by Gibbons (Gibbons 1977; Gibbons 1979). They all involve a complex
sequence of limb waves, tail coiling, hind leg push ups and head bobs that Gibbons (1979) separated
into three distinct phases. Phase one includes lowering of the dewlap, lateral compression and
usually circumduction of either foreleg. Phase two involves one or more flexions and extensions of
the hind legs (push-ups), during which the tail is coiled (vertically in C. vadnappa, and horizontally in
the other two species). During this phase, circumduction is sometimes observed in between pushups (except in C. fionni), and nuchal and vertebral crests are often raised in males. Phase 3 consists
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of several head bobs following the push-ups. These behaviours always occur in a social context
between conspecifics or sympatric members of the complex in territorial encounters, or else during
male-female interactions (Gibbons 1979). In C. decresii, and most likely in its sister species, the hind
leg push up display and more specifically the amount of push ups performed, reflects endurance and
aggressiveness (Osborne 2005a). Tawny dragons are known to show individual variation in their
agonistics displays, as well as be capable of distinguishing familiar and unfamiliar rivals (Osborne
2005b). Differences in their signalling display may carry some information on identity and allow
them to discriminate between neighbours and intruders (Osborne 2005a; Osborne 2005b).
Ctenophorus mirrityana (the Barrier Range dragon; Figure 1.1f), another member of the C. decresii
complex, also uses push-up displays during courtship and territorial behaviour (McLean et al. 2013).
In the Lake Eyre Dragon (C. maculosus), females display a behaviour not described in any
other Australian agamid. Newly emerged females of reproductive size are usually not ready to mate,
so every season during the first week after emerging from their burrows they use circumduction to
repel the advances of mature males. The rate of circumduction is increased every time a male
approaches (Mitchell 1973). During the breeding season, receptive females are usually timid and
submissive when a male approaches for copulation, but once they have been fertilized they become
much more aggressive. Also, their usually grey-white ventral area develops two bright orange
patches, and the edge of the lower jaw turns orange. If this fails to deter an undesired male, the
female will flip over onto her back to prevent further interaction (Chan et al. 2009; McLean et al.
2010; Mitchell 1973). This behaviour is also used as a submissive display when a dominant
conspecific approaches. Male C. maculosus perform territorial displays toward other members of the
same species which involve a fore limb push-up as the main component. Male Lake Eyre dragons
have also been observed head bobbing before approaching a female for copulation, but not as part
of their territorial display as in other agamid dragons (Mitchell 1973).
Male C. nguyarna (the Lake Disappointment dragon) are known to combine head bobbing
behaviour with vigorous back-arching and tail waving during territorial displays (Doughty et al. 2007;
Wilson and Swan 2013). Energetic head bobbing is also performed by dominant male Central netted
dragons (Ctenophorus nuchalis), while submissive individuals respond with passive head bobbing
and slow limb waving (Plummer 2008). During their challenge displays, male C. nuchalis sometimes
include rapid limb waving as well, in no particular pattern (as Amphibolurus reticulatus inermis;
Carpenter et al. 1970). Western netted dragons (Ctenophorus reticulatus) are also known to head
bob during their territorial displays (White 1949). Visual displays such as head bobbing,
circumduction and push ups are common throughout the breeding season in the Ornate dragon
(Ctenophorus ornatus) (LeBas and Marshall 2000). The male's black chest patch and throat region is
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emphasized during the push up display (LeBas and Marshall 2001). This may function as a signal of
the male’s condition and fighting ability as patch size is condition dependent in this dragon species
(LeBas 2001). Painted dragons (Ctenophorus pictus; Figure 1.1g), similarly to C. decresii, are
commonly used as a model species in genetic studies, due to their polymorphic traits. Territorial
displays in males are composed of fast head bobbing and presentations of their colourful throats
(Uller and Olsson 2005). They often raise their dorsal crest during these displays and while pursuing
intruders in their territory (Mayhew 1963). Tail flicking has also been observed in these dragons
(Ramos, per. obs.). The purpose of this display component could potentially be similar to that in A.
muricatus, which is to attract the attention of potential mates or competitors before introducing the
main element of their display.
I also obtained accounts of signalling by other Ctenophorus species that to my knowledge
have not been reported in the literature (see Chapter 2). Ring-tailed dragons (Ctenophorus
caudicinctus; Figure 1.1h) and Ochre dragons (C. tjantjalka; Figure 1.1i) have been observed
displaying with head bobs and limb waves (Ramos, pers. obs.). C. tjantjalka is also known to perform
territorial push up displays in response to the presence of conspecifics, not unlike those performed
by other members of the Ctenophorus decresii complex (Johnston, pers. comm., 2012). Additionally,
Western Heath dragons (C. adelaidensis), Gibber dragons (C. gibba), and Lozenge-marked dragons
(C. scutulatus) have been previously observed head bobbing (Dalle Nogare, pers. comm., 2014;
Hoops, pers. comm., 2013; Spence-Bailey, pers. comm., 2012).
Territoriality and agonistic signalling toward male intruders is present in male Southern
Angle-headed dragons (Hypsilurus spinipes (Manning and Ehmann 1991). The display consists of
head bobs, dewlap extensions, mouth gaping and rising of the body from the substrate. Adult males
have also been observed displaying at females and juveniles with head bobs (Manning and Ehmann
1991). Even though no reports exist in the literature, the other member of the genus Hypsilurus, the
Boyd’s Forest dragon (H. boydii) has also been observed performing territorial displays which
reminisce of those performed by American anoles, and include an extraordinary extension of the
dewlap (Johnston pers. comm., 2013). Male displays in Eastern water dragons (Intellagama lesueurii)
typically involve head bobbing, dewlap extension and fore limb extension (Cuervo and Shine 2007),
and to a lesser extent tail displays (Baird et al. 2012). It has been suggested that sexual dimorphism
in the ventral colouration of Eastern water dragons could serve a function in sex specific displays in
conjunction with movement-based signalling (Watt and Joss 2003). However, Cuervo and Shine
(2007) could not find evidence for this behaviour.
In Pogona barbata, the Eastern bearded dragon (Figure 1.1j), head bobs and two types of
forelimb wave have been identified as part of its behavioural displays (Brattstrom 1971; Lee and
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Badham 1963). Fast limb waves occur together with head bobs during aggressive or challenging
displays, while slow overhand limb waves are used to indicate submission in small, juvenile males,
and occasionally females (Brattstrom 1971). Juvenile bearded dragons can often be seen performing
submissive waves in the absence of other lizards. Additionally, this subservient behaviour appears to
have an interspecific function. Brattstrom (1971) reported observations of A. muricatus and C.
reticulatus (as Amphibolurus reticulatus) limb waving toward larger P. barbata, and the bearded
dragons stopping their aggressive behaviour in response. Accounts of head bobs and limb waves also
exist for P. henrylawsoni and P. vitticeps (Peters, pers. comm., 2013; Ramos, pers. obs.).
Rankinia diemensis, the Mountain dragon (Figure 1.1k), is unusual amongst other Australian
agamids as it shows female biased sexual size dimorphism (Stuart-Smith et al. 2008). Despite being
smaller, males still possess an array of behavioural displays including head bobs, limb waves and tail
flicks (Stuart-Smith et al. 2007). Stuart-Smith et al. (2007) showed also that the use of these motor
patterns varies according to body size: larger males produced more tail flicks and smaller males
more limb waves. This is not surprising as limb waves usually indicate submissiveness in most
Australian agamids, while tail flicks tend to be part of agonistic displays.
Non-territorial species
All the previous descriptions refer to territorial species, however, not all Australian agamids belong
to this category. The Mallee military dragon (Ctenophorus fordi; Figure 1.1l), for example, is actively
social but does not defend territories. As in other taxa, this behaviour (or lack thereof) is
accompanied by the absence of sexual dimorphism (Carpenter 1962; Cogger 1978). In C. fordi, males
and females are almost indistinguishable from each other based on their external morphology
(Cogger 1974), although a recent study suggests Mallee dragons are in fact sexually dimorphic in the
ultraviolet region of the spectrum (Garcia et al. 2013). Nonetheless, during the mating season,
individuals can be sometimes distinguished by their signalling behaviour. In addition to the
commonly observed head bobbing, female Mallee military dragons are often seen posturing toward
males by presenting their posterior-caudal region, extending their hind limbs, raising their pelvic
area, and arching the tail upwards. This behaviour is thought to be a type of rejection display, as
males tend to respond to it by either ignoring the female or “licking” her pelvic region, but never
copulating (Cogger 1978; Olsson 2001). In addition, only non-receptive females have been observed
performing this pose (Cogger 1978; Olsson 2001). Receptive females simply mate as soon as the
male initiates copulation, as there is no courtship in the species. The previously mentioned head
bobbing is constantly performed by both sexes, and it is thought to be used to signal recognition or
awareness of the presence other lizards. This behaviour is often triggered when another individual
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appears in the field of vision of C. fordi, and has even been observed in response to other dragon
species (Cogger 1978). Circumduction is also present in C. fordi (Cogger 1978; Witten 1993). In other
agamid lizards, this movement has been related to submissive behaviour, but the lack of territoriality
in this species makes its purpose unknown.
The Nobbi dragon (Diporiphora nobbi; Figure 1.1m) and the Pilbara two-lined dragon (D.
valens) are the only two members of the genus Diporiphora known to utilize any kind of signalling
behaviour (de Jong, pers. comm., 2013; Cooper, pers. comm., 2013). Furthermore, D. nobbi are not
territorial (Witten 1974), but like C. fordi, they readily head bob as they move through their habitat
(de Jong, pers. comm., 2012). Similarly, the Thorny devil (Moloch horridus; Figure 1.1n) is not known
to be territorial, but males have been observed head bobbing at each other (Johnston 1981). Males
are also known to head bob toward females before approaching, even during failed copulating
attempts (Greer 1989; Johnston 1981; Niejalke and Bonnet 1994; Pianka et al. 1996). Additionally,
females have a very peculiar way of rejecting the advances of undesired males. As the male starts
mounting the female, she will rapidly rotate her body 180 degrees, throwing the male off her back
before returning to an upright position (Greer 1989; Niejalke and Bonnet 1994). This extremely fast
behaviour seems out of character for the usually slow moving Thorny devil. The genus
Tympanocryptis is mostly mentioned in the literature in reference to phylogenetic and conservation
research, and not much is known about their social behaviour. One species though is known to
utilise motion-based signals. Tympanocryptis tetraporophora (the Eyrean earless dragon; Figure
1.1o) uses limb waves to communicate (Ramos, pers. obs.), but the context and meaning of this
motor pattern is currently unknown.
While descriptions of the signalling behaviour of many agamids species are available in the
literature, detailed analyses comparable to those performed on the Caribbean anoles have yet to be
undertaken. The field of motion-based communication itself is still lacking a detailed technical
understanding relative to other signalling modalities, such as acoustic communication. Given the
wide distribution of Australian agamids, the different environments they inhabit and the diversity of
motion-based signals they use, they are a perfect system to advance the knowledge on motion
signal evolution. Indeed, it is intriguing to consider whether the similarities and differences we see in
the structure of agamid signals are driven by the environment. Do any patterns emerge if we
consider lizard displays and their habitats in a broad comparison? How does the habitat affect signal
structure in sympatric species? Do species occurring in multiple habitats modify their behaviour to
maximise signal efficacy? And lastly, what is the most appropriate approach to answer all of these
questions?
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Thesis outline
Reviewing the available literature on signalling behaviour of Australian dragons identified gaps in our
knowledge, such as the lack of information on certain lizard genera, as well as on detailed
descriptions of motion-based signals in the context of their habitats. After developing a
methodology that would allow to fill some of those information gaps, I collected data on agamid
signals and their habitats in the field. In order to obtain detailed descriptions of motion-based lizard
signals beyond anything previously accomplished, filming their displays required a dual camera
setup. Such an approach has been previously used to reconstruct motion in 3D for other research
fields, usually under laboratory conditions. However, applying the methodology to free living lizards
at remote locations (Figure 1.2) was no simple task, and often required dozens of attempts before
obtaining a successful recording. Unlike anoles, Australian agamids often hide in rock crevices or
burrows while they are inactive, so the only practical way of finding them is to actively search during
their daily activity periods. For some species, population densities are relatively low compared to
other lizards groups, so it was not uncommon to spend a day or two without encountering a dragon.
This difference in behaviour was made particularly obvious while working on Phrynocephalus
vlangalii from China (see Appendix 1). This species is found in high densities where individuals
occupy small overlapping home ranges centred on a burrow, which they defend aggressively using
high speed tail displays (Peters et al. 2016). These high densities meant that the dual camera
approach was much more accessible than when applied to Australian species. In addition to
recording Australian agamid behaviour in the field, I also characterised the habitat for each display
by filming all relevant plants in the surrounding area under standardised wind conditions. This
process, although time consuming, allowed me to analyse the motion properties of each individual
plant, and create a uniquely detailed picture of the motion environment. The importance of
describing habitat structure comprehensively cannot be understated, which is why developing this
methodology and applying to several species and habitats was so important (Figures 1.3, 1.4).
Chapter 2 - Movement-based signalling by Australian agamid lizards in relation to species ecology
Australian agamids are clearly an interesting system to study. After compiling all existing knowledge
on their signalling behaviour from the literature and identifying the components of their displays, I
compared this information against several natural history traits, including habitat openness,
arboreality, and microhabitat type. My objective was to place known signalling behaviour in the
context of species ecology while controlling for phylogeny. Results from the statistical models did
not reveal any significant trends between signalling behaviour and the selected ecological variables.
However, it became evident that more detailed analyses are needed to fully understand the effects
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Figure 1.2: Study sites and target species in Australia.
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Figure 1.3: Study sites and target species in NSW and Vic. a) Avisford Nature Reserve: Amphibolurus muricatus. b)
Mutawintji National Park: Ctenophorus mirrityana. c) Croajingolong National Park: Amphibolurus muricatus. d)
Murray-Sunset National Park: Ctenophorus fordi.
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Figure 1.4 legend over page …
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Figure 1.4: Study sites and target species in SA and NT. a) Flinders Ranges National Park: Ctenophorus decresii. b)
Gawler Ranges National Park: Ctenophorus fionni. c) Ngarkat Conservation Park: Ctenophorus fordi, Ctenophorus
pictus. d) Parachilna Gorge: Ctenophorus vadnappa. e) Telowie Gorge Conservation Park: Ctenophorus decresii. f)
West MacDonnell National Park: Ctenophorus caudicinctus, Gowidon longirostris.
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of habitat structure on motion-based signalling. While this type of detailed research has been often
performed for other signal modalities with well-established techniques, our understanding of
motion-based signals is much less advanced because previous efforts have largely ignored the
ecological complexity of such behaviour.
Chapter 3 - Quantifying ecological constraints on motion signalling
When trying to understand a particular phenomenon, the first steps commonly involve summarising
the observable features, which tends to be broad and descriptive. This is followed by more
quantitative approaches that seek to measure the phenomenon in more detail and thereby facilitate
comparisons using inferential statistics or other numerical tools. Both approaches to data collection
are necessary for understanding biological phenomena. Studies of animal behaviour are a case in
point. Niko Tinbergen, one of the founders of modern ethology, championed the importance of
careful observations to ensure that the more quantitative approaches, which are often time
consuming, are done in a sensible fashion. We have come a long way since then, and here I take
quantitative analyses a step further by introducing a novel methodology that quantifies habitat and
signal structure in unprecedented detail. Furthermore, my approach allows for comparisons
between environmental noise and animal signals in order to determine their relative contrast.
Additionally, this methodology can determine the relative contrast of a signal not only at the habitat
were it was recorded, but also at any location I measure.
Chapter 4 – Habitat dependent variation in motion signal structure between allopatric populations of
lizards
Some widely distributed species of lizards occur in multiple habitats, and are therefore exposed to a
different array of environmental factors. Amphibolurus muricatus is one such species. I analysed
signal contrast in two different populations of A. muricatus occurring in structurally distinct habitats,
in order to determine if their signalling behaviour varies in order to compensate for the differences
in the noise environment. In a completely unique manner, I also analysed the signal contrast of each
population at the alternate habitat to emphasise any adaptations to their specific noise
environment.
Chapter 5 - Motion-based signalling in sympatric species of Australian agamid lizards
It is widely known that habitat complexity correlates in a positive way with species diversity. More
complex habitats have a greater number and variety of microhabitats, which increases the number
of species than can coexist. This remains true for Australian agamids, and more than one species are
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often found within a given habitat. If different lizard species are exposed to similar environmental
noise, they are likely to develop similar adaptations to achieve signal efficacy. On the other hand,
closely related signalling species with overlapping distributions often utilize contrasting signals to
avoid misidentification. In this chapter I analyse the signal contrast of multiple sympatric species in
order to identify the mechanisms they employ to coexist effectively when exposed to similar
environmental noise.
Chapter 6 – Motion-based signalling variation in closely related agamid species: the Ctenophorus
decresii complex
Within the Agamidae, the genus Ctenophorus is the most abundant group of lizards in Australia, and
within this genus the C. decresii complex includes some of the most interesting signalling species.
Five closely related species use the same motor patterns during their territorial displays. While all
members of the complex are rock dwellers, their habitats and noise environments are not identical,
so specific adaptations to maximise signal efficacy should be expected. Furthermore, some species
occur in sympatry, so additional adaptations to avoid misidentification while maintaining reliable
communication should also be present. Consequently, in my final empirical chapter I explore the
superficially similar displays that each individual species in the complex utilises to signal in different
habitats.
Summary
In this project, I use a novel approach to understand the association between habitat characteristics
and the structure of dynamic visual signals in Australian agamids. Broad correlations are not enough
to fully understand the complex relationship between signalling and habitat, but they do highlight
the need for more detailed analyses (Chapter 2). In Chapter 3, I develop such an approach by
recreating motion-based signals in three dimensions and mapping the noise environment where
signals are emitted in detail. The potential applications of this novel methodology can be clearly
understood when it is applied to allopatric populations of widely distributed species. These
populations often occupy distinct habitats and are constrained by different noise environments. My
approach identified differences in signal structure in two allopatric populations of the same species,
which are likely a consequence of adaptations to the noise environment (Chapter 4). Additionally,
some signalling species are often sympatric and exposed to similar noise environments, so similar
adaptation to their mutual habitats are to be expected. I explore this issue in Chapter 5 by focusing
on three pairs of sympatric agamid species. In Chapter 6 I revisit the topics of intraspecific and
interspecific variation in signalling behaviour by using a group of five closely related species as a case
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study. The habitat clearly has a significant influence on motion-based lizard communication, and
only detailed analyses on both habitat characteristics and signal structure will allow us to fully
understand their complex relationship.
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ABSTRACT
It is evident that the environment has the potential to affect animal communication strategies.
Species from diverse taxonomic groups using signals from different modalities are known to
generate signals that suit the structure of their habitat in order to maximise efficiency. Studies of
acoustically communicating species dominate the literature but visual signals are also tailored to
local conditions. There is now increasing evidence that dynamic visual signals, in the form of
movement-based displays, are also influenced by habitat characteristics. Australia’s dragon lizards
(Family: Agamidae) employ such dynamic signals in a variety of contexts but are particularly
common in territory defence. With a few notable exceptions, the signalling behaviour of this group
has been relatively overlooked, and the knowledge that does exist is contained in scientific papers
focussed on other topics or unpublished accounts from herpetologists. In this review, I collated
information on the signalling behaviour of these animals and determined that 34 of the 78 species
use movement-based signalling. This number is likely to be an underestimate, as knowledge of the
signalling behaviour of many species is lacking. The richly contrasting environments of Australia
inhabited by these lizards provide considerable variation in ecological context, so my second
objective was to place known signalling behaviour in the context of species ecology. After controlling
for phylogeny, I found that broad habitat classifications do not strongly influence the likelihood of
motion signalling and specific motor patterns are not more likely to occur in particular
microhabitats. I conclude by suggesting that fully understanding the motion signalling behaviour of
Australia’s agamids will require documenting the displays of species for which there are no data,
while taking into account the high variability existing within motor patterns and considering in detail
the environmental context under which signalling takes place.
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INTRODUCTION
The astounding diversity in the structure of animal signals is partly influenced by the variation in
signalling environments. As signals are transmitted through a medium (i.e. the environment) to
receivers, any changes in the characteristics of the medium will affect transmission. Therefore, it
makes sense that natural selection will favour signalling behaviour that maximises signalling
efficiency (Endler 1992; Leal and Fleishman 2004). This is the core of the Sensory Drive theory of
signal evolution (Endler 1992). Sensory Drive assumes that the structure of the most efficient signal
is influenced by habitat conditions, promoting signal diversity as a consequence of niche selection by
species or populations. Different locations will vary in transmission properties which include
attenuation, pattern loss and the masking effect of noise (Lythgoe 1979; Ryan 1988; Endler 1990;
1992). The most effective signal, therefore, might indeed be different in different habitats (Leal and
Fleishman 2004). Reproductive isolation might then develop if a reduction in signal detectability
arises between males and/or females belonging to different habitats, resulting in diminished gene
flow (Marchetti 1993). Males from a different habitat might no longer be able to defend a territory
or appeal to females from allopatric populations (Paterson 1985).
Acoustic signalling has led the way with respect to environmental constraints on signalling
strategies, thanks to pioneering work investigating sound propagation through natural environments
(Morton 1975). Indeed the textbook example of how habitat characteristics can drive signal
structure is illustrated by differences in the song of great tits (Parus major) in forests and open
woodlands across Europe (Hunter and Krebs 1979). Subsequent studies have focussed in more detail
on the relationship between signals and habitat characteristics in a range of bird species (Shy 1983;
Slabberkoorn and Peet 2003; Baker 2006; Derryberry 2009; Potvin et al. 2011). Furthermore,
allopatric populations of cricket frogs (Acris crepitans) occurring in distinct habitat (pine woods and
open grasslands) produce significantly different calls (Ryan et al. 1990; Witte et al. 2005), and these
differences result in local mate preferences that are likely to be a consequence of increased selective
pressures within the denser habitat (Ryan et al. 1990). Investigations of habitat constraints on
signalling are not limited to sounds. For example, several populations of the lizard Anolis cristatellus
from xeric and mesic environments occupy distinct habitats in terms of light intensity and spectral
quality, and show morphological adaptations that enhance visual signal detectability in their
respective habitat (Leal and Fleishman 2004). Other species of lizards belonging to the genus Anolis
occurring in sympatry are known to partition their habitat by selecting particular microhabitat light
conditions (Leal and Fleishman 2002). Each species also shows behavioural and/or morphological
adaptations that increase the contrast of their display against the background (Leal and Fleishman
2002). The physical structure of a given habitat and its influence on the transmission properties of
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signals also affects other aspects of behaviour such as species distributions. For example, habitat
characteristics determine the type of calls by primate species in tropical habitats that could reliably
transmit information in a given habitat, which ultimately affects their distribution (Brown et al. 1995;
Brown 2005).
Environmental conditions in which animals communicate are not constant, and the structure
of a given habitat also affects moment-to-moment variation in signalling conditions due to changes
in environmental noise. Sensory systems must filter out such irrelevant environmental stimuli in
order to maximise efficiency and avoid information overload (Schiff et al. 1962; King-Smith 1978;
Finkenstädt and Ewert 1983; Fleishman 1986; Peters and Evans 2003a; Peters 2008). Masking effects
of environmental noise have been demonstrated widely in many acoustic (Lengagne and Slater
2002; Lohr et al. 2003), seismic (Narins 1990), chemosensory (Atema and Engstrom 1971; Atema
1995), electrical (Gabbiani et al. 1996), and visual communication systems (Fleishman and Persons
2001; Steinberg and Leal 2013).
There is now growing interest in the role of habitat characteristics for visual signals, and
lizards are proving ideal model organisms for this endeavour. Visual signalling by lizards from the
Iguanidae, Lacertidae and Agamidae families comprises colour (Stuart-Fox and Ord 2004) or motion
based cues (Ord and Martins 2006), and quite often a combination of the two. Colour signals have
generated quite a bit of attention (Fleishman and Persons 2001; Stuart-Fox and Johnston 2005;
Nicholson et al. 2007; Fleishman et al. 2009; Chen et al. 2013), as colour pattern complexity is
believed to play an important role in sexual selection, particularly in male lizards from sexually
dimorphic species (Stuart-Fox and Ord 2004; Chen et al. 2012). Sexual selection is also thought to
influence the evolution of colour patterns in some species, with certain colours such as yellows and
reds, being more likely to be sexually selected (Chen et al. 2012, 2013). Furthermore, colour signals
are susceptible to selective pressures exerted by the spectral characteristics of the environment.
Population divergence in colouration has been observed in several species and it has been suggested
that intraspecific differences in lizard morphology are a reflection of local adaptations to both
predation risk that enhances crypsis, and sexual selection, which increases conspicuousness against
the background (Macedonia et al. 2002, 2004; Kwiatkowski 2003; McLean et al. 2014).
Complex movements often accompany brightly coloured patterns (Carpenter and Ferguson
1977; Cooper and Greenberg 1992; LeBas and Marshall 2000). Movement-based signals are used in a
variety of situations, including territorial defence. Territorial or agonistic displays can usually be
classified as either assertion or challenge displays, with the latter being a more intense or complex
version of the former (Carpenter 1967). The assertion display is believed to be a declaration of the
lizard’s presence to any other lizard in the area, visible or not, while the challenge display is usually
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performed by a dominant male and directed at an intruder or subordinate lizard (Carpenter 1967;
Carpenter et al. 1970). Regardless of display type, motion signals are particularly useful as
assessment is possible from a distance and potentially harmful physical confrontations can be
avoided (Peters and Ord 2003).
The importance of habitat structure for motion signalling is becoming clearer. Large scale
trends have been observed among lizard taxa where ecological factors such as vegetation density
and arboreal life style are correlated with the evolution of signalling (Ord et al. 2002). Closed
habitats seem to promote signal diversity, possibly due to increased opportunities for habitat
partitioning, and arboreality is associated with signal complexity (Ord et al. 2002). In the genus
Anolis, several examples exist of convergent evolution in behaviour as a consequence of
microhabitat choice (Johnson et al. 2010; Ord et al. 2013). More specifically, some populations of
green anoles (A. carolinensis) differ substantially in display behaviour, possibly as a result of
contrasting densities of male lizards and habitat continuity (Bloch and Irschick 2006). Environmental
noise for motion-based communication by lizards is mostly represented by windblown plants
(Fleishman 1988a, b), and constrains the detection of movement-based displays (Fleishman 1992;
Peters 2008). Animals can maximise the chances of being detected by signalling during times of the
day when environmental conditions enhance signal intensity (Henwood and Fabrick 1979; Endler
1991; Ord 2008), or employ movements that increase the signal-to-noise ratio and thus stimulate
the sensory system differently to environmental noise (Fleishman 1992; Peters et al. 2007; Ord and
Stamps 2008).
The function and structure of motion signal displays has received considerable attention in
American species, particularly in Caribbean Anolis (Jenssen et al. 2000; Ord and Martins 2006; Ord
2008; Steinberg and Leal 2013). However, the Australian agamid lizards are also characterised by
dynamic motion displays (Gibbons 1977; Cogger 1978; Peters et al. 2002), yet some of this
knowledge is restricted to anecdotal accounts of both amateur and professional herpetologists.
Within the scientific literature, very few studies are focussed on intra-species communication, with
most making brief mention of signalling behaviour in the context of other fields of research such as
taxonomy. In the present study, I summarise knowledge on motion signalling by Australian agamid
lizards. If signalling efficiency is constrained by the surrounding habitat, theory suggests that there
will be a difference in signalling strategies due to variation in structure and physical characteristics of
the microhabitats. Consequently, I also build on earlier work relating repertoire size with ecological
parameters in iguanian lizards (Ord et al. 2002), and investigate the relationship between signalling
behaviour and species ecology. Specifically, I address the following two important questions:
a) Is the occurrence of motion signalling related to aspects of a species ecology?
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b) Are particular motor patterns more common under particular ecological circumstances?
METHODS
Signalling Data
To build a database of motion signalling behaviour in Australian agamid lizards, I surveyed the
scientific literature, technical reports, monographs, and field guides as well as observations that I,
and colleagues, have made in the field. I follow the taxonomic classifications of Wilson and Swan
(2013) that describes 78 species in 14 genera, and focus my attention on display components that
involve movement of a limb or body part. Modifiers that might be nonetheless important for
opponent/mate assessment were not considered as they do not employ the dynamic motion of a
body part. These modifiers include throat extensions (e.g. Amphibolurus muricatus, Hypsilurus
boydii, H. spinipes, Intellagama lesueurii, and several members of the genus Ctenophorus; Carpenter
et al. 1970; Gibbons 1977, 1979; Manning and Ehmann 1991; Baird et al. 2012), mouth gaping (e.g.
H. spinipes, Chlamydosaurus kingii, Gowidon longirostris and several members of Ctenophorus; Shine
1990; Manning and Ehmann 1991), tail arching (e.g. Moloch horridus, A. muricatus and several
members of Ctenophorus; Johnston 1981), lateral body compression (e.g. A. muricatus and several
members of Ctenophorus; Carpenter et al. 1970; Gibbons 1979) and nuchal/dorsal crest erection
(e.g. several members of Amphibolurus, Ctenophorus, Gowidon, and Lophognathus; Mayhew 1963;
Carpenter et al. 1970; Witten 1993).
Ecological Data
In considering species ecology I build upon the recent work on colour signalling in Australian agamid
lizards by Chen and colleagues (Chen et al. 2012, 2013). From their database, and with modifications
to address recent taxonomic revisions, I characterise each species as either living in closed or open
habitats, exhibiting an arboreal or terrestrial lifestyle, and document the key components of the
microhabitats in which each species is found (timber, rock, grass/shrub and sand). The openness of
the habitat (Open vs. Closed) refers to the relative tree density of the habitat where a species
occurs. Species were considered as occurring in ‘open’ habitats if they are commonly (or more often)
found in areas with few or no trees: rocky outcrops, stony desert, sandy desert, semi
desert/savannah, shrublands, coastal heath/dunes or grasslands (Chen et al. 2013). Species were
considered as occurring in ‘closed’ habitats if they are commonly (or more often) encountered in
areas with sparse to dense tree canopy: arid acacia woodland, open woodland, mallee woodland,
riparian vegetation, forest, rainforest, or closed woodland (Chen et al. 2013). Habitat openness
might give an indication of the complexity of the habitat structure, and therefore be relevant to
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signalling, as in other modalities (Kalko and Schnitzler 1993; Brown and Handford 2000). Australian
agamid species were also characterised as either arboreal or terrestrial (arboreality). A species was
considered arboreal if it is more often observed dwelling in trees than on the ground. Species found
in both were classified as arboreal (Chen et al. 2013). This trait had a very similar distribution to
openness for signalling agamids, as most arboreal species occur in closed habitats, and most
terrestrial lizards are found in open habitats. The three exceptions among the signalling agamids are
Ctenophorus scutulatus, Diporiphora valens and Pogona henrylawsoni, which are usually found in
closed terrestrial habitats (Chen et al. 2012, 2013). Following Chen et al. (2013), I categorised the
preferred substrate types for each agamid lizard species as ‘timber’ (trees and fallen timber), ‘grass’
(including mallee, spinifex, hummock grass, shrub and bush substrata), ‘rock’ (stony soil, gibber
desert, boulders and rocky outcrops) and ‘sand’.
Statistical Analyses
Using phylogenetic data adapted from Chen et al. (2012), and ecological data from Stuart-Fox and
Ord (2004) and Chen et al. (2012, 2013), I examined the presence/absence distribution of signalling
across all Australian agamid species in different habitat types, as well as a selection of life history
traits (Figure 2.1). To keep the signalling context constant, I focus on territorial displays between
rival males, primarily because reports of signalling during male-female interactions are less common
(Supplementary Table 2.1). A consequence of this decision was that one species, Ctenophorus
maculatus, was removed from the list of known signallers as the signalling behaviour of this species
is limited to observations of rejection displays by females (C. maculatus is included in Supplementary
Table 2.1). In placing signalling in an ecological context I consider both published and unpublished
accounts.
I examined statistically the relationship between signal use and my ecological predictor
variables in several ways. In each case I controlled for non-independence of data due to shared
ancestry using phylogenetic generalized least squares (PGLS) regression. As my dependent variables
for each model were binary, I used the PGLS for binary data function (binaryPGLM) from the APE
package (v3.3; Paradis et al. 2004) in the R statistical environment (R Core Team 2015). In two
separate models I considered whether my ecological variables predicted the likelihood of motion
signalling. Arboreality and openness were used as fixed effects in the first model, while microhabitat
preferences (timber, rock, grass, sand) were used in a separate model. My analyses utilised the
phylogeny presented in Chen et al. (2012; Figure 2.1) and excluded the following species from
Supplementary Table 2.1 that are not included in the phylogeny: Cryptagama aurita, Ctenophorus
yinnietharra, Diporiphora adductus, Diporiphora ameliae, Diporiphora convergens, Diporiphora
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Figure 2.1: Australian agamid phylogeny (N=70), indicating the openness (open vs. closed), lifestyle (arboreal vs.
terrestrial) and specific microhabitats where each species is commonly found. Phylogenetic information was not
available for all 78 Australian agamid species. Microhabitat and phylogenetic data adapted from Chen et al. (2013),
taxonomy from Wilson and Swan (2013). For more details see Supplementary Table 1.
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Figure 2.2: Signalling in Australian agamids (N=34). Signalling repertoire: (TF) tail flick, (TC) tail coil, (PU) push up,
(HB) head bob, (LW) limb wave, (Ot) other. Phylogenetic data adapted from Chen et al. (2013), taxonomy from
Wilson and Swan (2013). For more details see Supplementary Table 1.

32

Chapter 2 – Movement-based signalling by Australian agamids
paraconvergens, Diporiphora phaeospinosa, and Diporiphora vescus. In the next series of models I
considered whether use of a given motor pattern can be predicted by arboreality and openness,
followed by microhabitat preferences. In these analyses, I focussed on species that are reported to
use motion signals and pruned my phylogenetic tree accordingly (Figure 2.2). Tail coiling is utilised by
a small number of species, while head bobbing is used by all but a small number of species. In
circumstances such as these, Ives and Garland (2014) suggest that there is insufficient information
for results to be meaningful and so I exclude these from statistical analysis.
RESULTS
Thirty-four Australian agamid species (34/78) belonging to 12 genera (12/14) are reported to use
motion based signals (Figures 2.2, 2.3). Only two genera are not known to contain signalling species
and they are both characterised by their cryptic nature and/or relatively reduced motility (Figure
2.3). These two genera, Chelosania and Cryptagama, are monospecific (Wilson and Swan 2013).
Chelosania brunnea (the chameleon dragon), is well known for its cryptic nature and slow gait, while
Cryptagama aurita (the hidden or gravel dragon) relies on mimicry to avoid predation by blending
with gibber substrate (Wilson and Swan 2013). From the 33 species that are reported to use motion
signalling during male-male interactions, no fewer than 14 motor patterns are described in the
literature. As these descriptions include cases where different authors refer to the same behaviour
with different terms, and some motor patterns are rare, I suggest that there are five core motor
patterns used by Australia’s agamid lizards (Figure 2.4): head bobs, limb waves, tail flicks, tail coils,
and push ups.
Core motor patterns
Head bobs are the most commonly utilised motor pattern (Figure 2.4a). They involve the up and
down movement of the head without associated movement of the fore or hind legs. Head bobs are
not only frequently observed during territorial displays but also as a sign of acknowledgement or
recognition between conspecifics (Gibbons 1977; Cogger 1978). A limb wave is defined as the
circumduction or partial circumduction of either the hind or fore legs (Figure 2.4b). It can be
performed as a forward and/or backward wave, and at different speeds depending on the purpose
of the display (Brattstrom 1971; Peters and Ord 2003). Tail flicks involve small movements at the tip
of the tail as well as larger amplitude swishing movements of the whole tail (Figure 2.4c). I have also
included what has been defined as ‘tail lashing’ (Chlamydosaurus kingii; Doughty et al. 2007) and
‘tail waving’ (Ctenophorus nguyarna; Shine 1990) under this category. This motor pattern is the
introductory component of territorial displays by Amphibolurus muricatus (Peters and Evans 2003b;
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Figure 2.3: Stacked bar chart showing all 14 agamid genera and all 78 species as in Wilson and Swan (2013). The
number of known signalling species (N=34) in each genus is also indicated.
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Figure 2.4: Core motor patterns utilised by Australian agamid lizards. Each image shows an illustration of a lizard
performing a motor pattern and a pie chart indicating the proportion of signalling species (N=33) that utilise that
particular pattern (shown in black): (a) Head bobs, (b) limb waves, (c) tail flicks, (d) tail coils and push ups.
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Peters and Ord 2003), but its function in the displays of other members of the Agamidae is not yet
known. Tail coiling involves creating a loop with most of the tail (Figure 2.4d). This motor pattern is
characteristic of members of the Ctenophorus decresii complex and is part of their push up display,
although the angle and position of the coil varies depending on the species (Gibbons 1979). Push ups
are usually part of a more complex display, where additional motor patterns are used around a
central push up or push ups (Figure 2.4d). These push ups involve raising the body of the lizard as a
consequence of the extension and flexion of the hind legs, the fore legs or all four simultaneously,
and often, consecutively (Gibbons 1979). This motor pattern has previously been referred to as
‘body raising’ and ‘fore limb extension’ by other authors (Manning and Ehmann 1991; Watt and Joss
2003; Cuervo and Shine 2007). Species belonging to the Ctenophorus decresii complex rely mostly on
their hind legs to perform push ups. This is also true for the painted dragon (C. pictus), which
employs a very similar display without the associated tail coil. In contrast, the Jacky dragon
(Amphibolurus muricatus) utilises only its fore legs to elevate its body when doing a push up.
Other motor patterns used by Australian agamid lizards
There are of course other motor patterns that are generated by agamid lizards in addition to the five
core movements described in the preceding section. These motor patterns are usually exhibited by
only one or two species and which I have combined to be represented by an ‘other’ category in
Figure 2.2 (see also Supplementary Table 2.1). These other motor patterns include: back flips, body
flips, body rock, and frill erection. Back-flips, as used by Ctenophorus isolepis for example, might
facilitate the presentation of ventral colours during the mating season (J. de Jong, pers. comm.,
2013). This can be distinguished from body flips (rolling of the body in the horizontal plane)
performed by species such as Ctenophorus maculosus (Lake Eyre dragon) as a sign of submission in
smaller dragons, and as a rejection strategy in females unwilling to mate (Mitchell 1973; Chan et al.
2009; McLean et al. 2010). Amphibolurus muricatus are widely reported as performing a body rock
that involves lifting its body from the substrate in a wave like motion starting from the upper body to
the lower (Peters et al. 2002). Frill erection is the characteristic trait of the frill-neck lizard
(Chlamydosaurus kingii) and one of the most conspicuous displays in the Agamidae, often used
during social encounters by both male and female dragons (Shine 1990).
Is the occurrence of motion signalling related to aspects of species ecology?
The frequency of signalling and non-signalling species as a function of openness and arboreality is
summarised in Figures 2.5a and 2.5b respectively. Australian agamid lizards are evenly distributed in
open (N=38) and closed (N=40) habitats and the relative frequency of signalling species is only a little
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higher in open (0.45) compared with closed (0.40) habitats. In contrast, there are fewer arboreal
species (N=21) than terrestrial (N=57), with the relative frequency of signalling species much greater
in arboreal versus terrestrial habitats (0.62 and 0.35 respectively). I also examined signalling in
relation to common substrata. Most species occur in more than one substrate type and were duly
recorded as such (Figure 2.1). The number of species and relative frequency of signalling species is
presented in Figure 2.5c. The distribution of Australian agamids across the different substrate types
is relatively even, as is the relative frequency of signalling species within these habitat types (0.47,
0.42, 0.37, and 0.36 for timber, rock, grass and sand respectively). The results of PGLS regressions on
the likelihood that motion signals are observed are presented in Table 2.1. There was strong
phylogenetic signal in each case, but no significant effect of arboreality, openness or any of the
microhabitat predictor variables examined. It appears, therefore, that the presence or absence of
motion signalling in Australian agamids is not necessarily dependent on microhabitat selection as I
have categorised it. However, this conclusion does not preclude the possibility that habitat structure
favours certain motor patterns over others.
Are particular motor patterns more likely under particular ecological circumstances?
To address this question, I necessarily change my unit of analysis to motor pattern, rather than
species, and consider motor pattern occurrence across each of the three ecological variables
presented above: openness, arboreality and substrate type. I use the 5 core motor patterns defined
above and group the rest in a separate category (‘other’). Importantly, the data I present below
reflect the use of a motor pattern in the given circumstance and as such a given species could be
represented in several categories within one habitat if it employs multiple motor patterns in its
repertoire. Motor pattern use by openness and arboreality was similar (Figure 2.6a, b). Push ups
were more likely in open habitats and terrestrial species, while tail coiling was only observed in open
habitats and terrestrial species. I also found an uneven distribution of core motor patterns between
the four microhabitat types (Figure 2.6c). Limb waving is most recurrent in timber, while push ups
are more common in rock habitats. The rock habitat is also the only substrate type where tail coiling
occurs while head bobbing occurrence appears to be uniform among all habitat types. Separate
PGLS regressions were performed to predict the use of tail flicking, push-ups and limb waves (tail
coils and head bobs were not analysed statistically; see Methods). Models involving arboreality and
openness once again showed strong phylogenetic signal and no significant fixed effects (Table 2.2a).
A similar outcome was observed for microhabitat predictor variables on the use of tail flicking and
limb waves (Table 2.2b). Interestingly, the phylogenetic signal for push-ups was non-significant, and
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Figure 2.5: Signalling (N=33) and non-signalling (N=44) species by habitat characteristics: (a) habitat openness
(vegetation density), (b) arboreality, (c) habitat type. Most species occur in more than one habitat and were
recorded in multiple categories.
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Random Effect
(Phylogenetic Signal)

Fixed Effects
Value
Arboreality and Openness
(Intercept)
-1.61
Lifestyle
1.26
Openness
0.06
Microhabitat
(Intercept)
Timber
Rock
Grass
Sand

0.47
-0.03
-0.06
0.21
-0.53

SE

1.36
0.96
0.96
0.92
0.78
0.74
0.66
0.81

Z

-1.19
1.31
0.06
0.51
-0.04
-0.08
0.32
-0.67

P

0.234
0.189
0.950
0.610
0.972
0.936
0.752
0.501

S2

P

1.426

0.001

1.719

0.000

Table 2.1 - Phylogenetic generalized least squares (PGLS) regressions on the likelihood that motion
signals are observed in arboreal species (lifestyle), species occurring in open habitats (openness) or
particular microhabitats/substrata.
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Figure 2.6: Motor pattern occurrence categorized by habitat openness (a), lizard arboreality (b) and
microhabitat/substrate (c). (Ot) Other, (LW) limb wave, (HB) head bob, (PU) push up, (TC) tail coil, (TF) tail flick. Most
species (N=33) occur in more than one habitat type and were recorded in multiple categories. One species could be
represented in several categories within one habitat if it employs multiple motor patterns in its repertoire.
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Random Effect
(Phylogenetic Signal)

Fixed Effects
A. Arboreality and
Openness
Tail Flick
(Intercept)
Lifestyle
Openness
Push Up
(Intercept)
Lifestyle
Openness
Leg Wave
(Intercept)
Lifestyle
Openness

Value

SE

Z

P

-1.71
3.31
-2.86

1.73
2.99
2.98

-0.99
1.11
-0.96

0.321
0.269
0.336

0.33
2.86
-3.59

1.62
3.01
2.98

0.20
0.95
-1.21

0.840
0.343
0.227

-1.40
1.72
-0.91

2.10
1.72
1.74

-0.67
1.00
-0.52

0.505
0.318
0.600

-1.34
-0.35
0.15
1.61
-1.25

1.74
1.81
1.48
1.21
1.94

-0.77
-0.20
0.10
1.33
-0.64

0.442
0.845
0.922
0.184
0.520

S2

P

1.089

0.015

1.003

0.022

2.731

0.011

2.651

0.046

2.628

0.125

3.515

0.007

B. Microhabitats
Tail Flick
(Intercept)
Timber
Rock
Grass
Sand
Push Up
(Intercept)
Timber
Rock
Grass
Sand
Leg Wave
(Intercept)
Timber
Rock
Grass
Sand

1.14
-4.48
-0.68
2.63
-3.30
0.68
-0.35
-0.26
-1.21
-1.25

1.86
2.39
1.69
1.49
2.03
1.70
1.73
1.49
1.28
1.78

0.61
-1.87
-0.41
1.77
-1.63
0.40
-0.20
-0.17
-0.95
-0.85

0.542
0.061
0.685
0.077
0.104
0.688
0.841
0.864
0.344
0.394

Table 2.2 - Phylogenetic generalized least squares (PGLS) regressions on the likelihood of particular
core motor patterns (tail flicks, push ups and limb waves) occurring in (a) arboreal species (lifestyle),
species occurring in open habitats (openness), and (b) particular microhabitats/substrata.
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while there were no significant predictor variables, grass and timber habitats did approach
significance (p=0.07 and 0.06 respectively).
DISCUSSION
From published and unpublished accounts I have identified that 44 per cent of Australia’s dragon
lizards employ movement-based signals. In view of the importance of habitat structure for
determining signalling strategies in other modalities, I subsequently considered whether broad scale
ecological and life history traits are related to the likelihood of a species utilising movement-based
signals, and whether certain motor patterns are more common in particular ecological
circumstances. My review suggests that after controlling for phylogeny, broad habitat classifications
do not strongly influence the likelihood of motion signalling. There is also little evidence to suggest
that particular motor patterns are more common in certain microhabitat types. The only suggestion
for ecological influences on motion signalling was for push-ups. PGLS regression models suggested
that grass inhabitants were more likely to use push ups, while timber inhabitants appear less likely.
The significance levels for both were marginal (0.07, 0.06) and so I interpret these results with
caution, however, it is worth noting that this was the only model in which the effect of phylogeny
was not significant and hints that microhabitat structure might be relevant. Further support for this
notion is the observation that tail coiling, which was not suitable for statistical analysis as it is utilised
by only a few species, is performed only by species that are rock inhabiting.
Although I have been able to gather information on Australian agamids, it is worth
emphasising that detailed descriptions of display structure are lacking for most of these species;
even less knowledge exists of the effect of environmental context. Furthermore, the list of signallers
(Figure 2.2) is likely to be incomplete. Not all species that I have classified as non-signallers (see
Supplementary Table 2.1) are necessarily so, and this reflects a lack of knowledge either way. Indeed
I believe that a proportion of the 44 species of Australian dragon lizards for which motion signalling
is not reported are likely to do so, based on other aspects of their ecology and behaviour. The group
of particular interest in this regard are lizards in the genus Diporiphora. Only two of 21 species are
reported to use movement-based signals, which is unusual when compared with relative numbers of
signalers within other genera (Figure 2.3). Additionally, Diporiphora has received recent taxanomic
assessment (Doughty et al. 2012), resulting in sympatric species that were previously thought to be
single species (J. Melville, pers. comm., 2013). Motion signalling may play a role in providing species
identification cues and is worthy of further investigation.
Notwithstanding the need for further information on the social behaviour of many species,
our data suggest that motor pattern use by Australian agamid lizards is largely a consequence of
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evolutionary history. However, by no means am I suggesting that there are no ecological influences
on signalling behaviour in this group. There is strong evidence from other lizard families that
environmental variables influence motion signalling strategies of lizards (Ord and Martins 2006; Ord
et al. 2010, 2013), and the lack of an effect herein can be explained by an important distinction
between these studies and my own. I examined variation between motor patterns, while evidence in
support of an effect of the environment is based on variation within motor patterns (Ord et al.
2013). For example, in a comparative study of 53 species of Anolis, Ord and Martins (2006) showed
that habitat light conditions (sunny or shady) influence the number of dewlap pulses as well as the
extent of variation in pulse duration. Species occurring in shaded habitats had fewer pulses and were
more uniform in duration than those species occurring in sunny habitats. Dewlap signal duration is
also shorter in lower light conditions (Ord et al. 2010). Furthermore, head bob signals were found to
vary as a consequence of ecomorph classification, which is indicative of microhabitat use, as canopy
species generated significantly longer duration signals than other ecomorphs (Ord and Martin 2006;
see also Fleishman and Pallus 2010). In Anolis lizards, therefore, environmental influences were
observed only after careful consideration of signal structure, which facilitated comparisons within
motor patterns. Data of this kind are not available for most Australian agamid lizards but there is
good reason to pursue this line of inquiry. Head bobbing is a widely used motor pattern, but is also
highly variable in structure (Anolis, Ord and Martins 2006; Cyclura, Martins and Lamont 1998;
Liolaemus, Martins et al. 2004; Sceloporus, Martins 1993) and I expect similar variation in the
structure of head bobs by Australian agamid lizards. Variation also occurs in the use of other motor
patterns. For example, the four species shown in Figure 2.7 are all performing push-up displays. Two
of them (Figure 2.7a, b) generate very similar movements and are sympatric throughout part of their
distribution. While the effect of phylogeny cannot be ruled out, it is worthwhile nonetheless to
consider whether such similarities in signal structure are attributable to the effect of shared habitat
characteristics. The other two species (Figure 2.7c, d) occupy different habitats and perform push up
displays that are also quite distinct from each other, and the other two species. Detailed analysis of
signal structure might yet reveal an important effect of ecology.
My approach also simplified the extent of habitat variation by specifying only four distinct
categories. Even with the addition of detailed analysis of signals, the relationship between signal
structure and habitat characteristics is likely to be significantly more complex than how I present it
here. One of the main reasons for this concerns variation in motion noise due to wind-blown plants.
Even within a given microhabitat type, the structure of the plant environment varies greatly due to
variation within and between plant species in terms of the motion properties of plants and potential
for noise (Peters 2014). Two locations are never exactly the same and thus dividing all
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Figure 2.7: Push up display from (a) Ctenophorus decresii, (b) C. vadnappa, (c) C. pictus, and (d) Gowidon longirostris. Ctenophorus
decresii and C. vadnappa complement their push ups with tail coiling.
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microhabitats/substrata into four categories is a gross simplification. Indeed Peters et al. (2008)
quantified the noise structure of 12 sites, covering different plant communities and meteorological
conditions, and found important differences among them in terms of the motion environment.
Consequently, background motion noise appears to strongly depend on the particular structure of
the habitat (Peters et al. 2008). Interestingly, all these sites would have been categorised similarly
under the conventions used here (closed habitat with timber and grass/shrubs microhabitats), which
highlights the variability existing within habitats.
Motion noise generated by plant motion is not constant and encourages moment-to-moment
variation in signalling behaviour. Increased signal duration (Peters et al. 2007), faster signalling
speeds (Ord et al. 2007) and the facultative addition of a motor pattern (Ord and Stamps 2008) all
serve to enhance the detectability of a signal in noise. It is this kind of contextual plasticity where I
might expect to see the strongest influence of environmental conditions (Ord et al. 2010). Careful
consideration of the structure and dynamics of motion noise is therefore required to place signals in
true context (Peters 2014). This will necessarily involve analyses of signal structure and plant motion,
but must also quantify the physical nature of given habitats as these dictate signaller-plant distances
and the potential for plant motion to mask a given signal (Peters et al. 2008).
Summary: current state of knowledge and future directions
Considering whether signalling is related to ecological variables did not reveal any statistically
significant trends. However, there is sufficient evidence from other taxa to suggest that the influence
of habitat structure on the behaviour of Australian agamids will be clearer when I look more closely
within and between habitats. Furthermore, signalling behaviour must not be regarded as a fixed
behaviour pattern because environmental conditions at the time of signalling will require
modifications to motion signal structure. Certainly, increased predation threat (McLean and StuartFox 2010; Steinberg et al. 2014) and environmental motion noise (Peters et al. 2007; Ord and Stamps
2008) have been demonstrated to lead to motion signal adjustments. Therefore, to understand fully
the motion signalling behaviour of Australia’s agamid lizards, it will be necessary to focus our
attention on those species for which no signalling data have been recorded, and also analyse in more
detail the structure of lizard displays while emphasizing the circumstances in which they are used.
This includes quantifying the masking effect of plant motion and the influence of predators. With
considered effort I anticipate that Australia’s agamid lizards will prove to be an important system to
understand motion signal evolution.
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Supplementary Table 2.1: Ecology and known motion signalling repertoire for Australian agamid lizards. Microhabitats: (1) timber, (2) rock, (3) grass, (4)
sand. Repertoire: (TF) tail flick, (TC) tail coil, (PU) push up, (HB) head bob, (LW) limb wave, (Ot) other.

Chapter 2 – Movement-based signalling by Australian agamids

52

Supplementary Table 2.1: Ecology and known motion signalling repertoire for Australian agamid lizards. Microhabitats: (1) timber, (2) rock, (3) grass, (4)
sand. Repertoire: (TF) tail flick, (TC) tail coil, (PU) push up, (HB) head bob, (LW) limb wave, (Ot) other.

Chapter 2 – Movement-based signalling by Australian agamids

53

Supplementary Table 2.1: Ecology and known motion signalling repertoire for Australian agamid lizards. Microhabitats: (1) timber, (2) rock, (3) grass, (4)
sand. Repertoire: (TF) tail flick, (TC) tail coil, (PU) push up, (HB) head bob, (LW) limb wave, (Ot) other.

Chapter 2 – Movement-based signalling by Australian agamids

54

Chapter 3
Quantifying ecological constraints on motion
signalling
Ramos, J. A. & Peters, R. A. (2017) Frontiers in Ecology and Evolution 5, 9
DOI: 10.3389/fevo.2017.00009
Author contributions: J.A.R. and R.A.P. designed the study. J.A.R. collected
the data. J.A.R. and R.A.P. analysed the data. J.A.R. wrote the manuscript.

55

Chapter 3 – Quantifying ecological constraints on motion signalling
ABSTRACT
The environment in which animal signals are generated has the potential to affect transmission and
reliable detection by receivers. To understand such constraints, it is important to quantify both
signals and noise in detail. Investigations of acoustic and colour signals now utilize established
methods, but quantifying motion-based visual signals and noise remains rudimentary. In this paper, I
encourage a more complete consideration of motion signalling environments and describe an
approach to quantifying signal and noise in detail. Signals are reconstructed in three-dimensions,
microhabitats are mapped and the noise environment quantified in a standardized manner.
Information on signal and noise is combined to consider signal contrast from multiple viewpoints,
and in any of the habitats I map. I illustrate my approach by examining signals and noise for two
allopatric populations of the Australian mallee military dragon Ctenophorus fordi. By ‘placing’ signals
in different microhabitats I observed similar signal contrast results within populations, but clear
differences when considered in microhabitats of the other population. These preliminary results are
consistent with the hypothesis that habitat structure has affected display structure in these
populations of lizards. My novel methodology will facilitate the examination of habitat-dependent
convergence and divergence in motion signal structure in a variety of taxonomic groups and
habitats. Furthermore, I anticipate application of this approach to consider the visual ecology of
animals more broadly.
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INTRODUCTION
Animal communication is a particularly interesting area of animal ecology as it underpins the social
strategies utilized by animals under a variety of different contexts. Indeed, valuable insights into
animal behaviour were gained from early descriptions of acoustic signals and the role of colour in
animal displays. However, it was not until sound spectrographs and spectrophotometers were
introduced as tools to quantify these signals that researchers were able to analyse relevant
behaviour in detail (Endler 1990; Kellogg and Stein 1953; Lythgoe 1979). In addition to facilitating
comparisons within and between individuals, these techniques allow for direct comparisons
between signals and competing stimuli in the environment. Furthermore, when combined with
knowledge of the sensory systems that detect signals, and higher-order brain properties that process
further the information collected, researchers are truly in a position to understand the function and
evolution of animal signals.
Environmental influences on signalling are important (Cocroft and Rodriguez 2005; Endler
1992; Lengagne and Slater 2002; Lohr et al. 2003). Of particular note is the interference or masking
effect caused by noise in the surrounding habitat (e.g. Brumm and Slabbekoorn 2005; Brumm et al.
2004; Fleishman 1986; Witte et al. 2005). In order for a signal to be effective it needs to be
detectable by the intended receiver, which means it must be distinguishable from competing
environmental noise (Endler 1992; Fleishman 1992). In the case of auditory signals, noise can refer
to the calls of sympatric species (Amézquita and Hödl 2004; Greenfield 1988), anthropogenic sounds
(Slabbekoorn and Boer-Visser 2006; Slabbekoorn and Peet 2003), rain (Lengagne and Slater 2002) or
even running water (Grafe and Wanger 2007). Changes in the spectral environment as a
consequence of habitat structure, diurnal and seasonal variation in illumination, and meteorological
conditions are particularly influential in mediating the detectability of static visual signals, and often
influence the spatial distribution of communities and microhabitat selection (Endler and Thery 1996;
Leal and Fleishman 2002). In the case of visual motion signals, the principal source of noise is the
movement of windblown plants (Fleishman 1988a; Fleishman 1988b; Peters 2008; Peters et al.
2007).
Many species use motion-based signals to communicate (Fleishman 1992; Gibbons 1979;
Hailman and Dzelzkalns 1974; How et al. 2007; Jackson 1986; Jackson 1977; Lorenz 1971; Purdue
and Carpenter 1972; Ramos and Peters 2016; Ruibal 1967; Ruibal and Philibosian 1974). A challenge
for researchers studying motion-signalling systems is the inherent difficulty of quantifying signals
and environmental noise in a meaningful way that facilitates comparisons. While the influence of
habitat structure on motion signalling can be inferred by examining the selective use of motor
patterns across habitat types (Ramos and Peters 2016), or prevailing environmental conditions (Ord
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and Stamps 2008), it does not directly compare the structure of signal and noise. Environmental
effects can also be subtle and difficult to infer from broad scale investigations yet impose
considerable constraints on effective signalling that lead signallers to modify display structure (Ord
et al. 2016; Ord et al. 2007; Peters et al. 2007). Clearly, to understand in detail the motion signals of
animals we need to quantify both the signal and noise in such a way that they are comparable at
relevant timescales. This is commonplace for other kinds of signals and I suggest there is growing
need to consider in more detail the motion environment in which motion signalling takes place.
The conventional approach to characterize motion-based signals is to create display action
patterns to represent simple body movements. These describe changes in position over time, but
provide little information on the noise environment or the efficacy of the signal (e.g. Carpenter et al.
1970; Jenssen 1977). Fleishman (1988a) utilized the first quantitative approach by comparing
frequency spectra of the motion patterns from windblown plants to those from lizard displays.
Although ground-breaking, these analyses were limited to comparisons of animal motion with single
blades of a few different species of grass. Zeil and Zanker (1997) used a two-dimensional elementary
motion detection model to describe the properties of motion displays by Fiddler crabs (genus Uca) in
terms of signal direction and strength. Subsequently, Peters et al. (2002) applied a gradient detector
model to measure the structure of animal signals and whole plants. Furthermore, Peters and Evans
(2003) employed the same methodology to compare velocity signatures from lizard signals and plant
sequences in order to estimate the relative conspicuousness of each motor pattern in the lizard
display. This led to a much better understanding of motion signal structure and opened the path to
many studies on the influence of the environment on lizard signalling behaviour (Fleishman and
Pallus 2010; Leal and Fleishman 2004; Ord et al. 2007; Ord and Stamps 2008; Ord et al. 2010; Peters
et al. 2008; Peters et al. 2007).
The use of motion detector algorithms for quantifying animal signals is now the standard
way to compare display movements and plant motion noise (Fleishman and Pallus 2010; Pallus et al.
2010; Zanker and Zeil 2005). However, all these studies utilize video footage from a single camera
view that necessarily assumes the camera is ideally positioned to sample the display. In studies in
which environmental noise is also captured from the same camera view and subsequently analysed
(Fleishman and Pallus 2010; Ord et al. 2007), it is also assumed that the sampled plant motion is
sufficient. I suggest that this approach has been informative but restricts our understanding of the
context in which motion signals are generated. An analogy from bioacoustics would be the use of a
single, highly directional microphone and assuming this reliably samples the noise environment.
Indeed, to sample sounds more completely, researchers use omnidirectional microphones (Brumm
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2004; Slabbekoorn and Peet 2003) or multiple microphones in an array (Mcgregor et al. 1997;
Mennill et al. 2006; Patricelli and Krakauer 2010).
The efficacy of motion signals will depend very much on microhabitat structure as well as
the position of both signaller and receiver (How et al. 2008; Peters 2010; Peters 2013; Steinberg and
Leal 2013; Zeil and Hemmi 2006). By way of illustration, Figure 3.1 represents a hypothetical scene in
which a lizard is positioned in the middle of the habitat and surrounded by vegetation that might
interfere with the reliable detection of the lizard’s display. Importantly, the relevance of surrounding
plants, and consequently the noise environment, changes depending on the position of the receiver.
A receiver located at viewing position 1 will see plants ‘a’ and ‘c’, while at viewing position 2, the
plant directly occludes the lizard. From viewing position 3, plants ‘a’, ‘b’ and ‘c’ are visible and could
potentially influence the efficacy of the signal. Another important consideration is the relative
distance of the plant from the receiver. As angular speeds (units of speed as perceived from the
position of the observer) are distance dependent, the distance between signaller and background
plants is predicted to affect differentiation between signal and noise (Peters et al. 2008). This
suggests that the masking effect of a plant will change as the receiver moves farther away from the
movements, so we would expect quantitative differences between viewing positions 3 and 4.
As explained above, the environment in which motion signalling takes place is more complex
than we have considered to date. In the present paper I propose a methodology for quantifying the
relative performance of motion-based signals in an outdoor field setting. Signals are filmed using
two cameras and movements are reconstructed in three dimensions (3D) to ensure the measured
structure of signals is not affected by the position of the camera during filming. Motion speeds can
then be converted into angular speeds from any user-defined viewing position. Additionally, the
habitat where the signals are emitted is mapped in detail for each display, including the position of
the lizard relative to the main features of the area. The plants included in the map are filmed under
controlled wind conditions to generate environmental noise in a standardized manner. Habitat maps
are later used to identify the relevant plants for a given viewing position and distance, and their
motion speeds converted to angular speeds. Resultant speed distributions are compared to those
obtained from lizard displays in order to consider the extent to which environmental noise might
mask the signals of lizards. By repeating this process for other viewing positions and summarizing
the results I provide an estimate for the robustness of the signal in that particular habitat. To my
knowledge, no one has attempted to quantify both the animal signal and habitat structure in such
detail in a field setting.
I illustrate my approach by quantifying the relative contrast of motion-based signals
produced by the Australian mallee military dragon Ctenophorus fordi, from two populations
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Figure 3.1: A, The environment where motion signalling takes place includes plants (a, b, c) that could mask motionbased signals generated by lizards (L). B, Schematic representation of the scene depicted in A showing the lizard and
three main plants, as well as four different viewing positions (1-4). C, The perspective for viewers positioned at each
of the four locations differs and serves to illustrate how viewing position will determine the noise environment.
Viewing positions 1, 2 and 3 are at a similar distance from the signaller, while 4 is further away. The lizard is
completely blocked by plant ‘c’ for a viewer located at viewing position 2 and as such the signal is completely
masked by noise. For the other viewing positions, plant ‘a’ is relevant for positions 1, 3 and 4, but its apparent size
and masking potential increases when positioned in front of the lizard (viewing position 1) and decreases when
behind (viewing position 3, 4). Plant ‘b’ is outside the field of view from viewing position 1, but is relevant from
viewing positions 3 and 4. Plant ‘c’ is relevant for viewing positions 1, 3 and 4, and is at the same depth plane as the
lizard in each case.
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featuring distinct habitat characteristics. Importantly, my approach does not restrict us to examining
signals in the habitats in which they were generated. An additional feature of my methodology is
that I can also quantify the performance of a given signal in a range of habitats and I illustrate this by
quantifying the degree to which C. fordi signals from each population contrast with noise in the
alternate habitat.
METHODS
Ctenophorus fordi is a small Australian agamid found in semi-arid to arid sandy areas from southeastern Western Australia to western Victoria and New South Wales (Wilson and Swan 2013). The
signalling behaviour of C. fordi is composed almost exclusively of head bobs, which both males and
females produce when they encounter another individual (Figure 3.2; Cogger 1978; Ramos and
Peters 2016). I recorded displays from two populations of lizards occurring in structurally distinct
habitats. The habitat for the Murray-Sunset National Park (S 34° 41.700ʼ, E 141° 03.700ʹ) population
is characterized by spinifex grass clumps and mallee eucalypts (Triodia sp. and Eucalyptus sp.
respectively; Figure 3.3A). Conversely, the population from Ngarkat Conservation Park (S 35° 38.300ʹ,
E 140° 47.100ʹ) thrives among heathy shrub land and mallee eucalypts (e.g. Allocasuarina sp.,
Leptospermum sp., Eucalyptus sp.; Figure 3.3B). My methodology begins with data collection in the
field followed by subsequent data analysis.
Data collection
Recording displays
All recordings involved filming interactions between male lizards in the field. I filmed four lizards,
two each from Murray-Sunset National Park (MSNP) and Ngarkat Conservation Park (NCP). I
recorded displays using two camcorders simultaneously, which were synchronized and calibrated
after each recording, to reconstruct signals in 3D. To synchronize cameras, I used the offset of a
beam from a laser pointer viewable from both cameras, and located subsequently in video editing
software. Additional synchronization can be undertaken during the digitizing process in order to
match the two cameras to within 40 ms (PAL frame-rate). The calibration process involved placing a
calibration object containing 20 non-coplanar points distributed evenly through its volume so that
most points were visible from both cameras. Importantly, still images of the calibration object are
obtained after displays are filmed without modifying camera settings or its position in any way. See
Peters et al. (2016; Appendix A) for further details about the filming protocol, and Figure S1
accompanying that paper for photographs of the calibration object.
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Figure 3.2: A, Head bob displays of Ctenophorus fordi consist of up and down motion of the head, with each bout
often containing several bobs. B, After digitizing the position of the head in each video frame, the display was
reconstructed in 3D, with each point representing the position of the head in one frame. In this example, the lizard
first raised its body off the ground and then executed several head bobs. The red points represent an individual head
bob. C, Signal motion is depicted by the change in position of the target point in 3D space between successive
frames, with a single head bob once again indicated in red. D, The set of motion speeds in the display is summarized
using a kernel density function after conversion to angular speed.
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Figure 3.3: Contrasting habitats of Ctenophorus fordi. A, Murray-Sunset National Park in northeast Victoria is
characterized by dune-swale topography, with mallee trees and thick spinifex undergrowth. B, Ngarkat Conservation
Park in southwest South Australia is characterized by an open mallee canopy, with spinifex and heathy understory.
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Habitat information
Information on the structure of the habitat was collected for each display by mapping the position of
the lizard relative to the main features of the area, creating schematic illustrations of the vegetation
layout and capturing a panoramic image. This involved identifying the plants around the resident
that could potentially mask the signal as well as the general topography of the landscape. Plantsignaller distances were recorded for all relevant plants, which were then filmed under controlled
windy conditions. I used a leaf blower in order to standardize measurements across plants and
habitats, and positioned it at distances of 2 and 3 m from the plants to reflect wind conditions of 4
and 2.5 m/s respectively. Filming at all sites involved positioning the camera at a distance of 2 m
from the plant and perpendicular to the direction of wind emanating from the leaf blower. This
arrangement was selected as it was anticipated to be optimal for capturing dominant fast speed
plant movements. I used consistent camera settings (e.g. zoom) and only when natural wind speed
was close to 0 m/s when filming plants at all sites.
Data analysis
Digitizing displays
I digitized head-bob displays using direct linear transformation (DLT) in Matlab (MathWorks Inc.)
following Hedrick (2008). Application of this technique to quantifying lizard displays is reported in
Peters et al. (2016). The first step is to locate each point from the calibration object in the still
images obtained from both cameras. A set of calibration coefficients is generated when the x-y
coordinate data from both cameras are combined with information from a specification file of
known distances. When calibration is completed, I locate the chosen feature from the display in each
frame of video from both cameras. During this part of the process, any disparity in the synchronicity
of the cameras can be addressed by advancing one of the videos until they match at the frame level.
The x-y coordinate data for this feature is then combined with the DLT calibration coefficients to
reconstruct the movement in 3D (Figure 3.2). The x-y-z coordinate data can be used to measure any
number of variables, including speed, amplitude, direction of movement and acceleration and is now
independent of the position of the cameras during filming. Display speeds (S), representing the
change in position in 3D space (Euclidean distance) of the target point between successive frames,
were converted to angular speeds according to:
𝑆𝑆
𝜃𝜃 = 2 𝑡𝑡𝑡𝑡𝑡𝑡−1 � �
2𝐷𝐷
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where D represents signaller-receiver distance (1 and 4 m). I calculated kernel density estimates of
the log of angular speeds in the range [-15 15] for comparison with noise data using the ksdensity
function in Matlab 2015b (MathWorks Inc.), which generates a vector describing the relative
probability of different angular speeds.
Scene layout
My objective was to quantify the contrast of a given signal in an environment without being limited
to a single viewing position. Although the number of viewing positions is unconstrained, I
determined during pilot work that four viewing positions around the signaller were sufficient and
selected the four cardinal directions (North, South, East and West) to standardize across sites. As
illustrated in Figure 3.1, the position of the receiver dictates which plants are relevant, so for each
viewing position I identified the plants determined to be within a 150° viewing angle from each
viewing position (lizard field of view based on work on Amphibolurus muricatus, as per New 2014;
additional viewing positions might be required if the focal species has narrower fields of view). Since
each plant has been recorded under calm and windy conditions, the number of relevant plant
motion videos for each viewing position was double the number of relevant plants.
Plant motion
Movement speeds of plants were calculated using a gradient detector model, as described by Peters
et al. (2002). Output from gradient detectors comprises velocity estimates for motion in image
sequences, and the magnitude component is comparable to how I measure signal speeds in that
both provide estimates for distance travelled over time. For the present purposes, I limited analysis
to 5 seconds for each plant video (125 frames; PAL frame rate) and converted units from pixels to cm
using an object of known size in the video. My intention was to compare the distribution of motion
speeds generated by lizard displays and plant movements. However, to ensure consistency in filming
of plants at multiple sites I set the camera’s zoom to be as wide as possible. Comparing lizard
movement with the whole video frame would thus not reflect the motion segmentation task facing
receivers, which is likely to involve local rather than wide field contrast. Consequently, I divide the
HD plant video into sub-regions and compare lizard displays against plant movement contained
within these subregions. As a result, speed data for a given plant were represented by 510
subregions each featuring 5 seconds of movement. My subdivision procedure ensured that the
physical area covered by each subregion was equivalent to the space utilized by a lizard during a
display.
I converted speed from physical units (x) to angular speed (𝜃𝜃) according to:
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𝑥𝑥
𝜃𝜃 = 2 𝑡𝑡𝑡𝑡𝑡𝑡−1 � �
2𝐷𝐷

Here, D represents the distance of the plant from the viewing position, calculated as:
𝑖𝑖𝑖𝑖 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑏𝑏𝑏𝑏ℎ𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑆𝑆𝑆𝑆𝑆𝑆,
𝑖𝑖𝑖𝑖 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
𝐷𝐷 = �𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆𝑆𝑆,
𝑆𝑆𝑆𝑆𝑆𝑆,
𝑖𝑖𝑖𝑖 (𝑝𝑝𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛 𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
where SRd and SPd represent signaller-receiver distance and signaller-plant distance respectively.
SRd was selected from {1, 4 m} and SPd was obtained during data collection. Kernel density
estimates of the log of angular speeds in the range [-15 15] was calculated for each subregion.
Signal versus noise: quantifying signal contrast
I compared image motion distributions due to lizard displays with those of relevant wind-blown
plants (Figure 3.4). For a given microhabitat there are four viewing positions, and from each position
there are N plants that are relevant (Figure 3.4A). Image motion from video footage of these plants
is spatially subdivided, as explained above, and each subregion was compared with the lizard’s
motion distribution (Figure 3.4B). In each comparison the kernel density function for the subregion
of plant motion (Figure 3.4C) was subtracted from the kernel density estimate for the lizard display
(Figure 3.4D). By integrating this difference function for values greater than zero (where lizard
motion features a higher relative proportion of movement at the given angular speed) I estimate the
relative probability that lizard movement differs from plant movement, which I now refer to as
relative contrast (values range from 0 to 1, where higher values indicate more effective signals). This
process yields a matrix of contrast values for each plant/viewing position combination (Figure 3.4E). I
summarized the location and shape of this distribution by obtaining the median, as a measure of
central tendency, and computing the scale parameter as a measure of deviation (Rousseeuw and
Croux 1993), resulting in a pair of values per plant at the given viewing position (Figure 3.4F). The
scale parameter was selected as the distributions were highly skewed and measures such as
standard deviation or standard error are inappropriate. This was repeated for all relevant plants for
each of the four viewing positions. If there were no relevant plants for a given viewing position then
contrast was assumed to be 1; if the topography of the land, or layout of the scene, meant that the
lizard could not be seen from a given viewing position then the contrast score for that position was
set at 0. The set of location and scale values for all plant/viewing position combinations summarized
the predicted contrast of the given signal at the given microhabitat. A final contrast score for the
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Figure 3.4 legend over page …
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Figure 3.4: Summary of the procedure used during scene analysis to estimate the contrast of a signal in a given
microhabitat. A, Schematic illustration showing a hypothetical scene in which a receiver (R) is shown relative to the
signalling lizard and two plants (a, b). B, Plant motion is analysed using a gradient detector model and the image
frame is subdivided into smaller subregions for comparison with lizard movement. White rectangles indicate
subregions with high (top) and low (bottom) image motion. C, Distribution of motion speeds from these two
subregions, as summarized using a kernel density function (black and red lines for high and low motion noise
respectively). D, Kernel density functions for the two subregions of plant motion were subtracted from the kernel
density estimate for the lizard display (not shown). This difference is used to estimate the relative probability that
lizard movement differs from plant movement, which I refer to as relative contrast. E, For each plant/viewing
position combination I obtain a matrix of contrast values, ranging from 0 to 1, where higher values indicate greater
contrast between the signal and noise environment. F, The location (central tendency) and scale (variation) of this
distribution is calculated, resulting in a pair of values for each plant at each viewing position. In this example, eight
data points are shown for two relevant plants for each of four viewing positions. G, A single contrast score for a
given scene is obtained by calculating the mean (±SD) location and scale values.
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microhabitat was calculated as the mean (±SD) location and scale values (Figure 3.4G). Thus, my
metric for determining relative contrast captures the difference between motion signal and noise
distributions as well as the heterogeneity of motion-noise environments.
Scene analysis
I first examined the distributions of movement speeds for lizard displays from MSNP and NCP. Scene
analysis to determine the relative contrast of signals in noise following the procedure described
above was undertaken in three ways. First I calculated contrast scores for lizards in their own
microhabitat. Second, I ‘placed’ lizards into the microhabitat of the other lizard from the same
general habitat. Third, I placed lizards in each of the microhabitats from the alternative habitat. I
have used a limited data set to illustrate my approach and consequently I present contrast scores
graphically and discuss the implications of my results but do not undertake inferential statistics due
to small sample sizes. Nonetheless, I suggest a potential next step in the analysis of contrast scores
in the discussion.
RESULTS
Lizard displays
Kernel density estimates summarizing head bob displays from two populations of C. fordi are shown
in Figure 3.5. For each individual lizard, 3-7 bouts of signalling behaviour were analysed, each
consisting of multiple head bobs and lasting less than 2 seconds. From these data, it appears that
lizards from MSNP generated displays with relatively greater speeds than those from NCP.
Scene analysis
Contrast scores for lizards in their own microhabitat, microhabitats from their general habitat
(within population) as well as the alternate habitat (between populations) are shown in Figure 3.6
for each lizard separately. Despite having ‘slower’ signals, lizards from NCP perform better than
lizards from MSNP in their own habitat. This applied not only to the microhabitat where the signals
were originally emitted, but also to a neighbouring microhabitat. Little variation was observed in
signal contrast within habitats (original vs neighbouring microhabitat) regardless of lizard origin.
Conversely, contrast scores changed markedly for all lizards when placed in microhabitats of the
alternate habitat. In addition, MSNP lizards performed better in NCP, and NCP lizards performed
worse in MSNP, which hints at a stronger masking effect from MSNP habitat. Mean contrast scores
do not seem to change drastically with distance. However, I observed a reduction in variance as the
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Figure 3.5: Probability density functions summarizing angular speeds of lizard displays for lizards from MurraySunset National Park (dashed lines) and Ngarkat Conservation Park (solid lines). Data for two individuals (grey lines)
and population mean (black lines) are shown for each population.
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Figure 3.6: Relative contrast of lizard displays calculated using the mean (±SD) location and scale values of two
individuals from Murray-Sunset National park (A) and two individuals from Ngarkat Conservation Park (B), at viewing
distances of 1 meter (left column) and 4 meters (right column). Higher scores for location (X axis) indicate greater
contrast between the signal and noise conditions within a given environment in favour of the signal. Scale values (Y
axis) reflect the extent of variability in scenes, with higher values reflecting greater variability in noise within the
habitat and suggests areas of high and low noise. As such, data points in the bottom right hand corner of these plots
represent more effective signals. Each plot shows the relative contrast of a single lizard in its own microhabitat
(white), at another microhabitat within its own habitat (black), and in two microhabitats from the alternate habitat
(grey).
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receiver moves farther away (from 1 to 4 m), as indicated by the smaller SDs at 4 m. This is likely due
to the non-linear relationship between angular size and distance.
DISCUSSION
My intention with this paper is to encourage a fresh look at motion signalling and outline a strategy
for quantifying motion signals and the signalling environment that provides an opportunity to
consider the true context in which signalling takes place. My approach is powerful because I no
longer make the assumption that the camera is ideally placed at the time of signalling. Signals and
noise are filmed independently, which when combined with detailed mapping of the environment,
enabled me to recreate multiple signal-in-noise scenarios by changing the viewing position of the
intended receiver. Furthermore, it is inherently more powerful than the use of multiple cameras
filming simultaneously. First, the logistical challenge of filming free living animals from multiple predetermined viewing positions cannot be underestimated. Second, by separating signal and noise
measurements I am afforded the exciting opportunity to consider how signals of lizards would
‘perform’ in any of the microhabitats I document, and not just the one in which they were filmed.
The relative contrast of C. fordi signals varied between allopatric populations. NCP signals
were more effective than MSNP signals when quantified in their own habitats, but both showed a
clear change in contrast when placed in the alternate habitats: NCP signals showed a decrease in
contrast while MSNP signals improved. These results are consistent with the hypothesis that the
environment at MSNP exerts a greater influence on signal efficacy than at NCP, and possibly drives
the differences in display structure between populations (Figure 3.5). MSNP habitat is essentially a
mallee woodland with a spinifex understory. Spinifex clumps produce considerable motion under
windy conditions, particularly while they are flowering. In contrast, the areas of NCP where the
signals were recorded had been recently burnt (within 5 years), and the vegetation was sparse.
However, I must consider my results with caution as I compare only two individuals from each
population. Inferential statistics were not possible here but with additional lizards and retaining the
bivariate nature of the data (location and scale values; Figure 3.6), Hotellings T2 statistics (Batschelet
1981) would be an appropriate way to consider statistically whether variation in contrast scores
represent significant changes. Furthermore, although I might show statistically significant changes in
contrast, knowledge of motion processing mechanisms in the focal species would be needed to
determine biological significance (see below), as the threshold for detection would need to be
determined empirically. Notwithstanding, the combination of variation in signal structure and
predicted signal contrast in noise provides compelling evidence for habitat-dependent variation in
motion signalling.
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Ctenophorus fordi has a relatively simple display, whereas other species utilize more
complex displays involving multiple motor patterns. My methodology allows for consideration of
different motor patterns in isolation. This would be particularly informative in quantifying the
reasons why species add novel components to their display under noisy environmental conditions
(Anolis gundlachi; Ord and Stamps 2008). The relative contrast of displays with and without the
additional component could be calculated to compare contrast under each environmental context.
Furthermore, Barquero et al. (2015) reported that different populations of Amphibolurus muricatus
exhibited subtle variation in display structure and suggested habitat differences as a potential
driving force. This is precisely the kind of habitat-dependent variation in signal structure often
documented for other modalities (colour: Leal and Fleishman 2004; McLean et al. 2015; Ng et al.
2013; sounds: Potvin and Parris 2012; Ryan et al. 1990), but has not been quantified in analogous
detail for signals defined by motion. The methodology I propose here will facilitate the generation of
such data.
Similarities in signal structure as a consequence of the signalling environment are also
anticipated in sympatric species. Many habitats accommodate multiple signalling species, and while
niche partitioning is reported (Case and Bolger 1991; Leal and Fleishman 2002), the dynamic
component of behaviour has not been thoroughly examined. My methodology provides the
opportunity to explore this in detail for motion signals. I anticipate that signal contrast scores for
species occurring within the same habitat, subjected to the same environmental constraints, should
be equivalent across all sites in the habitat (Ecomorph Convergence Hypothesis; Nicholson et al.
2007; Ord et al. 2013). Certainly, sympatric species need to avoid mistaking unrelated individuals
(Species Recognition Hypothesis; Nicholson et al. 2007; Rand and Williams 1970), but my prediction
of equivalent contrast scores is still consistent with this idea as species recognition cues may be
given by the choice of motor pattern rather than movement characteristics.
Limitations
I have outlined why motion signal analysis needs to consider the signalling context in more detail
and my methodology provides a clear way forward; yet there are two unavoidable restrictions of my
approach. First, although I compare motion speeds of both signal and noise, I have used different
techniques to quantify each type of movement. Lizard signals are reconstructed in 3D, while plant
motion is filmed in 2D from a single viewpoint perpendicular to the camera. Feature tracking and 3D
reconstruction of plant movements is achievable (Bian et al. 2016), but impractical on a large scale.
Plants are complex structures, so selecting parts of plants to be representative of the plants’
movements is problematic. Until we know more about plant motion at the microhabitat level (Peters
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2013; Peters et al. 2008; Powell and Leal 2014), I accept that plant motion noise might vary to some
extent as you move around a plant and as such I have simplified the treatment of noise. Importantly,
by adopting a standardized approach to recording plant motion in the field I ensure consistency
within and between habitats. Furthermore, the use of a gradient detector model for image motion
computation is appropriate here as it generates motion vectors that are very similar to outcomes
from feature tracking (cf. correlation-type motion detector models).
A second important limitation of the results I present herein is that I must refer to signal
contrast rather than signal efficacy. Ideally I would like to be able to predict the effectiveness of a
given signal-in-noise scenario in terms of the perceptual capabilities of a receiver (Caves et al. 2010).
Such an outcome would be analogous to visual modelling of colour, whereby colour signals are
compared with other spectral components of the environment to yield differences in terms of
perceptual equivalents (Delhey et al. 2015; McLean et al. 2014; Vorobyev and Osorio 1998).
However, I have not considered motion contrast in the context of receiver sensory systems. In part
this is due to the complexity of image motion segmentation of natural scenes, but reflects also a lack
of knowledge of the sensitivities of my focal species to motion. Indeed, knowledge of the relative
response of animals to different movements, which has been done quite effectively using various
species of Anolis lizards (Pallus et al. 2010; Steinberg and Leal 2016) would extend my metric toward
a measure of efficacy. For example, spatial frequencies outside of the perceptual capabilities
of receivers could be removed from the plant image sequences before the gradient detector is
applied to reflect better the information available for motion perception. Similarly, information on
the temporal resolution of receivers could be used to weight different motion components to more
closely match the perceptual capabilities of the focal species, before calculating signal-noise
contrast. Field of view might also be different between species, and will influence the number of
relevant plants for a given viewing positions. For species with narrower fields of view, additional
viewing positions can be included (see Methods section) to accurately sample the habitat.
Importantly, my method of data collection in the field and the raw data I collect would be suitable
input to such an analysis. Consequently, it is possible for me to revisit my signal contrast results in
line with perceptual knowledge of this kind when it does become available.
Extending the methodology
Notwithstanding the above caveats, there are several ways in which I can extend the utility of the
approach, in terms of sampling frequency, the information I extract from my raw data, how data
might be used and in adding complexity. I have considered motion speeds in this paper, however, I
am inherently limited by the frame rate of my cameras. Any movement that occurs within the
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sampling frequency of my cameras (every 40 ms) will be under-sampled. The use of cameras with
higher frame rates is recommended where possible, however, in my implementation this constraint
applies both to signal and noise measurements. Motion speed is only one parameter characterizing
signals and noise and a clearer understanding of motion segmentation mechanisms might point to
alternative or additional parameters upon which to focus. Most notably would be variation in terms
of amplitude and movement direction. Angular speed differences between signal and noise have
been the subject of recent attention (Fleishman and Pallus 2010; Ord et al. 2007; Ord et al. 2010;
Pallus et al. 2010; Peters and Evans 2003), while differences between signal and noise in terms of
the direction of movement also might be a useful avenue of inquiry, although it has not received as
much attention in the literature (but see How et al. 2009; Peters et al. 2008). Movement amplitude
and direction information could be extracted from the raw data I have collected. Furthermore,
existing datasets could be used in simulations that indicate the level of variation in signal structure
necessary for higher contrast scores. For example, using measured speeds as the starting point, new
datasets of slightly modified speeds could be generated and compared with existing plant motion
data. In addition, if angular amplitudes were instead the parameter of interest, then simulations
could be undertaken to achieve greater amplitudes while keeping speed the same. Regardless of the
chosen parameter, the result would yield predictions on what must be accomplished to improve
outcomes which could be considered in the context of physiological constraints and provide useful
arguments for suggesting alternative strategies for enhanced efficacy (see Peters et al. 2008).
My methodology could also be extended to consider complex habitats. The approach I have
taken in this description of the method reflects the circumstances in which my study species
operate, and is relatively simplistic in that I consider the positions of signaller and receiver to vary
only in the horizontal plane (Figure 3.7A). Furthermore, I calculated signal speeds in terms of the
actual distance moved in 3D space before converting these values to angular speeds based on a
specified viewing distance. In this way my analyses always represented the signal at its maximum
speed. However, there are many species in which there are substantial and important differences
between signaller and receiver in the vertical plane (Figure 3.7B). Measuring signal performance in
these circumstances is more than just relative contrast with plant motion noise, and would benefit
from an analytical approach in which receiver positions are limited but more precisely defined.
There are additional challenges to filming in such environments, but to consider signal performance
in this scenario requires only one additional step in the data collection phase. Filming of lizard
displays and identifying and filming relevant plants would follow the procedures I outline above. For
a more focused analysis it would be necessary to note down the locations in which receivers are
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Figure 3.7: A, Top panel - In the present
study I have assumed that the position of
receiver relative to signaller is on the same
vertical plane and consider changes in
position in terms of horizontal distance
only. Middle panel – I determined 3D
position of chosen features over time and
measured physical movements in 3D space
(Bottom panel). Using my nominated
receiver position, in terms of horizontal
distance, I converted these values to
angular speeds. In this way, the angular
speeds for the signal represent the
maximum. B, Top panel – Signalling
interactions of many species feature
substantial variation in the vertical plane
and this can have a substantial impact on
perceived signal speeds. Middle panel –
The approach I outline in the present study
can be modified to incorporate the
geometry of the interaction. By noting
receiver positions in 3D space relative to
the signaller, angular speeds can be
calculated directly for each viewing
position. Bottom panel – This provides
view specific estimates of angular speed,
which can vary considerably for the same
physical displacement.
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likely to be located in terms of horizontal and vertical distances from the signaller. During the
analysis phase, it would be straightforward to generate view-specific angular speeds directly from
raw data (Figure 3.7B).
Broader applications
My approach is not limited to intraspecific communication and could be applied to other functionally
important vision-based behaviour. For example, chameleons and several species of phasmid are
suggested to use motion to mimic their surroundings and to prevent recognition by predators
(Bässler and Pflüger 1979; Bian et al. 2016; Gans 1967; Robinson 1969), while other species use
movement to avoid being detected by their prey (Fleishman 1985; Kennedy 1965). For example, the
Mexican vine snake (Oxybelis aeneus) often moves or changes position when the wind is blowing
and plants are moving, which purportedly renders the snake’s movement difficult for prey to classify
as a potential threat (Fleishman 1985). Similarly, cryptic prey exploit the sensory processes of their
predators in order to avoid detection and blend with the background, while masquerading animals
target their cognitive processes to ensure misidentification after detection (Skelhorn 2015; Skelhorn
et al. 2010). My approach would allow for detailed analyses of the relative conspicuousness of the
model and the mimic and to understand more clearly the behaviour and environmental
requirements of such species.
Conclusions
I have shown that accurately quantifying the relative contrast of motion-based signals is not only
possible but necessary if my understanding of this form of animal communication is to progress. My
methodology allows us to record displays and quantify signals without the constraints of filming
position, as well as to calculate the masking potential of the environment and relative contrast of
the signals. I illustrated its utility for comparing motion displays of a given species in multiple
habitats, and outline how the approach could be extended in a number of ways; I also recommend
this approach for any system in which motion conspicuousness is a central determinant of
behaviour. As the structure of habitats around the world continues to change as a consequence of
climate change and anthropogenic activities, it is essential we understand how species that utilize
these habitats are being affected. This includes quantifying the effects of environmental noise.
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ABSTRACT
Habitat characteristics influence the efficacy of animal communication, and population differences in
signal structure due to habitat variation are well known for sound and colour signals. However, such
variation in signal structure has not been reported for motion-based signals. Here I test the motionbased signalling displays of two populations of an Australian agamid lizard, Amphibolurus muricatus,
in the context of their respective habitat. I employ a novel approach that calculates the distribution
of motion speeds of lizard signals and environmental noise independently, before computing the
difference in these distributions to obtain a measure of signal-noise contrast. My results reveal
variation in signal structure between the two populations and provide support that this variation can
be explained by differences in the signalling environment. Signals from both populations showed
similar contrast values at their respective habitats, but differed significantly when considered in the
habitats of the allopatric population. These results are consistent with the hypothesis that habitat
structure affects signal efficacy and causes population differences in motion signalling behaviour as a
consequence of adaptations to enhance efficacy.
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INTRODUCTION
Animal signals are constrained by the environment in which they are emitted and by the sensory
systems of the receivers for which they are intended (Bradbury and Vehrencamp 1998; Lythgoe
1979). For example, habitat specific transmission properties are of particular importance to auditory
signals (Cocroft and Rodriguez 2005; Hunter and Krebs 1979; Morton 1975; Slabbekoorn and Peet
2003), as signal energy might be reduced through absorption, or redirected through reflection and
diffraction by the air, ground or vegetation (Morton 1975). This means that structurally distinct
habitats will affect signals differently, and not all signals will perform equally well at a given habitat.
Population differences in signal structure due to habitat variation are known for several species that
utilise acoustic (Morton 1975; Potvin and Parris 2012; Ryan et al. 1990), vibrational (Cocroft et al.
2010; McNett and Cocroft 2008) and colour-based communication (Fuller 2002; Leal and Fleishman
2004; Ng et al. 2013; Seehausen et al. 1997). However, to my knowledge, variation in signal structure
between allopatric populations as a consequence of habitat variation has not been reported for
motion-based signals.
In addition to structural features of a given habitat, irrelevant sensory stimulation within the
environment serves as noise that interferes with the reliable detection of a signal (Alberts 1992;
Fleishman 1992; Morton 1975; van der Sluijs et al. 2011). The degree to which a signal is correctly
identified by a receiver after being distorted during the transmission process or masked by
environmental noise determines the efficacy of that signal (Bradbury and Vehrencamp 1998; Endler
1992). Consequently, effective communication requires signallers to produce signals, not only suited
to a given habitat, but also for the prevailing conditions (Bernard and Remington 1991; Endler 1992;
Fleishman 1992; Peters et al. 2002). In many species, this is essential for territorial defence
(Carpenter 1967; 1978), mating interactions (Hebets and Uetz 1999), and even predator defence
(Hasson 1991). To achieve effective communication, some animals customise the properties of their
signals to enhance transmission and facilitate detection in noisy environments (Brumm and
Slabbekoorn 2005; Brumm et al. 2004; Cynx et al. 1998; Ord and Stamps 2008; Peters et al. 2007).
Such moment-to-moment adjustments to signal structure represents contextual plasticity in
signalling behaviour (Ord et al. 2016; Stamps 2016). Given such plasticity is reported for motionbased signals within a given population (Ord et al. 2007; Peters et al. 2007), I predicted that species
also should exhibit population differences if the signalling environments at the two locations are
distinct.
Lizards are proving excellent models for understanding the evolution of motion-based visual
signals (Losos 1990; Ord et al. 2001; Ord et al. 2016; Peters et al. 2002), just as they are for colourbased visual signals (Fleishman et al. 2009; Fleishman and Persons 2001; Ord et al. 2002; Ord and
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Martins 2006; Ord et al. 2013; Stuart-Fox and Johnston 2005; Stuart-Fox and Ord 2004). For these
kinds of signals, the primary source of environmental noise comes from wind-blown plants (Eckert
and Zeil 2001; Fleishman 1986; Fleishman 1988; Peters et al. 2007). Environmental motion noise is
site-specific as local topography influences exposure to wind (Hannah et al. 1995), and plants vary in
their response to wind, both within and between species (Peters 2014; Peters et al. 2008). This
variation in motion noise environments is particularly relevant to widely dispersed species that occur
in more than one habitat type because the signalling conditions might change dramatically. As such,
allopatric populations exposed to very different environmental variables and noise conditions will
require alternative signalling strategies. While it is possible that environmental differences lead to
phenotypic variation as a result of genetic drift or sexual selection (Foster 1999; Hill 1994; Uy and
Borgia 2000), it is also likely that differences between populations, including behaviour, can arise
due to phenotypic plasticity and adaptive responses to the local environment (Dingemanse et al.
2007; Ord et al. 2016; Stamps 2016).
Some lizard species are known to differ between populations in several aspects of their
signalling displays, such as body postures during push-ups, number of head bobs per display and
head bob duration (Ferguson 1971; Martins et al. 1998; Martins and Lamont 1998). Furthermore,
Bloch and Irschick (2006) observed temporal differences in the displays of Anolis carolinensis and
suggested they are a result of differences in population density and habitat continuity between two
populations. More detailed, fine scale analyses were performed by Barquero et al. (2015), who
found evidence of temporal and structural variation in the core display of Amphibolurus muricatus
from three different populations, despite the fact that the components involved in the displays and
their sequence remained consistent across populations. The differences observed in signalling
behaviour were incongruent with genotypic differences between populations and might be a
consequence of behavioural plasticity in response to concomitant variation in habitat structure
(Barquero et al. 2015). Clearly, lizard motion signals show variation consistent with local adaptation
explanations, but a direct link between habitat structure and motion signal structure has not been
demonstrated.
The aim of the present study was to directly relate habitat and motion signal structure
across populations of the same species. I assume that the relative contrast between signal and plant
movement is an important component of effective signalling and implement a novel approach to
compute relative signal contrast. I explicitly tested the hypothesis that variation in motion signal
structure between populations of A. muricatus is attributable to differences in habitat
characteristics, as suggested by Barquero et al. (2015). To demonstrate this, I must show variation in
signal structure between populations, and provide evidence that this variation can be explained by

87

Chapter 4 – Motion signal variation between allopatric populations
differences in the signalling environment. If habitat does drive variation in signal structure, then I
predicted first that signals, regardless of population differences, will be equally effective at their
respective habitats on the assumption that signallers seek to optimise their signals for the existing
context (Endler 1992). My second prediction was that relative signal contrast will change for a given
signal when ‘placed’ in a structurally distinct habitat featuring a different configuration of plants, as
previously observed with acoustic signals (Dabelsteen et al. 1993; Gish and Morton 1981). In
bioacoustics, this is achieved by recording signals, broadcasting them in a different habitat and
recording them again. Such a strategy is not possible with motion-based signals and I developed an
alternative strategy (Ramos & Peters 2017; Chapter 3). My approach involves recording both the
signal and relevant features of the noise environment (plants) independently, reconstructing signal
motion in three dimensions (3D), and comparing it to the movement of wind-blown plants in the
environment to determine the relative contrast of the signal. By reconstructing the displays in 3D
and mapping the plant environment comprehensively I prevent any bias that might arise from
camera position at the time of filming (Figure 4.1). Importantly, this approach allows me to place any
signal I have recorded in any habitat I have mapped to calculate its contrast under different
environmental circumstances. Thus I can examine how the signals of lizards from one population
perform in other habitats, both within and between populations, to directly consider whether
differences in signal structure are a consequence of local adaptations to enhance signal efficacy
within their specific noise environments.
METHODS
Data Collection
Amphibolurus muricatus (Figure 4.2a) can be found in the woodlands and coastal shrublands ranging
from south-east South Australia, through most of non-arid Victoria, east New South Wales and
south-east Queensland; excluding alpine areas (Wilson and Swan 2013). I recorded displays at
Croajingolong National Park (N = 6), in coastal Victoria, where the habitat is densely vegetated with
tall grasses and shrubs (GPS coordinates: S37° 48.126’, E149° 16.541’; Figure 4.2b). I also recorded
displays at Avisford Nature Reserve (N = 6), near Mudgee, New South Wales. At this location, the
habitat was mostly an open woodland with rocky outcrops, and an understory of grasses and small
shrubs (GPS coordinates: S32° 37.543’, E149° 33.810’; Figure 4.2c).
Territorial displays were elicited by introducing a conspecific intruder to the territory of free
living lizards. All displays were recorded using two cameras simultaneously to allow 3D
reconstruction of display movements. The cameras were calibrated following Hedrick (2008) and
using a calibration object containing 20 non-coplanar points distributed evenly through its volume.
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Figure 4.1: Studies on the effect of the noise environment on motion-based signals often utilise only one filming
position, and assume it is the most appropriate position. However, motion signal contrast will vary with viewer
position, even if all else remains the same. For example, at viewing position 1, both plants A and B are relevant
sources of motion noise. If the physical movements of both plants are identical, plant A will exert stronger motion
noise as angular speeds are dependent on viewing distance. Switching to viewing position 2, plant A is now farther
away and behind the lizard. Plant B is at the same depth plane as the lizard and, again, would provide more motion
noise than plant A for the same physical movements. The extent to which the lizard display contrasts with plant
motion is thus determined by the speeds of the signal itself, the speeds of surrounding plant movements and,
importantly, the position of the receiver. By recreating signal motion in 3D and mapping the habitat in detail, my
approach ensures the filming location bias is no longer an issue.
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Figure 4.2: The habitats of Amphibolurus muricatus sampled in this study. Croajingolong National Park, in coastal Victoria, is densely vegetated with tall
grasses and shrubs on a sandy substrate. Avisford Nature Reserve, in New South Wales, is mostly an open woodland with an understory of grasses and small
shrubs, and rocky outcrops spread throughout the park.
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The calibration object was placed within the area utilised by the lizard during the display, so that
most points were visible from both cameras. Additional points can reduce potential error, but only a
minimum of six is necessary for calibration. These points were later digitised using still images of the
object taken from both camera views to generate calibration coefficients, which are used for 3D
reconstruction of the displays. See Peters et al. (2016; Appendix A) for further details on the filming
protocol. Wind conditions at the time of filming were recorded using a handheld anemometer
(Nielsen-Kellerman Model Kestrel 4000).
In order to quantify environmental noise, the habitat surrounding the lizards during each
display was mapped and plants that constituted a source of motion noise were filmed under
artificially created windy conditions of 4 m/s using a commercial leaf blower at a distance of 2 m and
consistent camera settings. My choice of wind speed represents moderate-strong conditions at the
sites I studied (e.g. Peters and Evans 2003a), without being too extreme that lizards would not be
active. Plant selection was site specific, but at each site, all plants that were observed to generate
movement were included, regardless of species. Plants greater than 10 m away from the signaller’s
position were excluded.
Quantifying Signal and Noise
Temporal properties of the signal
Display sequences were analysed using Observer XT (Noldus Inc.). Territorial displays of A. muricatus
are composed of five distinct motor patterns utilised in a stereotyped sequence: tail-flicks, backward
limb-wave, forward limb-wave, push up and a body rock (Peters and Ord 2003). I recorded the start
and end point for each occurrence of all motor patterns but my focus for this study is on the tail flick
component and the display as a whole (all components combined). I consider the tail flick
component in isolation as it represents the introductory component of their display (Peters and Ord
2003), and the manner in which it is used is modified in response to variation in plant motion (Peters
et al. 2007).
Movement speeds of the signal
Three dimensional (3D) reconstructions of lizard displays followed the procedures of Hedrick (2008)
as outlined in Peters et al. (2016; Appendix A) in Matlab (MathWorks Inc.). Briefly, I digitised several
points along the body of the lizard (the eye, fore limbs and the tip of the tail) in the footage from
both cameras to represent the motor patterns they utilise during their territorial displays. The
information from both cameras was combined, along with the calibration coefficients, to reconstruct
the motion in 3D as x-y-z coordinates using direct linear transformation. Signals were thus
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represented by x-y-z coordinates for each part of the lizard for each frame at 25 frames/s (40 ms
intervals; PAL frame rate). I computed the change in position between successive frames separately
for each part of the lizard to generate a vector of signal movements. I consider the tail flick data
separately, as well as combining all data to represent the display as a whole. These data represent
the distance travelled over 40 ms intervals, which I henceforth refer to as signal speed. It is
important to acknowledge that this approach is limited by the frame rate of the cameras, so very
fast movement occurring within their sampling frequency (every 40ms) will be under-sampled.
However, this limitation applies to both signal and noise measurements and is consistent with
previous work on motion signals.
Movement speeds of plant motion
It was impractical to digitize plant movement in the same manner as I did for lizard signals.
Consequently, the image motion generated by wind-blown plants was quantified using a gradient
detector algorithm (Peters et al. 2002). All plant videos featured 5 s of footage (125 frames; PAL
frame rate) and were filmed in a standard way at all microhabitats such that the only differences are
due to plant movement characteristics. Importantly, gradient detector models compute velocity in
image sequences, and the magnitude component of velocity is comparable to my measurement of
signal speeds; both represent the distance moved from one frame to the next. I extracted the
velocity magnitudes from gradient detector outputs and converted these values from units of pixels
to cm using an object of known size in the frame positioned during filming. I henceforth refer to
these data as plant motion speeds, or noise.
Contrast Analysis: Signal vs Noise
My approach to quantifying signal contrast is described in detail elsewhere (Ramos & Peters 2017;
Chapter 3). Briefly, my strategy considers signal and noise unconstrained by camera position at the
time of filming because receivers can be positioned at any number of locations around the signaller,
and there is no guarantee that the position of a single camera is adequately placed. I quantified
lizard and plant motion separately, and compared signal and noise from four viewing positions
around the signaller (four cardinal directions). As the relevance of a given plant depends on viewing
position (Figure 4.1), I identified the plants within a 150o field of view (based on schematic eye
calculations for A. muricatus by New 2014), and determined their location relative to the signaller
(behind, in line or in front).
I then calculated contrast scores for each of the four viewing positions in the following
manner. First, the signal speeds (S) were converted to angular speeds according to:
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I used a viewing distance (D) of 1 m and then computed kernel density estimates of the log of
angular speeds in the range [-15,15] using the ksdensity function in Matlab. This outcome is a vector
of relative probabilities of different speeds of movement (Figure 4.3b).
Conversion of plant motion speeds followed the same approach, however, the value for D
was determined by the location of the plant relative to the lizard: if the plant was behind the lizard,
then D was computed as 1 plus the distance separating signaller and plant (measured during data
collection); if the plant was in line with the lizard then D was set to 1; and D was computed as 1
minus the signaller-plant distance if the plant was in front of the lizard. Comparing the full frame of
plant motion with lizard signals would not represent the underlying motion segmentation task of
receivers, which is expected to perform comparisons on a more local scale. Consequently, I divided
the plant motion data into subregions, with each subregion being roughly equivalent in physical
space to the area utilised by a lizard during a display (Figure 4.3a). Kernel density plots of plant
motion over the 5 s time period were determined for each subregion (Figure 4.3b) in the same
manner as for signals.
Density plots from plant motion were subtracted from the density plot for lizard signals to
yield a difference curve (Figure 4.3c). The area under the difference curve for values greater than
zero was used to represent the relative strength of the signal compared with noise. Repeating this
process for each subregion yields a matrix of values representing the extent to which lizard
movement differs from plant movement (Figure 4.3d), which I refer to as relative contrast.
Importantly, this metric does not assume faster speed movements are more important. High
contrast scores can also be achieved if signals feature slower speed movements than plant motion. I
summarised the matrix of contrast values by obtaining the median as a measure of central tendency
(location), and computing the scale parameter as a measure of deviation (Rousseeuw and Croux
1993). The scale parameter was selected as the distribution of contrast scores were skewed and
other measures of variance (standard deviation, standard error) would be inappropriate. This
process was repeated for all relevant plants at each viewing position, resulting in a pair of values for
each relevant plant/viewing position combination.
The contrast score for a signal at a given habitat was calculated as the mean (±SD) location
and mean (±SD) scale values for all relevant plants/viewing positions (Figure 4.3e; see Ramos &
Peters 2017; Chapter 3). By calculating relative contrast in this manner I describe the difference
between motion signal and motion noise distributions (location), along with the heterogeneity of the
noise environment (scale). A low scale value means that regardless of signal contrast, the noise
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Figure 4.3: Schematic of the procedure to
calculate relative contrast. a) Plant motion
is analysed using a gradient detector
model and the image frame is subdivided
in smaller subregions for comparison with
lizard movement. The white rectangle
represents a single subregion with high
image motion. b) Image motion from the
subregion converted to angular speed and
summarised using a kernel density
function (red). Lizard movement is also
summarised using a kernel density
function (black) after conversion to angular
speed. c) The kernel density function for
the subregion is subtracted from the
kernel density function for lizard motion.
This difference represent the extent to
which lizard movement differs from plant
movement. d) After comparing all
subregions to lizard motion, a matrix of
contrast values is created, which
represents one plant in one viewing
position. Contrast values range from 0 to
1, with higher values indicating more
effective signals. e) Relative contrast
values are further summarised by
calculating the location (central tendency)
and scale (variation) of this distribution for
each plant and viewing position. A single
relative contrast score is obtained for the
scene by calculating the mean (±SD)
location and scale values of all
plant/viewing position combinations.
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environment remains relatively even across the site, whereas a high scale value represents a variable
noise environment with areas of high and low noise.
Statistical Analysis
I compared the temporal properties of signals generated by lizards from the two populations by
implementing the Wilcoxon signed-ranks test for independent data (equivalent to the MannWhitney U test) in the R statistical environment (R Core Team 2016), before manually calculating
effect sizes (ES) from the resultant z-score and sample size (Cohen 1988). I also examined the
temporal properties of the displays in relation to maximum wind speed at the time of filming by
pooling the data of all individual lizards and calculating Person’s correlation coefficients.
Display motion from the 3D reconstructions was converted to angular speed (as explained
above) and summarised as speed density plots (kernel density estimate). The kernel density
estimates of both populations were averaged within populations and compared using a two sample
Kolmogorov-Smirnov test (KS), which tests whether the two samples are drawn from the same
distribution. Pearson’s correlations were used to examine the relationship between the mean
motion speed of each signal and the maximum wind speed at the time of filming.
I compared the relative contrast of both populations at their original locations
(microhabitats). Signal contrast was calculated for each display at the location where it was filmed,
and Hotelling’s T2 test for independent samples was used to determine whether scores differed
between populations. I used Hotellings T2 statistics (Batschelet 1981) as an appropriate method for
analysing bivariate data (location and scale values). My approach allowed me the unique
opportunity to consider signals in a context other than where they were filmed, so I calculated the
relative contrast of all signals at all microhabitats within and between populations. I then considered
the data in two different ways. First I examined the performance of signals from a given population
in both habitat types. I examined data graphically for all comparisons, showing multiple results for
each lizard, but averaged within a given lizard and population before undertaking statistical analysis
using Hotelling’s T2 test for dependent samples. I also examined signal contrast of both populations
at each location. In this analysis, my focus was on signal performance, rather than on habitat
performance. I once again viewed all data graphically before averaging within a given lizard and
comparing relative contrast between populations in each habitat using Hotelling’s T2 test for
independent samples. Two displays from Croajingolong NP were excluded from these analyses due
to calibration errors during data collection.
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Ethical Note
Data collection was performed in accordance with the ethical regulations of La Trobe University (AEC
12-37), under permits provided by the Department of Environment and Primary Industries in Victoria
(10006812) and the Office of Environment and Heritage in New South Wales (SL101426). Lizards
used as intruders were captured using a noose, composed of a rod and fishing line, which is common
practice for catching lizards (e.g. Bertram and Cogger 1971; Peters and Allen 2009; Punzo 1982).
Intruders were kept for a maximum of 8 hrs and released at the same location where they were
captured. Lizards were introduced to the territory of a resident while tethered to a rod and a 1 m
fishing line. This was done in order to allow me to retrieve the intruder if necessary, while permitting
a certain amount of freedom of movement to the lizard. The fishing line produced minimal impact
on the intruders, and they often began basking or foraging after being positioned. Resident lizards
were always aware of my presence, but once another lizard was introduced they focused all their
attention on the intruder. The rod used to tether the intruder was 3 m long, and the recording
equipment was always position several metres away from the lizards (depending on topography and
vegetation) in order to minimise impact on the lizards and their interaction.

RESULTS
Displays recorded from both populations matched the stereotypical sequence described by Peters
and Ord (2003). Temporal variation in signalling between populations is summarised in Figure 4.4.
Although Croajingolong NP lizards tail flicked and displayed for longer than Avisford NR lizards, the
differences were not significant (Z = -0.229, P = 0.818, ES = 0.07 and Z = -1.203, P = 0.228, ES = 0.35
respectively; Figure 4.4a). The proportion of time devoted to tail flicking was also non-significant (Z =
-1.363, P = 0.228, ES = 0.39; Figure 4.4b). I examined these temporal properties of the displays in
relation to maximum wind speed at the time of filming. I found no relationship with bout duration (r
= 0.050, P = 0.890, 95%CI: -0.598-0.659), a positive but non-significant relationship with tail flick
duration (r = 0.493, P = 0.147, 95%CI: -0.198-0.857), and a significant positive relationship with
proportion of display devoted to tail flicking (r = 0.694, P = 0.026, 95%CI: 0.113-0.921). The
populations also show significant differences in movement speeds (Figure 4.4c; KS test = 0.136, P =
0.006), with Croajingolong NP lizard displays characterised by a greater relative proportion of higher
speed movements than Avisford NR lizard displays (Figure 4.4c). Additionally, I examined mean
motion speeds of all lizards from both populations in relation to maximum wind speed at the time of
filming, and found no evidence of a relationship with prevailing wind (r = 0.103, P = 0.777, 95%CI: 0.563-0.688). Despite these differences in structure, when lizard displays were considered in the
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Figure 4.4: Differences in signal structure between populations. a) Mean (+SE) bout and tail flick durations for both lizard populations. b)
Mean (+SE) tail flick to bout ratio for both lizard populations. c) Average kernel density functions for both lizard populations.
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Figure 4.5: Relative contrast of signals in their original habitat. The plot shows the relative contrast scores (±SD) for
all individuals from both populations. The X axis represents the location value, with higher scores indicating higher
relative contrast. The Y axis represents the scale value, with higher scores indicating more variability within the
habitat. The closer the data point is to the bottom right hand corner, the more effective the signal is.
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context of the plant environment in which they were filmed, I observed no difference in relative
signal contrast between populations (Hotellings T2 test F = 0.623, P = 0.563; Figure 4.5).
My approach allows me to consider signals in any habitat, and not just the habitat in which
they were filmed. I first examined the performance of signals from a given population in both habitat
types (Figure 4.6a). When I placed the signals of lizards from Croajingolong NP in both habitats,
contrast scores were significantly greater in Avisford habitat (Hotellings T2 test for dependent
samples with equal variances, F = 435.185, P = 0.002). Similarly, the contrast scores of the signals of
lizards from Avisford NR were significantly greater in Avisford NR habitat (Hotellings T2 test for
dependent samples with equal variances, F = 806.884, P < 0.000). When I changed my focus to
compare signals within a given habitat (Figure 4.6b), I found that the signals of lizards from
Croajingolong NP generated significantly higher contrast scores than those from Avisford NR when
considered in both Croajingolong NP (Hotellings T2 test for dependent samples with equal variances,
F = 16.056, P = 0.002; Figure 4.6b), and Avisford NR (Hotellings T2 test for dependent samples with
unequal variances, X2 = 28.841, P < 0.000; Figure 4.6b).
DISCUSSION
I have shown variation in signal structure between two lizard populations and provided evidence
that this variation can be explained by differences in the signalling environment. In accordance with
my predictions and based on their relative contrast values, signals from both populations were
equally effective in their respective habitats. Furthermore, relative contrast varied when the signals
were considered in different habitats. Taken together, my results are consistent with the hypothesis
that habitat structure affects signal efficacy and causes population differences in motion signalling.
I am not aware of any previous study that has attempted to analyse motion signals by
swapping individuals or species and calculating the relative contrast of the exact same signal in
multiple habitats. This approach allowed me to directly quantify the effects of the environment on
signal contrast and help to explain why signal structure varies among populations and habitats. By
calculating the relative contrast of the signals belonging to one population at both habitats, I
identified the locations at which those signals are likely to be most effective. In this way, any
differences in relative contrast can be attributed to the habitat since I am using the same signals at
both locations. Based on the relative contrast values that I obtained, my results suggest that the
signals from both populations are likely to be more effective in Avisford NR, and infer that the
environment at Croajingolong NP is characterised by greater motion noise. This is not surprising
given the thicker and more complex understory at Croajingolong NP, which differs from the sparse
vegetation at Avisford NR (Figure 4.2). This is also consistent with the prediction that the more
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Figure 4.6: ‘Placing’ the same signal in different habitats. The relative contrast of each signal was calculated at
several microhabitats within each habitat, and then averaged to obtain a single score per habitat. Statistical analyses
were performed on these averages. a) Each plot represents the relative contrast of signals from a single population
in both habitats. The signals from both populations were significantly more effective in Avisford NR habitat than in
Croajingolong NP habitat. b) Each plot represents the relative contrast of all signals from both populations in a single
habitat. Signals belonging to lizards from Croajingolong NP were more effective at both habitats than those from
lizards belonging to Avisford NR.
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vegetated the area the more difficult and energetically expensive it is to produce an effective signal
(Fleishman 1992).
I also looked at the relative contrast of both lizard populations when their signals are placed
in a single habitat. The relative contrast of Croajingolong signals was higher than Avisford signals in
both habitats (i.e. Croajingolong NP and Avisford NR), which indicates that the displays produced by
Croajingolong lizards are more effective overall. This is probably a consequence of relatively longer
duration tail flicks, and also the higher average speeds of the display. Longer tail flick durations
(Peters and Evans 2003b) and rapid changes in position (Fleishman and Pallus 2011) have been
shown to increase detection by conspecifics, and are probably needed to compensate for the
greater motion noise at Croajingolong NP. Positive correlations between the temporal properties of
the signals and wind conditions indicate that lizards modify the tail component of their displays in
response to prevailing wind conditions as a form of contextual plasticity, which is consistent with
previous work (Peters et al. 2007) and not an indication of population-level differences. However,
motion speeds did not correlate with moment-to-moment variation in wind. Instead, I suggest they
are a result of population-level adaptations to the selective pressures of the local environment.
Animals must ensure their signals are detectable by intended receivers and this means
overcoming ecological constraints. Previous work has quantified the responses of various species of
Anolis lizards to variation in angular amplitudes (presented over the same time interval) to
characterise their visual motion detection systems (Pallus et al. 2010; Steinberg and Leal 2013;
2016). These are informative but provide only part of the picture as the sensory system of receivers
must also deal with irrelevant plant movement. It will be informative to consider how complex
environmental noise alters the sensory response curves for given movement amplitudes since
movements that differ from plant motion are likely to be most effective (Fleishman 1986; Peters et
al. 2008). Under noisy conditions, the image motion created by windblown plants features higher
angular speeds (Peters et al. 2008) so the most effective signal will need to mitigate changing
environmental interferences (Fleishman 1988; Ord et al. 2007). In this study, I compared the motion
speed of lizard displays and wind-blown plants, but cannot address how the sensory receptors of
receivers capture information from the environment. Instead, I quantify how the physical attributes
of the environment vary between locations and highlight the importance of considering signalling
context in detail.
Differences in signalling strategies between populations eventually can lead to speciation if a
population becomes unable to communicate effectively at other locations by making individuals
undesirable to potential mates or unable to defend their territory (Leal and Fleishman 2004; Morton
1975; Ryan et al. 1990; West-Eberhard 1983). However, when trait variation is subjected primarily to
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environmental rather than genetic control, behavioural differences are likely to be caused by plastic
responses to these environmental changes. While molecular and morphological divergence is
commonly observed in species with a wide distribution, particularly between allopatric populations
(Irwin et al. 2008), the two A. muricatus populations that were sampled during this study belong to
the south-eastern NSW/eastern VIC clade identified by Pepper et al. (2014). This greatly limits the
likelihood of my results being solely driven by phylogeny. Rather, my results provide data in support
for the plasticity of the territorial display in this species in response to habitat variation as suggested
by Barquero et al. (2015). Unlike other forms of phenotypic plasticity, behavioural plasticity involves
immediate and often reversible adaptations to changes in the environment (West-Eberhard 1989).
Therefore, plasticity of behaviour is expected to increase with environmental variability (Klopfer and
MacArthur 1960; Komers 1997; Morse 1982), which is not uncommon for widely ranging species as a
result of differences in habitat structure, environmental noise and predation risk (Podos 2001).
Martins and Lamont (1998) suggested plasticity as a possible explanation for the differences in
dynamic signalling behaviour they observed between Cyclura nubila populations. Cyclura nubila
nubila is native to Cuba, but a small introduced population exists in Puerto Rico. However, the
signalling displays from the native population are more similar to those from a different subspecies,
C. nubila lewisii from Grand Cayman. They further suggested that the head bob component of the
display, the trait in which populations are most different, might be far more plastic than originally
predicted and major changes may occur in as little as six generations for this species (Martins and
Lamont 1998). As no data was reported on the structure of the habitat or environmental noise to
which each population is exposed, I am unable to present further comparisons with the present
study.
Local adaptation explanations are not the only possible explanations for my results. While
my results provide solid evidence for local adaptation, other mechanisms, such as the founder effect
and population bottlenecks (e.g. England et al. 2003; Leberg 1992; Nei et al. 1975), could have
played a role in shaping the different signalling displays observed in my study populations. The
possibility also exists for morphological or physiological differences among the populations affecting
their signalling behaviour. Resident lizards in the present study were not captured in order to
minimise impacts on their behaviour, so I did not obtain morphological data and cannot rule out this
alternative explanation directly. However, Barquero et al. (2015) did compare signalling behaviour
with morphology, along with population relatedness, in three allopatric populations of A. muricatus
(not the same populations as the present study). While their results show that morphological
variation is influenced by genetic structure, these did not map on to variation in signalling behaviour.

102

Chapter 4 – Motion signal variation between allopatric populations
I am currently working on other species that also occur in allopatric populations within
structurally distinct habitats. Data for populations of the non-territorial Ctenophorus fordi, which
perform relatively simple displays, are consistent with the findings reported here. In contrast, for
other species such as the highly territorial C. decresii, I find little evidence for structural variation in
their push up displays between populations (J. A. Ramos, unpublished data), but also little variation
in habitat structure. Clearly, to understand the nature of motion signalling systems we must pay
careful consideration to the microhabitat in which they are generated. Even though habitat structure
is the most likely driver of the differences we have reported between A. muricatus populations, it is
not the only ecological consideration. Predation risk is another factor that can directly affect the
structure of visual signals. In habitats where predator density is high, visual signallers are expected
to modify their displays or signalling behaviour in order to appear less conspicuous and decrease
detectability (Hemmi et al. 2006; Pocklington and Dill 1995; Steinberg et al. 2014). Further studies
would be required to distinguish between the effects of habitat structure and predation risk.
CONCLUSIONS
By placing the same signal in structurally distinct habitats I can compare the effects on signal
contrast of habitat characteristics and environmental noise. If present, I can also observe clearly the
occurrence of signal differentiation among populations of the same species, which can then be
correlated to habitat after quantifying the local noise environment. My approach provides evidence
for habitat-dependent variation between allopatric populations in motion-based signalling
behaviour. While this has been accomplished previously in the context of contextual plasticity, this is
the first time it has been shown empirically at a population level. Motion-based signal contrast is
clearly affected by habitat structure and the associated noise environment. However, the extent of
these effects might change between populations and between species. Divergence in signalling
behaviour between populations can lead to reproductive isolation, and eventually speciation, but
this process will vary depending on the level of phenotypic plasticity in the signals. Signalling
differences can be further enhanced by changes to the habitat of each species (e.g. caused by
human activities or climate change). Knowledge on both signal efficacy and behavioural plasticity
will help to better understand systems that rely on motion-based communication, and may prove
important for future conservation efforts.
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ABSTRACT
Signalling species occurring in sympatry are often exposed to similar environmental constraints, so
similar adaptations to enhance signal efficacy are expected. However, potentially opposing selective
pressures might be present to ensure species recognition. Here I analysed the movement-based
signals of two pairs of sympatric lizard species in order to consider how reliable communication is
maintained while avoiding misidentification. My novel approach allows me to quantify signal
contrast with plant motion noise at any site I measure, including those utilized by other species.
Ctenophorus caudicinctus and Gowidon longirostris differed in display complexity and motor pattern
use. They also differed in overall morphology, but their signal contrast scores are strikingly similar.
These results demonstrate similar adaptations to their shared environment while maintaining
species recognition cues. In contrast, C. fordi and C. pictus are much closer in appearance, but C.
pictus produces considerably higher signal contrast scores, which I suggest is attributable to the
absence of territoriality in C. fordi. Taken together, my data provide evidence for adaptation to the
local environment in movement-based signals while also meeting species recognition requirements,
but the selective pressure to deal with local conditions is mediated by signal function.
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INTRODUCTION
The evolution of adaptive traits suited to specific habitats is expected when animals are exposed to
different environmental constraints. The Ecomorph Convergence hypothesis (ECH) explains how
radiations of lizards from the Greater Antilles have produced the same suite of ecomorphs, or
habitat specialists, on each island as a consequence of local adaptations (Harmon et al. 2005). Here,
convergence is evident in terms of morphological traits, such as limb length, head dimensions, and
sexual dimorphism (Beuttell and Losos 1999; Butler et al. 2000; Harmon et al. 2005). Similar traits
evolve in similar environments because they are most efficient for the demands of daily life. This is
also true of signalling systems as ecological factors will dictate the structure of signals that will be
effective in any given environment (Endler 1992). For example, song structure is known to vary in
many bird species as a consequence of habitat characteristics and their effects on sound
transmission (Morton 1975; Tubaro and Segura 1995; Slabbekoorn and Smith 2002; Slabbekoorn and
Boer-Visser 2006), but structural convergence will also occur across locations when ecological
characteristics are similar (Hunter and Krebs 1979). Such ecological influences on signalling, as well
as the ECH, usually refers to species that occupy similar niches but do not necessarily occur at the
same location. Do these general predictions also apply to sympatric species that are exposed to the
same environmental constraints?
When multiple species occur in sympatry, additional selective pressures on signal structure
become relevant. Importantly, the need to ensure effective signalling must take place in the context
of competition for signalling space and reliable species recognition (Rand and Williams 1970). The
Species Recognition hypothesis (SRH) predicts that species living in sympatry should evolve traits
that distinguish conspecific from heterospecific in order to avoid cases of mistaken identity (Rand
and Williams 1970; Nicholson et al. 2007). Several studies have explored this hypothesis in the
context of dewlap coloration in the lizard genus Anolis (Losos 1985; Macedonia and Stamps 1994;
Vanhooydonck et al. 2009). Furthermore, evidence exists for the use of head bob display patterns as
a means of species recognition in several anole lizards (Jenssen 1971; Garcea and Gorman 1968;
Jenssen and Gladson 1984), as well as others (Martins 1993; Martins et al. 2004). Clearly, for
sympatric species, the constraints imposed by ecological factors that might suggest optimal signal
structures must be balanced by the need to avoid misidentification.
Complex environments are able to support more diverse animal communities, as they
provide a higher diversity of ecological niches (Simpson 1964; Macarthur 1965; Pianka 1967).
However, the noise environment affecting sympatric species might be relatively similar regardless of
microhabitat choice. This is particularly true for lizards as most species rely on visual cues and often
communicate using visual signals (colour or motion-based) from several meters away (Carpenter and

110

Chapter 5 – Motion-based signalling in sympatric species
Ferguson 1977; Jenssen 1977). For motion-based signals, the biggest source of noise comes from
windblown plants (Fleishman 1986; Peters et al. 2008). Consequently, an effective signal should be
easily segmented from the noise produced by the plant environment and be recognized by its
intended receivers.
Recently, both the SRH and ECH were tested as possible explanations for the diversity seen
in Anolis dewlaps (Nicholson et al. 2007). Dewlaps in the genus vary in size, shape, colour and
pattern, and are often used in conjunction with dynamic motor patterns during mating and
territorial interactions (Jenssen 1977; Williams and Rand 1977). Nicholson et al. (2007) examined
dewlap configuration in relation to ecomorph category in several anole species to test the ECH. They
also investigated whether dewlap similarity among sympatric species was less than expected by
chance, which provided a test of the SRH. Contrary to predictions, this study found no evidence for
the ECH and only weak support for the SRH (Nicholson et al. 2007). However, dewlap colour and
patterns are only one component of Anolis lizard signals, with most species also including a dynamic
component (Jenssen et al. 2000; Ord and Martins 2006; Steinberg and Leal 2013), which is also
thought to be species specific (Garcea and Gorman 1968; Jenssen 1971, 1977). Examining the
dynamic component of such signals in relation to ECH and SRH explanations might provide a
different picture, as body postures and movements are more amendable to adjustment in response
to short term changes in signalling conditions. Movement-based signals, therefore, might be more
likely to exhibit plasticity in response to local competing factors of habitat structure and the
presence of other signalling species. This prediction applies not only to Anolis sp., but to other
species found elsewhere in the world.
Australian agamids are well known for their dynamic territorial displays (Ramos and Peters
2016). Multiple species often occupy the same habitat, particularly in the arid and semi-arid regions
of the country. This means that they not only encounter each other frequently, but are also exposed
to very similar environmental constraints relevant during signalling. Sympatric species must have
evolved strategies for coping with environmental noise and the presence of other signalling lizards.
In this study, my aims were to consider local adaptation in sympatric species that employ motion
signals and assess how species recognition cues might be maintained when exposed to this
additional selective pressure. I analysed the signal structure of two sympatric pairs of Australian
agamids, and compared it to the structure of plant motion to determine how they have adapted to
similar environmental constraints and to the presence of other signalling lizards in the same habitat.
I focus on the signalling behaviour of Ctenophorus caudicinctus and Gowidon longirostris from the
Northern Territory, and C. fordi and C. pictus from South Australia. I used a novel methodology that
allows me to calculate the extent to which the motion properties of lizard signals contrast with a
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given plant motion environment (Ramos and Peters 2017a). In addition to signal structure and the
physical properties of the environment, quantification of signal efficacy must also consider the
sensory system of receivers. Unfortunately, this information is not currently available for my study
species. Instead I use signal contrast, as it is an important component of efficacy particularly in the
context of environmental noise. A major innovation of my approach is that it allows me to consider
signals in all habitats studied, not just in the habitat where they were filmed. Consequently, contrast
scores are obtained for all species in all of the microhabitats used by their own species, and the
other species with which they occur in sympatry. My species pairs differ in an important way.
Ctenophorus caudicinctus and G. longirostris are very different in appearance, as well as other life
history traits, but are both strongly territorial. In contrast, C. fordi and C. pictus are more similar in
appearance, and although both perform motion-based displays, only C. pictus is territorial. Thus, an
additional aim of my study was to determine whether signal function is important for signal efficacy.
I anticipated these differences between the species pairs would be reflected in my results.
METHODS
Data collection
The long-nosed dragon (Gowidon longirositris) and the ring-tailed dragon (Ctenophorus caudicinctus)
are often found in close proximity in areas of south Northern Territory and southeast Western
Australia around gorges where ephemeral water courses meet rocky outcrops (Wilson and Swan
2013). I recorded displays of G. longirostris and C. caudicinctus from West-MacDonnell National
Park, in Northern Territory (Australia), within and around Ormiston Gorge (S 23° 37.794’, E 132°
45.052’; Figure 5.1a). The painted dragon (Ctenophorus pictus) and the Mallee military dragon
(Ctenophorus fordi) are common in arid and semiarid sandy areas of northwest Victoria, South
Australia, southeast Western Australia, west New South Wales and southwest Queensland
(Australia). They are also sympatric through most of their distribution (Wilson and Swan 2013). I
recorded displays of C. pictus and C. fordi at Ngarkat Conservation Park in South Australia (S 35°
38.357’, E 140° 47.153’; Figure 5.1b).
Displays of each species were elicited by introducing a conspecific intruder to the territory of
free living lizards. All motion displays were recorded using two cameras simultaneously to allow 3D
reconstruction of display movements. The cameras were calibrated following Hedrick (2008) and
using a calibration object containing 20 non-coplanar points distributed evenly through its volume.
The calibration object was placed within the area utilized by the lizard during the display, so that
most points were visible from both cameras. These points were later digitized using still images of
the object taken from both camera views to generate calibration coefficients, which are used for 3D
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Figure 5.1: Habitat, average snout-vent length and known repertoire of core motor patterns for both species pairs. Gowidon longirostris and Ctenophorus
caudicinctus occur in sympatry at West MacDonnell National Park, Northern Territory. Ctenphorus pictus and C. fordi occur in sympatry within Ngarkat
Conservation Park, South Australia. The core motor patterns refer to HB = head bobs, LW = limb waves, PU = push ups, TC = tail coils, and TF = tail flicks
(Ramos and Peters 2016). Ctenophorus caudicinctus has been observed performing limb waves, but this motor pattern is not present during its territorial
displays.
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reconstruction of the displays. A minimum of six points is required for calibration, but including
additional points helps to reduce error. Wind conditions at the time of filming were recorded using a
handheld anemometer (Nielsen-Kellerman Model Kestrel 4000).
Lizard habitats were mapped and the plants that constituted a source of motion noise were
filmed under artificially created windy conditions of 4 m/s, to quantify their responses to wind. This
was done using a commercial leaf blower at a distance of 2 m and consistent camera settings. The
camera position was perpendicular to the direction of the wind. Potentially noisy plants were
selected largely based on their position and distance from the signaller, and included all plants
visible from the location of the resident within a radius of 10 meters.
Quantifying signal and noise
Display sequence
Displays produced by C. caudicinctus and C. fordi are known to involve head bobs almost exclusively
(Figure 5.1a, b respectively), while those belonging to G. longirostris and C. pictus usually include
additional motor patterns such as limb waves and push ups (Ramos and Peters 2016; Figure 5.1a, b
respectively). I analysed display sequences for all species using Observer XT (Noldus Inc.) by
recording the start and end point for each occurrence of each motor pattern. This information was
used to calculate transition probabilities between motor patterns involved in the displays, as well as
changes in body position and brief periods of being stationary.
Quantifying signal movements
As outlined in Peters et al. (2016; Appendix A), I followed the procedures of Hedrick (2008) to
reconstruct lizard displays in three dimensions (3D). This involved digitizing several points along the
body of the lizards in the footage from both cameras to represent the motor patterns they utilise
during their territorial displays. For C. caudicinctus and C. fordi, I digitized the eye in order to capture
the head movements that comprise most of their displays. For C. pictus I digitized the eye, base of
the tail and fore limbs. Lastly, for G. longirostris I digitized the base of the tail, fore limbs and tip of
the snout. The information from both cameras was combined, along with the calibration
coefficients, to reconstruct the motion in 3D as x-y-z coordinates using direct linear transformation
in Matlab (MathWorks Inc.). Changes in position between successive frames (25 frames/s; 40ms
intervals; PAL frame rate) were computed for each digitized point as measures of the speed of signal
movements.
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Movement speeds of plant motion
Five seconds of footage (125 frames; PAL frame rate) were analysed for each relevant plant by
quantifying the image motion generated under standardized windy conditions using a gradient
detector algorithm (Peters et al. 2002). The output from gradient detector models provides direction
and speed of plant movement in image sequences. I retained the speed information as it is
comparable to my measurement of signal speed (distance moved from one frame to the next), and
converted from units of pixels to cm using an object of known size in the frame. I refer to this speed
information as plant motion speed or noise.
Contrast analysis: signal vs noise
My approach to quantifying signal contrast, described in detail elsewhere (see Chapter 3; Ramos and
Peters 2017a), considers signal and noise unconstrained by camera position at the time of filming.
Lizard motion signals and plant motion were quantified separately, and then considered from four
viewing positions around the signaller (cardinal points). The relevance of a given plant depends on
viewing position (Ramos and Peters 2017a; Ramos and Peters 2017b), so I determined the location
of all relevant plants relative to the signaller within a 150o field of view (A. muricatus field of vision
New (2014). Contrast scores were then calculated for each of the four viewing positions by first
converting signal speeds (S) to angular speeds and setting viewing distance (D) to 1 m according to:
𝑆𝑆
𝜃𝜃 = 2 𝑡𝑡𝑡𝑡𝑡𝑡−1 � �
2𝐷𝐷

I then used the kdensity function in Matlab to compute kernel density estimates of the log of
angular speeds in the range [-15,15] (see Figure 5.2 for examples of time-speed plots and angular
speed distributions for the displays of the four species). I followed the same procedure to convert
plant motion speeds, but in this case, the value for D was determined by the location of the plant
relative to the lizard: behind the lizard (D = 1 plus signaller-plant distance), in line with the lizard (D =
1), or in front of the lizard (D = 1 minus signaller-plant distance). Plant motion data were divided into
subregions, with each subregion being roughly equivalent in physical space to the area utilized by a
lizard during a display. This step was necessary as comparing the full frame of plant motion with
lizard signals would not represent the motion segmentation task performed by receivers. I then
computed speed density plots of plant motion for each subregion over the 5 s time period.
Density plots from plant motion were subtracted from the density plot for lizard signals to
yield a difference curve, which represents the relative difference between the signal and noise at
each angular speed value in the range [-15,15]. By repeating this process for each subregion I create
a matrix of values representing the extent to which lizard movement differs from plant movement,
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Figure 5.2: Examples of speed-time plots and angular speed distributions for the displays of a) Gowidon longirostris
(black) and Ctenophorus caudicinctus (red), and b) C. pictus (black) and C. fordi (red). The different motor patterns
involved in the displays are also indicated (HB = head bob, LW = limb wave, PU = push up, BR = body raise). *The
speed-time plot for G. longirostris contains multiple push up display (PUd) bouts, each comprising HB, LW and PU.
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which I refer to as relative contrast. This matrix is summarized by obtaining the median as a measure
of central tendency (location), and the scale parameter as a measure of deviation (Rousseeuw and
Croux 1993). I repeated this process for all relevant plants at each viewing position, which resulted in
two values for each plant/viewing position combination.
The mean (±SD) location and mean (±SD) scale values for all relevant plants and viewing
positions were used as the contrast score for a signal at a given habitat. This process describes the
difference between motion signal and motion noise distributions (location), as well as the
heterogeneity of the noise environment (scale). Low scale values represent a relatively even noise
environment across the site, while high scale values represent a site with areas of both high and low
noise.
Statistical analysis
For each species pair, display motion from the 3D reconstructions was converted to angular speed
and summarized as density plots (kernel density estimate). The kernel density estimates of each
species pair were averaged within species and compared using a two sample Kolmogorov-Smirnov
test (KS), which tests whether the two samples are drawn from the same distribution.
Statistical consideration of contrast scores was restricted to comparing C. caudicinctus (N =
5) and G. longirostris (N = 8). I calculated the relative contrast of each species at their original
locations (microhabitats), and compared their contrast values using Hotelling’s T2 test for
independent samples. This tests the null hypothesis that there is no difference in contrast scores
between the two species when in their own microhabitat. I chose Hotellings T2 statistics (Batschelet
1981) as an appropriate method for analysing bivariate data (location and scale values). This
approach allowed me the unique opportunity to consider signals in a context other than where they
were filmed, so I also calculated the relative contrast of all signals at all microhabitats within the
given habitat. Each lizard was placed in the microhabitats of all lizards, both conspecific and
heterospecific, and the contrast scores were averaged to generate two values, namely, the average
scores in the microhabitats of each species. Hotelling’s T2 test for dependent samples was used to
determine whether scores differed between the two groups of microhabitats for each species
separately. This tests the null hypothesis that contrast scores are not different for a given species
when placed in the microhabitats of both species. My objective here was to determine if the specific
sites utilized by C. caudicinctus and G. longirostris to signal differed in terms of the noise
environment.
Small sample sizes prevented me from comparing statistically the contrast scores for C. fordi
(N = 2) and C. pictus (N = 2). However, I did inspect graphical representations of the data and
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considered the trends observed. In doing so, I focus on signals rather than habitats, and compare
contrast scores for signals when placed in microhabitats used by C. fordi, and subsequently at the
microhabitats used by C. pictus.
RESULTS
Ctenophorus caudicinctus and Gowidon longirostris
The displays of each species differed in complexity in terms of the motor patterns used and the
temporal sequence of motor patterns. Ctenophorus caudicinctus displays were composed of short
bouts of rapid head bobs (Figure 5.3a). In contrast, G. longirostris performed very conspicuous
displays involving head bobs, limb waves, body raises (small push ups), and pronounced push ups
with an associated tail lashing motion (Figure 5.3b).
Despite these observable differences in signalling behaviour, the displays of the two species
featured relatively equivalent angular speed information (Figure 5.4a; KS test = 0.091, P = 0.679).
The relative contrast of their displays was also equally effective in the context of the plant
environment in which they were filmed (Figure 5.5a; Hotellings T2 test F = 0.153, P = 0.859). I then
compared contrast scores for each species at both microhabitat types. Contrast scores for C.
caudicinctus were significantly different in the two microhabitat types (Figure 5.5b; Hotellings T2 test
F = 12.812, P = 0.033). Similarly, G. longirostris contrast scores were also significantly different when
placed in the different microhabitats (Figure 5.5c; Hotellings T2 test F = 18.186, P = 0.002). Although
significant, the differences in Figure 5.5 are not striking so I examined further the changes in contrast
scores. I did this by calculating the vector (direction and magnitude) connecting the score for their
own species’ microhabitats to that of the other species. As shown in Figure 5.6, the change in
contrast for C. caudicinctus and G. longirostris were in opposite directions, with C. caudicinctus signal
scores becoming more effective (lower habitat noise) but also more variable (greater noise
heterogeneity). In contrast, G. longirostris signal scores become less effective and less variable. The
magnitude of these changes was small, but their direction was consistent within each species and
would have contributed to the observed statistical significance.
Ctenophorus fordi and Ctenophorus pictus
Ctenophorus fordi displays observed in this study are consistent with previous descriptions (Cogger
1978), and comprise exclusively of short bouts of head bobs, often produced in the presence of
conspecifics (Figure 5.3c). The sympatric C. pictus produces a push up display comparable to those
described for the Ctenophorus decresii complex (Gibbons 1979). These push up displays sometimes
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Figure 5.3: Transition probabilities belonging to the territorial displays of the four study species. The plot illustrates
the sequence in which motor patterns (HB = head bob, LW = limb wave, PU = push up, TF = tail flick, BR = body raise)
and body switch (BS; change in position) are used during a display and the probability that one motor pattern will
occur after another. Only behaviours with probabilities over 0.05 are reported. All sequences start from a still
position. a) Ctenophorus caudicinctus; b) Gowidon longirostris; c) C. fordi; d) C. pictus.
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Figure 5.4: Comparisons of the motion speed distributions for all species. Kernel density functions for a) Ctenophorus caudicinctus (red) and
Gowidon longirostris (black), and b) C. fordi (red) and C. pictus (black), averaged within species.

Chapter 5 – Motion-based signalling in sympatric species

120

Figure 5.5: Relative contrast of signals and noise for Ctenophorus caudicinctus and Gowidon longirostris. a) The plot shows the averaged relative
contrast scores (±SD) for each individual of both species at its original microhabitat (C. caudicinctus = red, G. longirostris = black). b) Relative contrast
scores (±SD) for C. caudicinctus signals at all microhabitats (C. caudicinctus microhabitats = red, G. longirostris microhabitats = black). c) Relative
contrast scores (±SD) for G. longirostris at all microhabitats (C. caudicinctus microhabitats = red, G. longirostris microhabitats = black). Scores shown
in b) and c) were averaged within individual lizard before performing statistical analyses.
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Figure 5.6: Change in relative contrast score for each individual lizard from its original microhabitat to the
microhabitats of the other species. The centre of the figure represents the original score with the arrows denoting
the direction and relative magnitude of the change (Ctenophorus caudicinctus = red, Gowidon longirostris = black).
Shifts on the horizontal plane represent changes in average contrast scores and therefore noise levels in the habitat.
Shifts on the vertical plane represent changes in the variability of the contrast scores, and therefore how
heterogeneous or homogeneous the noise environment is.
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involve an initial tail flick, followed by rapid limb waves and one or several rear limb push ups (Figure
5.3d).
Ctenophorus fordi and C. pictus generate signals with quite distinct angular speed profiles
(Figure 5.4b; KS test = 0.198, P = 0.015). Displays by C. pictus were characterized by a greater relative
proportion of faster speeds than C. fordi. The relative contrast of both species when their displays
were considered in the context of the plant environment in which they were filmed also appears
very different (Figure 5.7a). Although statistical analyses could not be undertaken, the differences in
relative contrast are much more obvious than those observed in C. caudicinctus and G. longirostris. I
also compared contrast scores of both species at each microhabitat type in order to examine
differences between species. The displays produced by C. pictus appear more effective at all sites
within the habitat utilized by both species (Figure 5.7b, c).
DISCUSSION
Local adaptations in motion signals by sympatric species
The territorial displays of C. caudicinctus and G. longirostris appear quite different yet contain similar
movement speed profiles, and differ from plant movement speeds in their respective microhabitats
to a similar extent. Assuming that signal contrast is important for signal efficacy, my results indicate
that both species produce signals with speed properties that allow them to be equally effective at
their respective microhabitats. Nicholson et al. (2007) found no evidence for ecomorph convergence
in the dewlap structure of several Anolis species, but acknowledge that their assessment did not
consider variation in the signalling environments. As trait similarities are predicted when the
circumstances in which animals exist are comparable, consideration of the light environment would
have been essential because it provides the context in which signals are detected (Fleishman et al.
1997; Macedonia 2001; Leal and Fleishman 2002). Detectability, and therefore the noise
environment, also affects motion signal structure in agamid lizards (Peters et al. 2002; Peters et al.
2007). The similarities I describe herein are consistent with local adaptations to similar
environmental constraints. Evidence for local adaptation in Australian agamids has been previously
observed in the context of colour and camouflage (Stuart-Fox et al. 2004; McLean et al. 2014), and
the present study extends this to motion signalling.
It is interesting that C. caudicinctus and G. longirostris produce strikingly similar motion
speeds while using completely different territorial displays. This provides further evidence that their
signalling behaviour has been shaped, at least to some extent, by environmental pressures. The two
species differ in several aspects of their signalling behaviour, most notably in the use of distinct
motor patterns. Previous studies have provided evidence for signalling as a means of achieving
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Figure 5.7: Relative contrast of signals and noise for Ctenophorus fordi and C. pictus. a) The plot shows the averaged relative contrast scores (±SD) for each
individual of both species at its original microhabitat. b) Relative contrast (±SD) for both species in C. fordi microhabitats. c) Relative contrast (±SD) for both
species in C. pictus microhabitats (C. fordi signals = red, C. pictus signals = black). Scores shown in b) and c) were averaged within individual lizard before
performing statistical analyses. In each plot C. fordi signals are shown in red and C. pictus are shown in black.

Chapter 5 – Motion-based signalling in sympatric species

124

Chapter 5 – Motion-based signalling in sympatric species
species recognition in different modalities such as acoustic (Hennig and Weber 1997; Seddon 2005),
seismic (Barth and Schmitt 1991) and colour-based visual communication (Alatalo et al. 1994;
Couldridge and Alexander 2002). Some lizards even use motion-based displays to facilitate the
recognition of conspecifics in the genus Anolis (Garcea and Gorman 1968; Jenssen and Gladson
1984; Losos 1985), and other Iguanid genera (Martins 1993; Martins et al. 2004). However, the
intraspecific differences reported in such studies refer mostly to the overall use of a single motor
pattern. This is not the case in the present study. Instead, species recognition between C.
caudicinctus and G. longirostris is probably achieved via the use of different motor patterns and
subsequent recognition of morphological differences. In contrast to the head bob displays produced
by the Iguanid genera Liolaemus, Sceloporus (Martins 1993; Martins et al. 2004), and C. caudicinctus
(present study), G. longirostris utilizes several motor patterns in a complex sequence (Figure 5.3).
Additionally, G. longirostris has an elongated body and overall bigger size than C. caudicinctus.
Mistaken identity is therefore unlikely to be an issue during interspecific encounters. I speculate that
lizards of both species might orient toward the displays of either species, but heterospecific lizards
would very quickly recognize the different species.
My data also provide evidence for possible partitioning of microhabitats by C. caudicinctus
and G. longirostris, at least in the context of motion signalling. Placing lizard signals in the
microhabitats of the alternate species resulted in a change in relative contrast. The signals of both
species had significantly different contrast scores at each microhabitat type, and both species seem
to perform better in G. longirostris microhabitats. Therefore, the noise environment is potentially
constraining signal performance to a greater extent at the sites that C. caudicinctus uses to display.
However, the change in signal contrast scores from original microhabitats to alternate microhabitats
were consistent but small in magnitude. Consequently, the variation in signalling environments is
probably subtle, and I have not explored whether these significant differences translate into changes
in signal perception by the receivers.
Signal function mediates the pressure to deal with local conditions
At first glance, the relationship between C. fordi and C. pictus appears similar to C. caudicinctus and
G. longirostris. Both C. caudicinctus and C. fordi utilize simple displays consisting mostly of head
bobs, while their sympatric counterparts employ much more elaborate and conspicuous displays.
However, the signals recorded for C. fordi and C. pictus produced significantly different motion
speed profiles, as well as different relative contrast scores. Ctenophorus pictus performs displays
containing a greater proportion of fast speed movements, which translate into an overall higher
relative contrast. Ctenophorus fordi uses head bobs almost exclusively during its displays, but unlike
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the other three species in this study, the purpose of these displays is not territorial defence (Cogger
1978). Mallee dragons are not known to protect territories or perform aggressive displays against
conspecifics, so the motivation to produce a conspicuous signal is likely lesser than in a territorial
species. This difference in social behaviour could be key to explaining why the signals of the
sympatric C. caudicinctus and G. longirostris seem equally well adapted to their local environmental
noise, but the signals produced by C. fordi and C. pictus do not. Thus, the selective pressure to
generate signals with high efficacy appears to be mediated by signal function.
Conclusions
Sympatric species are usually exposed to similar environmental constraints, including noise. This
means that they would be expected to show similar adaptations to overcome these constraints and
maintain signal efficacy. Additionally, sympatric species also need to ensure they can distinguish
conspecifics from heterospecifics in order to avoid cases of mistaken identity and performing
unnecessary territorial displays, which tend to be energetically expensive. In this study I have shown
that the sympatric lizards C. caudicinctus and G. longirostris perform displays with almost identical
motion speed distributions. This is likely to be an adaptation to their shared habitat characteristics
and environmental motion noise. Interestingly, they accomplish signal efficacy through very
different territorial displays and motor patterns, which is expected to aid in species recognition. I
included the second species pair, C. fordi and C. pictus, in the present study to emphasize that local
adaption mechanisms are likely to be important in some contexts but not others. Ideally, I would
have liked to compare the efficacy of visual signals at each habitat by incorporating the perceptual
capabilities of receivers to my models. Unfortunately, this will only be possible once information on
the sensory system of the target species is available. It is also important to acknowledge that motion
speed is only one of many parameters potentially important for motion-based signalling. Motion
amplitude (Steinberg and Leal 2016) and motion direction (Peters et al. 2008), for example, may also
play an important role in conveying information to receivers, and will need attention in future
studies. Clearly, detailed analyses on both the structure and dynamics of signals and noise, with a
view to the context in which displays are used, are required to understand the function and
evolution of motion signals, and sympatric species are no exception.
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ABSTRACT
Closely related species make for interesting model systems to study the evolution of signalling
behaviour because they share evolutionary history but have also diverged to the point of
reproductive isolation. This means that while they may have some behavioural traits in common
courtesy of a common ancestor, they are also likely to show local adaptations. The Ctenophorus
decresii complex is such a system, and comprises five closely related agamid lizard species from
Australia: C. decresii, C. fionni, C. mirrityana, C. tjanjalka and C. vadnappa. In this study I analyse the
motion displays of the C. decresii complex sans C. tjantjalka, in the context of their respective
habitats by comparing signal structure, habitat characteristics and signal contrast between all
species. Furthermore, C. decresii and C. vadnappa are sympatric through part of their distribution, so
they are probably subjected to the additional selective pressure of having to achieve species
recognition, in order to avoid energetically costly misidentification. Motor pattern use and the
temporal sequence of motor patterns did not differ greatly, but the motion speed distributions
generated during the displays were different for all species. There was also variation in the extent to
which signals contrasted with plant motion, with C. vadnappa performing better than the other
species at all habitats. Additionally, when I focused on the sympatric C. decresii and C. vadnappa I
was able to identify some significant differences in speed profiles and signal contrast, but no
evidence for likely signal-based cues to aid in species recognition. Overall, this study provides
evidence that members of the C. decresii complex exhibit adaptations in signalling behaviour to their
respective habitat. Some of these adaptations might also assist in species recognition, but additional
work is needed to determine this conclusively.
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INTRODUCTION
Lizards use visual signals in a variety of contexts including male-female interactions (Hebets and Uetz
1999), predator avoidance (Hasson 1991), and territorial defence (Carpenter 1978). Displays
produced to defend a territory are particularly useful to lizards as they allow rivals (usually males) to
assess each other from a distance and avoid physical confrontations (Peters and Ord 2003). Colour
(Stuart-Fox and Ord 2004) and motion (Ord and Martins 2006) based cues are both common among
lizard families (e.g. Agamidae and Iguanidae). Colour-based signals often involve actively exposing
brightly coloured parts of the body, such as throat, dewlap, chest or abdomen (Fleishman et al.
2009; LeBas and Marshall 2000; Mitchell 1973; Stuart-Fox and Moussalli 2008; Teasdale et al. 2013).
The motor patterns involved in motion-based displays vary between species, but they often include
dewlap extensions, head bobs, limb waves, tail flicks, or push ups (Carpenter 1962; Carpenter et al.
1970; Ord and Martins 2006; Purdue and Carpenter 1972; Ramos and Peters 2016).
Work on the family Iguanidae has shown that differences in territorial displays can be
taxonomically useful at the species level (Carpenter 1962; Carpenter 1963; Echelle et al. 1971;
Garcea and Gorman 1968; Jenssen and Gladson 1984). Closely related allopatric and sympatric
species represent useful systems to study signal evolution, as any differences in ecological or
behavioural features are likely related to the process of speciation (Jenssen and Gladson 1984). Rand
and Williams (1970) concluded that sympatric species of anoles often have distinct dewlaps as a tool
for species recognition. Additionally, Echelle et al. (1971) provided evidence that displays of Costa
Rican Anolis tend to be simple in species found in low diversity areas, and complex in high diversity
areas, probably as a result of the need for species recognition. Closely related species are likely to
show more similarities in display structure than distant relatives (Gorman 1968; Ruibal 1967), which
enhances the need for species recognition when their distributions overlap.
Species recognition and species diversity are not the only mechanisms driving signal
structure in lizards. Habitat characteristics are known to influence signalling behaviour in several
species (Fleishman and Persons 2001; Leal and Fleishman 2002; Leal and Fleishman 2004; Peters
2008; Peters and Evans 2003a). For a receiver to detect a signal, it needs to be able to filter out
irrelevant information from the environment. For motion-based signalling lizards the main source of
irrelevant information, also known as noise, is wind-blown plants (Fleishman 1986; Peters and Evans
2003a). Thus, motion-based signals are most effective when they stimulate the visual system of the
receiver in a way the noise environment does not (Fleishman 1992). This means that the motion
produced by the signal needs to contrast with the motion generated by the plants surrounding it
(Endler 1991; Fleishman 1992; Peters et al. 2007). Additionally, the noise environment is site specific
as it depends on the individual plants present and the topography of the area (Peters 2013; Peters et
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al. 2008). As a consequence, local adaptations to overcome noise and enhance signal efficacy should
be expected in species occupying structurally distinct habitats.
There are 14 genera of agamid lizards in Australia (Wilson & Swan 2013), from which
Ctenophorus is the most diverse (N = 28; McLean et al. 2013; Wilson and Swan 2013) and has the
highest number of known signalling species (N= 17; Ramos and Peters 2016). Some of the most
interesting species within the genus in terms of their social behaviour belong to the Ctenophorus
decresii complex, which consists of five closely related species (Figure 6.1): the Tawny dragon (C.
decresii), the Peninsula dragon (C. fionni), the Ochre dragon (C. tjantjalka), the Red-barred dragon (C.
vadnappa), and the recently described Barrier Range dragon (C. mirrityana). These five species are
sexually dimorphic, and the males usually display bright and conspicuous colouration during the
breading season (Gibbons 1979; McLean et al. 2013). All members of the complex are dorsoventrally
flattened and long-limbed; both of which are adaptations to their rocky habitats (for detailed
descriptions of all species in the complex see (Gibbons 1977; Gibbons 1979; Johnston 1992; McLean
et al. 2013). The five species in the Ctenophorus decresii complex are territorial, and perform
aggressive stereotyped motion displays against intruders (Gibbons 1979; McLean et al. 2013;
Osborne 2005; Ramos, pers. obs.). These displays can be divided in three sequential phases (Gibbons
1979): lowering of dewlap and limb waves, hind leg push ups with tail coiling and head bobbing.
While superficially similar, the displays performed by three members of the complex have been
reported to differ both inter- and intra- specifically in speed, amplitude and number of repetitions of
individual motor patterns (Gibbons 1979). Additionally, it has been suggested that these differences
could aid in taxonomic differentiation at the species level (Gibbons 1979).
In this study I expand on the work by Gibbons (1979) by comparing the temporal and
structural characteristics of the signalling displays of four members of the C. decresii complex (C.
decresii, C. fionni, C. mirrityana and C. vadnappa; Table 6.1) in the context of their habitat and
associated environmental noise. My aim was to explore the signalling behaviour of a group of closely
related species that share evolutionary history and are known to utilise similar motor patterns.
Additionally, C. decresii and C. vadnappa are sympatric in part of their distribution range so an
additional aim was to investigate how each species copes with similar environmental constraints and
the additional selective pressure of ensuring species recognition. Here I utilise the approach outlined
in Chapter 3, which involves reconstructing the lizard displays in 3D and comparing it to the noise
environment to calculate signal contrast. By recording the signals and the relevant features of the
noise environment independently, I am able to assess the performance of each species at the
habitats of the other members of the C. decresii complex.
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Figure 6.1: Australian agamid phylogeny, highlighting the Ctenophorus decresii complex. Core motor patterns are
also included for the four study species: Hb = head bobs, Lw = limb waves, Pu = push ups, Tc = tail coil, Tf = tail flick.
Phylogenetic information is not currently available for the recently described C. mirrityana. Phylogenetic data was
adapted from Chen et al. (2013).
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METHODS
Data collection
I recorded territorial displays from C. decresii, C. fionni, C. mirrityana, and C. vadnappa (see Table 6.1
for details) at different locations in South Australia and New South Wales. In order to elicit these
displays from free living male lizards, a tethered conspecific intruder was introduced to their
territory. The displays were recorded using a dual camera approach following Hedrick (2008), Peters
et al. (2016; Appendix A), and the methodology described in Chapter 3, which allowed me to
reconstruct lizard motion in three dimensions (3D). The habitat of the signalling lizard was mapped
and characterised in detail by identifying and filming the plants that constituted a source of motion
noise under artificially created standardised windy conditions of 4 m/s (see Chapter 3). As part of
this, signaller-plant distances were recorded for all relevant plants.
Display analysis
Display sequences were analysed using Observer XT (Noldus Inc.) by recording the start and end
point of each individual motor pattern during the displays of all species. I then used these data to
describe motor pattern use in terms of duration and total number of motor pattern events.
Coefficients of variation within (CVW) and between (CVB) species were computed to determine if any
of these variables differed between the members of the complex. The ratio of CVB/CVW provides a
measure of the relative coefficient of variation between and within species, where CVW is the
average of CVW for all species. When the ratio CVB/CVW is greater than 1, there is more variation
between species than within species. Additionally, display sequence information was used to
calculate transition probabilities for the motor patterns employed, as well as changes in body
position and periods of being stationary during the displays.
Lizard and plant motion
My approach to quantifying signal structure and environmental noise is explained in detail in
Chapter 3. Briefly, in order to reconstruct the displays in 3D as x-y-z coordinates, several points along
the body of the lizards were digitised in the footage from both cameras. These points corresponded
to body parts commonly used during territorial displays, and included the eye (head bobs), both fore
limbs (limb waves), and the base of the tail (four-legged push ups). The information from both
cameras was then combined using direct linear transformation in Matlab (MathWorks Inc.). Once
signal motion was reconstructed in 3D, angular speeds at a viewing distance of 1 m were computed
as described in Chapter 3, and summarised using kernel density estimates for all motor patterns in
the display individually, and for the display as a whole (all motor patterns combined).
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Table 6.1: General information for all species belonging to the Ctenophorus decresii complex.
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The motion generated by wind-blown plants in 5 s of footage (125 frames; PAL frame rate)
was quantified using a gradient detector model (Peters et al. 2002). The output from the models
comprises direction and magnitude of movements in the image sequences. I retained the magnitude
component as a measure of speed and converted from units of pixels to cm using an object of
known size in the frame from the plant footage. Kernel density estimates were then generated to
summarise the plant motion information.
Signal – Noise analysis
I have described fully my approach to quantifying signal contrast elsewhere in this thesis (Chapter 3).
Briefly, in order to analyse the effect of noise on signal contrast, lizard signal motion and plant
motion were quantified separately and then compared from four viewing positions around the
signaller. After converting signal and plant motion speeds to angular speeds and kernel density
estimates for both signal and plant motion (see section above) have been generated, plant motion
was subtracted from signal motion. This produced a difference curve that represents the relative
contrast of the signal compared to plant noise. The values obtained from this process were
summarised by obtaining the median as a measure of central tendency (location), and the scale
parameter as a measure of deviation, for each relevant plant. The relative contrast score for a signal
at a given site was calculated as the mean location and mean scale values for all relevant plants at all
viewing positions (see Chapter 3). The relative contrast score describes the difference or contrast
between motion signal and motion noise distributions (location), as well as the heterogeneity of the
noise environment (scale) at a given site.
I obtained relative contrast scores for each species at their own habitat in order to
determine their performance under the environmental conditions they are usually exposed to. I also
calculated signal contrast for all species, at all habitats. My goal with this analysis was to determine
how well each species performs compared with other species in the complex, and also identify the
habitats that are more likely to negatively affect motion signals due to their motion noise properties.
Statistical analyses
Owing to the absence of one member of the species complex, C. tjantjalka, statistical analysis
focussed on comparisons between the sympatric species C. decresii and C. vadnappa. Here I seek to
examine the putative mechanisms they employ to maintain signal efficacy while also achieving
species recognition. Additional statistical analyses will be performed on the C. decresii complex as a
group once data on C. tjantjalka becomes available. I compared motor pattern use and relevant
plant characteristics between C. decresii and C. vadnappa by implementing the Wilcoxon signed-
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ranked test for independent data (equivalent to the Mann-Whitney U test) in the R statistical
environment (R Core Team 2016), and compared the kernel density estimates between species using
a two sample Kolmogorov-Smirnov test (KS). Finally, I compared signal contrast scores for C. decresii
and C. vadnappa using Hotelling’s T2 tests for both species at their own microhabitat, as well as for
both species at C. decresii habitat, and both species at C. vadnappa habitat.
RESULTS
Display analysis
To the naked eye, the male territorial displays of the four study species are remarkably similar. They
all include the same motor patterns, as described by Gibbons (1979) for C. decresii, C. fionni and C.
vadnappa: limb waves, rear limb push ups and head bobs (Figure 6.1). Personal observations and
information provided by Gregory Johnston confirmed that C. tjantjalka also displays in an analogous
manner (Ramos and Peters 2016; Johnston, pers. comm. 2014). Additionally, members of the
complex seem to occasionally include tail flicks at the beginning of the displays in a way reminiscent
of the introductory tail flick utilised by Amphibolurus muricatus (Osborne 2005; Peters and Evans
2003b; Peters et al. 2007).
Coefficients of variation revealed that motor pattern use is relatively stable in the four
species (Table 6.2). The exception might be the use of head bobs, which is almost twice as variable
between species as it is within species for the total number of head bobs used during the display (CV
ratio = 1.79). When comparing C. decresii and C. vadnappa, I found no significant differences in head
bob duration (Z = -1.496, P = 0.135, ES = 0.34), total number of head bobs (Z = -1.496, P = 0.126, ES =
0.34), push up duration (Z = -0.948, P = 0.343, ES = 0.22), total number of push ups (Z = -1.330, P =
0.184, ES = 0.31), limb wave duration (Z = -1.245, P = 0.213, ES = 0.29), or total number of limb
waves (Z = -0.418, P = 0.676, ES = 0.10).
Results obtained from the transition probabilities also show very little differences between
species in the sequence in which the motor patterns are employed during the displays (Figure 6.2).
In general, displays of all species begin with tail flicking, followed by a series of limb waves, then a
period of push ups, often separated by additional limb waves, and finishes with a series of head
bobs. Lizard might then change position and repeat the process. This sequence matches the phases
described by Gibbons (1979). Of course, this does not apply to every single display, and it is not
uncommon for individual motor patterns to be absent from a given display, for example tail flicking
is only rarely used by each species. Pauses in motion and shifts in position are also often observed in
between motor patterns (Figure 6.2), which adds to the behavioural complexity previously described
for these species.
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Table 6.2: Coefficients of variation calculated within and between species for mean duration and total number of motor pattern events (HB = head
bobs, PU = push ups, LW = limb waves). Overall and individual species means are included with standard deviation.
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Figure 6.2: Transition probabilities belonging to the territorial displays of the four study species. The plot illustrates
the sequence in which motor patterns (HB = head bob, LW = limb wave, PU = push up, TF = tail flick) and body switch
(BS; change in position) are used during a display and the probability that one motor pattern will occur after another.
All sequences start from a still position. a) Ctenophorus decresii; b) C. fionni; c) C. mirrityana; d) C. vadnappa. Tail
flicking is known to occur in C. mirrityana, but was not observed during the analyses.
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The four species show variability in the relative proportion of motion speeds generated
during their displays. Ctenophorus vadnappa displays generated the greatest proportion of high
motion speeds when the displays were considered as a whole (All motor patterns; Figure 6.3a). In
contrast, C. fionni generated displays with the greatest proportion of low motion speeds, while C.
decresii and C. mirrityana seem to be somewhere in between (Figure 6.3a). When I focused on C.
decresii and C. vadnappa I found a significant difference in motion speed distributions between
species (KS test = 0.119, P <0.001). A similar trend was observed when motor patterns were
considered individually, with head and limb movements varying across species, although push up
movements were relatively similar (Figures 6.3b, c, d). Ctenophorus fionni and C. mirrityana
produced the greatest proportion of low motion speeds for all categories, with the exception of limb
waves, where the motion speed distribution of C. mirrityana was similar to C. vadnappa (Figure
6.3c).
Signalling habitats
After mapping in detail the locations were the lizards performed their displays, it was clear that
species occur in somewhat different plant environments. The signalling locations for C. decresii and
C. vadnappa contained on average a greater number of noise producing plants than the location for
C. fionni and C. mirrityana (Figure 6.4). Furthermore, the signaller-plant distances were much larger
for C. decresii and C. vadnappa than for the other two species, and C. fionni appears to signal very
close to plants when they are present in their territory (Figure 6.4). When I specifically focused on C.
decresii and C. vadnappa I found no significant differences between these two species in terms of
the number of relevant plants at signalling locations (Z = -0.051, P = 0.959, ES = 0.01), or signallerplant distances (Z = -0.150, P = 0.881, ES = 0.03).
Signal – Noise analysis
Relative signal contrast values were calculated for all species at all habitats. This included the
locations were the signals of each species were originally recorded, as well as the habitats of all
other members of the complex. I then considered the performance of each species at its own habitat
(Figure 6.5). All four species appear to perform well at their habitats, but some variability in signal
contrast can be observed, particularly for C. fionni. In the case of C. decresii and C. vadnappa, I found
that the latter performs significantly better at its own habitat (Hotellings T2 test, F = 7.983, P =
0.004). I also considered the relative signal contrast of all species simultaneously at the habitat of
each species (Figure 6.6). Consistent with the results obtained for signal motion speeds, C. vadnappa
performed better at all habitats, followed by C. decresii, C. mirrityana, and lastly, C. fionni. The range
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Figure 6.3: Comparisons of the motion speed distributions for all species when all motor patterns are taken as a (a)
whole, or analysed individually: (b) eye (representing head bob motion), (c) limbs (representing limb wave motion),
(d) tail base (representing push up motion). Kernel density functions are represented for Ctenophorus decresii (red),
C. fionni (blue), C. mirrityana (green) and C. vadnappa (black).
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Figure 6.4: Average signaller-plant distance (left side) and average number of relevant plants (right side) at the signalling habitats for the four study
species. Error bars are standard deviations.
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Figure 6.5: Relative contrast of signals and noise for all species at their own habitats. The plot shows the averaged
relative contrast scores (±SD) for each individual lizard (Ctenophorus decresii = red, C. fionni = blue, C. mirrityana =
green, C. vadnappa = black).
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in contrast scores was very similar between habitats (Figures 6.6a, b, d), with the exception of C.
mirrityana habitat. The scores for all species were higher when they were considered at the habitat
of C. mirrityana (Figure 6.6c). When I focused on C. decresii and C. vadnappa, the latter once again
performed significantly better at C. decresii habitat and C. vadnappa habitat (Hotellings T2 test, F =
240.89, P <0.001; and F = 165.57, P <0.001 respectively).
DISCUSSION
Results of the present study confirm that the motor patterns employed during the territorial displays
of all species in the Ctenophorus decresii complex are essentially the same, as previously stated by
Gibbons (1979) for C. decresii, C. fionni and C. vadnappa. The coefficients of variation also show little
variation in motor pattern use between the four species. This is also the case for the temporal
sequence of motor patterns, which are stereotyped to some extent within species and consistent
across species. Nevertheless, the motion speed distributions generated during the displays do differ
between species, with C. vadnappa producing the greatest proportion of high motion speeds.
Consequently, the Ctenophorus decresii complex might be an example of closely related species,
retaining ancestral behavioural traits that have been modified to suit their specific habitats.
Regardless of these differences, relative signal contrast did not differ greatly between
species when the signals were considered within their original habitats, which provides further
evidence for local adaptations to specific habitat characteristics and environmental noise. These
results coincide with those obtained for A. muricatus in Chapter 4, and the sympatric C. caudicinctus
and Gowidon longirostris in Chapter 5. Furthermore, when the signals from all species were analysed
within each of the habitats, clear differences were observed in relative signal contrast. Results from
these analyses revealed that C. fionni generates the lowest signal contrast scores at all habitats,
while C. vadnappa generates the highest. This is not surprising given that the same trend was
observed in their respective motion speed distributions. Gibbons (1979) determined that the push
ups produced by C. vadnappa had greater amplitude than the equivalent motor patterns from C.
decresii and C. fionni. Greater amplitudes can translate into faster speeds if the time intervals are
kept equal, which could indicate similarities between both studies.
As described in Chapters 4 and 5, signal contrast can be used to assess the performance of
motion signals, and also to infer differences across habitats in the production of noise. All species
seem to perform much better when their signals are considered at the habitat of C. mirrityana,
which suggests the noise environment at this site is less likely to mask the signals produced by the
lizards (Figure 6.6c). This can be partially explained by looking at the distribution of vegetation at the
site. Ctenophorus mirrityana habitat not only contains a low density of relevant plants, but the
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Figure 6.6: Relative contrast of signals and noise for all species at all habitats. The plot shows the averaged relative
contrast scores (±SD) for each species (Ctenophorus decresii = red, C. fionni = blue, C. mirrityana = green, C.
vadnappa = black) when they are calculated for each habitat: a) C. decresii habitat; b) C. fionni habitat; c) C.
mirrityana habitat; d) C. vadnappa habitat.

.
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signaller-plant distance average was almost as high as in C. decresii and C. vadnappa habitat (Figure
6.4). These two traits combined seemed to promote effective signalling at this habitat for all species.
The sites utilised by C. fionni for signalling contain an even lower plant density, but this species also
displays the shortest signaller-plant distance average of all lizards in the study. This means that C.
fionni lizards do not often encounter plants during their territorial displays, but when they do, they
signal in very close proximity, and this has consequences for motion segmentation by receivers. As
such, despite superficially looking like the ideal signalling location (i.e. mostly large, flat rocks, and
scarce vegetation), C. fionni habitat characteristics ultimately serve to reduce contrast scores.
Results of this study suggest that most of the signalling differences observed between
species in this complex are a result of adaptations to the local environment, and typically involve
variation in the distribution of motion speeds during their display. However, variation in the use of
head bobs does appear relevant in a different context. Gibbons (1979) suggested that several
aspects of the head bob motor pattern could have a species recognition function, and could also be
employed to taxonomically differentiate the species in the complex. While my study focused on
different characteristics and used a different approach to analyse motion signals, I also identified
variation in head bob use, particularly in the average duration and number of bobs performed per
display in C. mirrityana. While this species has only recently been described and was not included in
Gibbon’s study, variability in head bob use seems to be consistent. Nonetheless, species recognition
might only be relevant for some populations of C. decresii and C. vadnappa that actually occur in
sympatry. Gibbons (1979) identified the angle of the tail coil during the push up display as the most
likely element for species recognition, and described it as vertical for C. vadnappa and horizontal for
C. decresii and C. fionni. I did not observe the same pattern in the present study (data not
presented). Instead, I compared other aspects of their signalling behaviour and signalling habitat
such as duration and total number of individual motor patterns, as well as the number of relevant
plants and their distance to the signaller at their respective habitats, but found no significant
differences in any of these variables. In contrast, angular speed profiles did appear significantly
different between the two species, indicating that C. vadnappa generates faster speeds during its
displays. This variation also translated into significant differences in signal contrast scores when the
two species were considered at their own habitat, and also at the habitat of the alternate species.
Taken together, these results are mostly consistent with local adaptations, and do not provide
evidence that signalling behaviour has a species recognition function. However, it is important to
mention that I did not perform any sampling in areas of high distribution overlap. Populations
occurring in Arkaroola, South Australia for example, where C. decresii and C. vadnappa are often
found in sympatry, are more likely to be influenced by the selective pressure of ensuring species
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recognition, and to show more obvious divergence in behaviour. Further consideration of potential
species recognition cues during signalling in this pair of species should be undertaken at this
location.
Tail flicking behaviour is yet another aspect worth exploring further. This motor pattern has
been observed in all four species, however, according to my observations it is rarely included in the
displays. In A. muricatus, most territorial displays are preceded by tail flicking, which tends to have a
duration of several seconds (Peters and Evans 2003b). In contrast, members of the C. decresii
complex perform tail flicks infrequently and briefly. This might be related to the specific structure of
the tail flicks, and if they are actually required to attract the attention of receivers and enhance
signal efficacy, or it could be a remnant from an ancestral behaviour. Regardless, it might be
interesting to specifically analyse the function and structure of this motor pattern in the context of
the noise environment.
In previous chapters I have shown some of the advantages of recreating display motion in
3D and comparing it to motion noise (Chapters 4 and 5). These include the accurate representation
of the signal independently of filming position, and the possibility of comparing the signal against
habitats other than the one where it was filmed. However, the utility of the methodology outlined in
Chapter 2 can be extended further by analysing the spatial and temporal characteristics of the signal
not only as a unit, but as individual components. Not all the motor patterns that constitute a display
are performed at the same speed or with the same amplitude, which means they could be
contributing to signal efficacy in different ways and also have a different purpose. An example of this
is tail flicking in Amphibolurus muricatus. This species begins its territorial displays with the tail flick
motor pattern, before introducing additional components (Peters and Evans 2003b). The tail flick
produces motion that helps them to attract the attention of the receiver before broadcasting the
intended signal (Peters and Evans 2003b). In the case of the C. decresii complex, analysing the motor
patterns separately could aid in identifying the factors that make their displays distinct and the
causes of these differences. Indeed, Gibbons (1979) found several differences in speed, amplitude
and duration of motor patterns between populations and species, and further suggested that many
of them could be useful as taxonomic criteria.
As stated by Gibbons (1979), the displays from the Ctenophorus decresii complex are distinct
from most other signalling lizards in two attributes. First, the push ups performed during territorial
encounters are performed using primarily the hind legs, and as a result, the head and upper body
remains almost stationary. The second feature unique to the complex, is the tail coiling associated
with the push up display. While other lizard genera such as Holbrookia (Clarke 1965), Leiocephalus
(Evans 1953) and Phrynocephalus (Peters et al. 2016) also curl their tail, they do it in a vertical
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forward/direction, while members of the C. decresii complex do it laterally or in an angle and in a
backward direction. These two features are not only present in the three species studied by Gibbons
(Gibbons 1977; Gibbons 1979), but also in the other members of the complex (Ramos and Peters
2016; Johnston pers. comm. 2014). It is also worth mentioning that I have observed C. pictus
performing similar displays involving hind leg push ups, but without the associated tail coil (see
Chapter 5), which might be an indication of the presence of this motor pattern in yet other
Australian agamids.
I have provided evidence that members of the Ctenophorus decresii complex exhibit
adaptations in their signalling behaviour to the local characteristics of their habitat. Some of these
adaptations my also aid in species recognition, but my results are not conclusive in this matter.
Many avenues of research remain untested in this group, such as the inclusion of the additional
member C. tjantjalka, detailed study of sympatric populations, and sampling of multiple populations
in the case of the wide ranging C. decresii and C. fionni. Systems such as the Ctenophorus decresii
complex could prove invaluable in furthering our knowledge on the evolution of visual signals, while
the study of signalling behaviour in general is an informative area of investigation for characterising
the visual ecology of animals.
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THESIS OVERVIEW
The study of visual ecology and communication has been gathering momentum over the last five
decades, and is quickly reaching the stage at which knowledge on acoustic signalling currently
stands. This is particularly true for colour based signals, but motion based visual communication has
also gathered a great deal of attention in recent years. The complex motion-based territorial displays
performed by many members of the Agamidae (Gibbons 1979; Peters et al. 2002) and Iguanidae
(Ord and Martins 2006) lizard families are partially responsible for this increasing interest, as in many
cases they are nothing short of remarkable. Research originally focused on characterising and
quantifying the signals themselves (Carpenter 1962; Carpenter and Ferguson 1977; Gibbons 1979),
but as our understanding of the factors that can influence communication developed, more and
more studies have shifted their focus toward the relationship between signals and their
environment (Fleishman 1986; Fleishman 1992; Ord et al. 2016; Ord et al. 2007; Pallus et al. 2010;
Peters and Evans 2003a).
The physical properties of the environment clearly affect the efficacy and evolution of
signalling behaviour, so studies that encompass both signals and their surroundings are a necessity if
knowledge is to continue developing. Therefore animal systems that contain multiple signalling
species and multiple habitats are invaluable. Australian agamid lizards are such a system, and I
summarise much of what is known about their signalling behaviour in Chapter 1. With a few
exceptions, which include the Jacky dragon (Barquero et al. 2015; Peters and Allen 2009; Peters and
Evans 2003b; Woo and Rieucau 2011) and some members of the Ctenophorus decresii complex
(Gibbons 1977; Gibbons 1979), Australian dragons have been mostly overlooked in terms of their
signalling behaviour. Nevertheless, it is widely known among Australian herpetologist that these
lizards often display utilising a variety of motor patterns. Consequently, after collating information
on signalling behaviour from the available literature, accounts from colleagues, and personal
observations, I was able to determine that almost half of all Australian agamids employ motion
based signalling to some degree (Ramos and Peters 2016). Additionally, this number is likely an
underestimate as the knowledge gaps in this group are prominent.
In Chapter 2 I attempted to relate the known signalling behaviour of Australian agamids,
including the specific motor patterns they use during their displays, with several aspects of their life
history and ecology. These included habitat openness, arboreality, and most frequently used
microhabitat types. After controlling for phylogeny, my results suggest that arboreal species are
more likely to use motion based signals. Furthermore, some motor patterns appear to be more
common in particular microhabitats. Push ups are more often observed in open habitats and
performed by terrestrial species, limb waves are more often observed in timber microhabitats (i.e.
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trees and fallen timber), and rocky habitats are the only substrate where tail coiling occurs.
However, none of these results were statistically significant. I concluded that broad habitat
classifications do not strongly influence the likelihood of motion signalling, and specific motor
patterns are not more likely to occur in particular microhabitats. These results are not necessarily
surprising given the proportion of agamids for which their signalling status is unknown. The potential
exists for many of the trends observed in the data to become significant if a complete database of
species and behaviours was available. I concluded Chapter 2 by suggesting that in order to fully
understand the motion signalling behaviour of Australian agamids, we need to make an effort to
document their displays comprehensively, and also look at both their signals and their habitats in
more detail. Unavoidably, this would include quantifying the masking effect of the habitat and the
plant environment.
In order to consider motion based signals in the context of habitat structure in unparalleled
detail in the field, I developed a novel methodology to quantify signal motion and environmental
noise. This methodology, described in depth in Chapter 3, involves filming lizard displays using two
cameras simultaneously to later reconstruct display motion in three dimensions. A tethered intruder
was presented to the resident focal male in order to elicit these displays. Intruder sizes and
presentation distances were dependent on availability and the specific circumstances of each
interaction, but lizard maturity and sex (male), were keep standardised within species. Due to the
necessity of multiple cameras and a calibration object, recording lizard behaviour in this manner
requires more effort than the standard two-dimensional approach. However, with the aid of an
assistant it becomes fairly straightforward and versatile.
The microhabitat where the display takes place is also mapped, and the plants that have the
potential of producing motion noise are filmed under standardised conditions. Motion analysis
algorithms are then used to quantify plant motion speeds, which are then compared to signal
motion speeds in order to calculate relative signal contrast. Signal contrast is a measure of
segmentation between environmental noise and signal motion - how much the signal produced by
the lizard is able to stand out from the background. Two features from this approach set it apart
from previous studies. Because the display is reconstructed in three dimensions, it does not assume
that the filming position is ideal at the time of signalling. In theory, this could also be accomplished
by adding more cameras and filming from more viewing positions. However, in the field with free
living animals, such an approach would be problematic if trying to keep to specific viewing positions.
In my analysis, the viewpoints I chose were the cardinal directions (90o separations) and consistent
for all analyses. Trying to achieve this in the field with a set of four cameras would be very difficult
given the behaviour of lizards is unpredictable. Instead, reconstructing display motion in 3D provides
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consistency across recordings, and flexibility in the use of data as it allows for subsequent
consideration of any viewing position. Additionally, given that signal and noise are filmed
independently, signal contrast can be calculated at any habitat I document. This can be very
beneficial when studying allopatric populations as the performance of a single display can be
analysed at multiple locations. Furthermore, signal performance can also be analysed for multiple
displays at a single location, which can prove very useful for studies involving sympatric species.
However, I have to acknowledge a current limitation of the methodology. Although motion speeds
are calculated for both, signal motion and environmental noise are quantified using different
techniques. Recreating plant motion in 3D is indeed achievable, but extremely impractical on a large
scale. Instead I have chosen the use of a gradient detector model that generates very similar motion
vectors to those from the 3D reconstruction. Importantly, this methodology is a step forward in the
right direction, and will hopefully encourage more detailed analyses of both signals and
environmental noise.
It is important to mention that the main objective of this methodology is to quantitatively
score each habitat based on its potential to produce noise and affect motion-based signals in such a
way that allows for accurate comparisons between sites. Consequently, detailed information from
each viewing position or plant location is not necessarily reflected by the signal-noise contrast value.
However, signal-noise contrast values do include information on the variability within each site (i.e.
the scale component) and if needed, obtaining more detailed information from the raw data is
relatively simple.
Widespread species are often found at a variety of different habitats, which means that
either the signalling behaviour of some populations is less effective than others, or they have
developed mechanisms to overcome the constraints imposed by the local environment. As
mentioned earlier, the methodology developed in Chapter 3 allows the consideration of signal
performance in different locations. I take full advantage of this feature in Chapter 4 by analysing the
motion-based signalling displays of two populations of Amphibolurus muricatus (Figure 7.1b) that
occur in structurally distinct habitats. My results revealed that the two populations differ in several
aspects of their signal structure, including their motion speed profiles. However, signal contrast was
similar for both populations when their signals were considered in their respective habitats.
Additionally, signal contrast scores varied when the signals were considered in alternative habitats.
These results suggest that habitat structure affects signal efficacy, and has caused divergence in
signalling behaviour between the two populations. Calculating relative contrast of signals at their
own habitat, as well as at the alternative habitat, allowed me to determine which population
produces the most conspicuous signals, and which habitat is characterised by greater motion noise.
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Figure 7.1: Australian agamids featured in the current project: a) Ctenophorus fordi, the Mallee military dragon; b) Amphibolurus muricatus, the
Jacky dragon; c) C. caudicinctus, the Ring-tailed dragon; d) C. pictus, the Painted dragon; e) Gowidon longirostris, the Long-nosed dragon; f) C.
decresii, the Tawny dragon; g) C. fionni, the Peninsula dragon; h) C. mirrityana, the Barrier Range dragon; i) C. vadnappa, the Red-barred dragon.
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In this manner, I provide evidence for habitat-dependent variation between allopatric populations in
motion-signalling behaviour.
Interesting interactions between habitat and motion signals can also be observed when
studying sympatric species. This is because potentially opposing selective pressures might be acting
on their signalling behaviour (Seddon 2005). Sympatric species are exposed to similar environmental
constraints, so similar adaptations to enhance signal efficacy are to be expected. However, they also
need to ensure species recognition to avoid cases of mistaken identity (Alatalo et al. 1994; Losos
1985). In Chapter 5 I analysed the signalling behaviour of two pairs of sympatric agamid lizards in
order to identify the mechanisms they use to achieve signal efficacy. Ctenophorus caudicinctus
(Figure 7.1c) and Gowidon longirostris (Figure 7.1e) perform displays that generate very similar
motion speed profiles and signal contrast scores, which is consistent with the idea of local
adaptation to signalling conditions. However, their displays differ in complexity and the motor
patterns they are composed of, which coupled with the very significant differences in body
morphology, probably ensure species recognition. On the other hand, C. fordi (Figure 7.1a) and C.
pictus (Figure 7.1d) perform displays that generate very different motion speed profiles despite also
being sympatric. I argue that this result is related to the fact that C. fordi is not territorial, so the
selective pressures acting on signal efficacy are probably lessened compare to the other species in
this study. While the sample sizes used were not ideal, my data still provides support for adaptations
in signalling behaviour to the local environment, and emphasize that other selective pressures might
be important for signal efficacy.
My last empirical chapter focused on a group of closely related signalling lizards, the
Ctenophorus decresii complex. This group contains five sister species: C. decresii (Figure 7.1f), C.
fionni (Figure 7.1g), C. mirrityana (Figure 7.1h), C. tjantjalka (Figure 7.2) and C. vadnappa (Figure
7.1i). In Chapter 6 I once again employ the methodology previously described to analyse the motion
based displays of four of these species (data for C. tjantjalka will be collected in the near future) in
the context of their respective habitats. The displays performed by these species do not differ
greatly in motor pattern use or motor pattern sequence, but they do show variability in the motion
speed distributions they generate. However, signal contrast did not differ greatly between species
when their signals were considered in their own habitats, and this provides some evidence for local
adaptations. Additionally, when the signals were consider in the habitats of their sister species, clear
differences were observed in signal contrast. For example, C. vadnappa performed better than the
other species at all habitats, while C. fionni performed consistently worse. These differences indicate
variability in the noise environment between all habitats, from which the location for C. mirrityana
seems to promote effective signalling the most. I was also able to identify some of the factors in the
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plant environment that influence signal contrast (i.e. relevant plant density, and signaller – plant
distance during displays). These results not only support the findings from previous chapters, but
also encourage a more detail analysis of the vegetation environment when studying motion signals.
FUTURE DIRECTIONS
Australian agamids
During this project, only a small sample of Australia’s great diversity of signalling agamids was
studied. Even within those species targeted during this study, many untested populations could
potentially prove very interesting model systems. The territorial displays of the Jacky dragon, A.
muricatus, were analysed for two populations with distinct habitat characteristics in Chapter 4
(Croagingolong NP, Victoria and Avisford CP, NSW). However, this species is widely distributed
through the eastern Australian coast and other populations could also employ signals that exhibit
subtle differences in structure. Indeed, the populations studied by Barquero et al. (2015) showed
evidence of structural differences in their displays due to local habitat characteristics. The ring tailed
dragon, C. caudicinctus, is also widely distributed but unlike A. muricatus, it comprises six subspecies
that can often be distinguished morphologically by the size and colouration of adult males (Wilson
and Swan 2013). For this study (Chapter 5), only C. caudicinctus slateri was targeted due to its
sympatry with G. longirostris. Other subspecies are likely to produce structurally different displays if
they occur in distinct habitats or have been reproductively isolated for a long time.
Within the Ctenophorus decresii complex, a lot of potentially interesting avenues of research
remain untested. Ctenophorus decresii is widely distributed, and occurs in habitats that contain
different vegetation types and possibly different environmental constraints. Additionally, C. decresii
is sympatric with C. vadnappa in the rocky outcrops and gorges north of the Flinders Ranges National
Park (Gibbons 1979). Spatially close populations of both species were studied in Chapter 6, but truly
sympatric populations remain untested. Gibbons (1979) suggested that C. vadnappa employs a type
of tail coiling distinct to the other members of the complex, possibly as a mechanism for species
recognition. I saw no evidence of this differentiation, but this trait might be more evident in
sympatric populations. Ctenophorus fionni, another member of the complex, also contains
morphologically distinct populations, which could translate into differences in signalling behaviour.
Lastly, the absence of data for the fifth member of the complex, C. tjantjalka (Figure 7.2), restricted
the interpretation of my results and contributed to my reluctance to perform statistical analyses on
the C. decresii complex as a group. Consequently, an obvious next step is to collect and analyse
signalling behaviour and habitat structure information for this species, which will be done promptly
after the submission of the thesis. This will complete the data I already have, and further our
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Figure 7.2: a) Ctenophorus tjantjalka, the Ochre dragon. b) C. tjantjalka adult male, showing breeding colours on the
throat and chest. c) Territorial display of C. tjantjalka, specifically showing a hind-leg push up with its associated tail
coil.
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understanding on motion signal evolution. Another interesting trait of the C. decresii complex and
other Australian agamids is the very conspicuous colouration predominantly present during the
mating season, as well as their brightness and intricate patterns. These characteristics almost
definitely play an important role in communication, and some have been studied in the context of
their social interactions (Healey et al. 2007; Osborne et al. 2012), but not in conjunction with
motion-based signals and environmental noise. Unfortunately, this was beyond the scope of this
project and will hopefully be addressed in future work.
Ctenophorus is the largest genus of signalling agamids in Australia, but signalling behaviour
has also been observed in other large genera, such as Diporiphora and Tympanocryptis.
Unfortunately, the signalling status for most of the species belonging to these groups is currently
unknown. Australia’s agamids truly have the potential to be an important system to understand the
evolution of visual signals, but in order to fully understand these lizards it will be necessary to focus
on the species for which no signalling data has been recorded.
Methodology
The approach to analysing signal structure and habitat characteristics introduced in Chapter 3
presents many advantages, and exciting opportunities in the field of visual ecology. Being able to
reconstruct displays in 3D and accurately describing the motion they generate without the
uncertainty of proper camera positioning is definitely a step forward. Additionally, the possibility of
swapping signals and signalling environments allows for new ways of analysing the relationship
between signals and motion noise. However, there is always room for improvement. My approach
uses information from motion signals and from their motion environment to calculate signal
contrast, which is a measure of the conspicuousness, but cannot calculate signal efficacy. In this way,
the comparisons I have made within this thesis, and the statistical differences I have reported, do
not imply biological significance. In order to determine how effective a signal truly is, information on
the sensory system of the receiver is essential. This is because signal efficacy is mediated by the
physical properties of the signal itself, the characteristics of the medium through which it must
travel, and the sensory system of receivers that detects and processes the signal. Information on the
sensory system of Australian agamids is currently lacking, but once it becomes available it would be
a relatively simple process to revisit and reanalyse existing raw data, taking into account this new
information.
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CONCLUDING REMARKS
From the beginning, the main objectives of this project were to describe the diversity in motion
based signalling behaviour in Australian agamids and to build upon previous work on the importance
of habitat characteristics for explaining motion signal structure. Basically, the idea was to find a
variety of Australian agamids and record their territorial displays in detail, while also quantifying the
habitat around them. As straight forward as this sounds, it very quickly turned into a very
challenging process. Free living Australian dragons very rarely display in front of you, and they seem
to be especially good at avoiding researchers when they happen to be carrying a camera.
Quantifying the habitat is also easier said than done. Transects and quadrats are often used, but how
are they relevant to lizard signals? Additionally, how do you compare a moving lizard to a habitat?
Not a single plant, but a whole habitat? The methodology I developed to analyse and compare signal
and environmental noise was borne out of necessity, and it required a lot of trial and error. Not just
in the way to collect the data, which was obviously challenging enough on its own, but more so in
the way to analyse the information once it was collected. It is a complex process from start to finish,
and it involves a great many steps: calibrating the cameras, reconstructing lizard motion in 3D,
running gradient detector algorithms on the footage of plant motion, creating virtual scenes
representing the locations where the displays took place, subdividing video frames, converting to
angular speed, signaller-plant distances, kernel density estimates, matrices of contrast values,
location and scale parameters, etcetera, etcetera. Then, once the whole process is finished, you end
up with a dot on a plot. Unless you are familiar with the methodology, it is hard to imagine what
goes on behind the scenes just by looking at the results. However, this methodology has now taken
centre stage in my research and has proven its potential and flexibility in a great variety of
situations. Questions about local adaptations in allopatric populations can be addressed by
comparing signal structure and signal contrast between populations and between habitats. The
same applies to sympatric species, and really to any system where motion conspicuousness is
important. Adding information on the sensory systems of receivers could enhance this approach
even further. Indeed, the field of motion visual ecology has come a long way since those early
descriptions of signals using mostly display action patterns (Carpenter 1962; Carpenter et al. 1970;
Jenssen 1977), and I anticipate it will continue to develop as our understanding on the way animals
have adapted to their environment continues to increase. The approach that I used to quantify
motion signals and motion noise, while novel and unique, is only one of many possible ways of
investigating the relationship between signalling behaviour and habitat structure. I do hope, though,
it encourages others to look at both signals and their environment in more detail.
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Social context affects tail displays
by Phrynocephalus vlangalii lizards
from China
Richard A. Peters1, Jose A. Ramos1, Juan Hernandez1, Yayong Wu2 & Yin Qi2
Competition between animals for limited resources often involves signaling to establish ownership or
dominance. In some species, the defended resource relates to suitable thermal conditions and refuge
from predators. This is particularly true of burrow-dwelling lizards such as the Qinghai toad-headed
agama (Phrynocephalus vlangalii), which are found on the Tibetan plateau of western China. Male and
female lizards occupy separate burrows, which are vital for anti-predator behaviour during warmer
months when lizards are active and, crucially, provide shelter from harsh winter conditions. These
lizards are readily observed signaling by means of tail displays on the sand dunes they inhabit. Given the
selective pressure to hold such a resource, both males and females should exhibit territorial behaviour
and we considered this study system to examine in detail how social context influences motion based
territorial signaling. We confirmed that territorial signaling was used by both sexes, and by adopting a
novel strategy that permitted 3D reconstruction of tail displays, we identified significant variation due
to social context. However, signal structure was not related to lizard morphology. Clearly, the burrow
is a highly valued resource and we suggest that additional variation in signaling behaviour might be
mediated by resource quality.
Animals compete when resources are limited, and such contests have been considered widely in the context of
foraging and mating1. When this competition relates to a specific area in space, where food is abundant, for example, we consider resource holders to be exhibiting territoriality2. Territorial behaviour need not always involve
physical contact that carries the risk of injury3 or even death4. Indeed many species produce signals to resolve
conflict without the need for physical contact5, and the structure of these signals is predicted to contain sufficient
information from which receivers can decide whether escalating the contest is worthwhile6,7.
Lizards are well known for their territorial signals, which vary from conspicuous coloration and movements8,9,
to chemical cues10 and even acoustic signals11. The territories of many species are centred on the distribution of
food resources, such that territory size is positively correlated with the availability of food12. However, in some
lizard species, food availability seems to play a lesser role13, with thermal conditions and refuge from predators
providing the key resources those animals seek to defend14. This is particularly true of burrow dwelling species,
whereby the burrow entrance is the centre of their territory and vigorously defended from potential usurpers.
One such species is the Qinghai toad-headed agama (Phrynocephalus vlangalii; Fig. 1a), which is a high-elevation
viviparous lizard found on the Tibetan Plateau in northwest China. These lizards live in high densities and occupy
small overlapping home ranges centred on a burrow15. Burrows are a vital resource for these lizards, providing a
refuge from predators during spring and summer, and a shelter from harsh winter conditions when the ground is
covered in thick snow. Males aggressively defend their burrows. Indeed it is reported that variance in reproductive
success is linked to the control of space with males in better condition occupying burrows that overlap with more
female burrows15 that presumably provides greater access to females and opportunities for mating.
Visual displays between residents and intruders are a conspicuous feature of male P. vlangalii behaviour at their
burrow. These displays involve movement of the tail and are more frequently used by burrow owners than floaters16,
suggesting they likely function to establish territory ownership. Furthermore, as dynamic displays are expected to
be costly17 they also might provide information about signaler quality. Although there is little evidence to suggest
that the frequency of male signaling bouts by P. vlangalii is condition dependent16, we postulated that variation in
signal structure, rather than signal frequency, might hold key information for receivers regarding individual quality.
1
Animal Behaviour Group Department of Ecology, Environment & Evolution La Trobe University, Melbourne, Victoria,
Australia. 2Department of Herpetology Chengdu Institute of Biology, Chengdu, Sichuan, China. Correspondence and
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Figure 1. (a) Male Phrynocephalus vlangalii performing a tail coiling display on a raised mound near to his
burrow. Males can be distinguished from females by the black tip of the tail, which is only seen on males. A
female P. vlangalii is visible in the background. (b) Schematic illustration of a tail coiling sequence. The first
drawing shows the location of tracking points used in display analysis. (c) The position of each point is tracked
in every frame from two camera views and a 3D reconstruction of movement is achieved using calibration
coefficients (see text for details). (d) Left panel: Coil amplitude was quantified by measuring the distance
between the fourth tracked point (shown in green) with the base of the tail (black). Right panel: Plot of coil
amplitude by time in which the tail starts out tightly coiled with short distances between point 4 and the tail
base (A) and gradually raising and lowering the tail until it is held almost straight (B).

Attempts to relate signals with sender quality is not straightforward18, but one possible explanation suggests that
non-significant relationships arise because of the difficulty in measuring signals19. Consequently, attempts to relate
tail displays with sender characteristics will require careful, detailed analyses of signal structure.
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The strong selective pressure on males of shelter-based species to defend their key resource20 must also be true
for females. Indeed female resource defense behaviour is reported in a variety of taxonomic groups in which the
ownership, control and defense of a key resource have clear functional benefits for females. Examples of territorial
females include the funnel web building spider, Agelenopsis aperta, in defense of her web21,22, the fidder crab, Uca
vocans, that vigorously defends her burrow and the space surrounding it23, and the lizard, Iguana iguana that
fights off other females from her chosen nesting site24. The behaviour of these species suggests a valued resource,
but the level of territorial behaviour exhibited will vary according to the perceived value of the resource. For
example, female fiddler crabs, U. pugilator, utilize burrows for reproduction but do not aggressively defend them
(Christy 1980, cited by Salmon 1984). The incubation burrows that females require are functionally important
but are controlled by males and abundant on the mudflats they inhabit25. The cost of defense in this case clearly
outweighs any benefit. In the cases where female territoriality is reported, communicative displays do form part
of the defense. Female U. vocans lack the enlarged claw used by males in signaling but still perform waving displays to rivals, while A. aperta generate visual displays when intruders are at close range21. In both cases, however, displays are uncommon. Female fiddler crabs have limited capacity to generate conspicuous signals, while
funnel-web building spiders utilize vibration cues transmitted through the web as the intruder moves around that
reveals body size information that is an important predictor of contest outcome21. Displays seem more important
to nest defense by I. iguana, with females having the option of simple and elaborate displays, but ultimately, it is
the willingness to invest in high energy displays that predicts outcome24. In this way, female displays can provide
information about the relative value of the resource and motivation of the respective participants. Female P. vlangalii chase away conspecifics in the vicinity of their burrow entrances, but are also reliably observed performing
tail displays near to their burrow entrance. However, it is not known whether these signals function in resource
defense; if so, how do they vary from that of males? Unlike I. iguana females that defend resources from other
females, P. vlangalii exist in mixed sex colonies and are likely to need to defend their resource from both sexes.
Frequent interactions between different sexes and age classes, combined with the high value placed on burrows,
points toward a complex signaling system26. Consequently, P. vlangalii provides a nice system in which to examine
how social context affects signaling behaviour, with a specific focus on the use and structure of movement-based
signals.
Therefore, our goal in the present study was to examine burrow defense by P. vlangalii, and to confirm the
use of signals as part of this defense. Furthermore, we wished to examine whether social context affects signaling and if signal structure is related to qualities of the signaler. Given the functional importance of burrows to
all lizards, we hypothesized that females would also signal in defense of their resource and duly compared and
contrasted the signaling behaviour of male and female lizards. We used tethered intruders from separate study
sites and filmed responses by residents as a function of the sex and age class of both residents and the intruders.
We first identified the different types of tail displays and how these were used in different contexts. By filming
displays using two cameras we reconstructed movements in three-dimensions (3D) and calculated amplitudes
and speeds from these reconstructions to quantify signal structure in greater detail than in previous studies. This
was important as it ensured we were not limited to a single camera view, which can have important consequences
for the perceived signal27. Morphological measurements of lizards were undertaken and examined in relation
to our measurements of signal structure. By presenting unfamiliar intruders we assumed interactions reflected
first meetings between resident-intruder dyads and thereby avoids the possibility of social recognition mediating
behaviour, which incorporates individual recognition and past experience19 and might not have encouraged full
displays. We predicted that signal use would vary between the sexes, and between adults and juveniles, and that
tail movements would reflect signaler phenotype.

Results

Signal use by resident and intruder type. Tail displays were generated in 91 out of the 108 trials and
three different types were recorded (Fig. 2). Almost half of the trials in which signaling was not observed (8/17)
involved adult male or female residents paired with a juvenile intruder (Fig. 3b,c). In these trials, adult lizards
approached the juvenile intruder, which quickly retreated and the trial was terminated. When signaling did occur,
there was a clear pattern in the use of the different tail displays. Juvenile lizards predominantly exhibited tail
waving, although tail coiling was observed on 3/36 trials (Fig. 3a). Tail waving by females was observed twice
throughout the study (Fig. 3b), while both female (Fig. 3b) and male lizards (Fig. 3c) generated tail coiling displays, and only males exhibited tail lashing (Fig. 3c). However, tail lashing was used only in just over half of the
trials involving male residents (19/36). The probability of generating this type of display was not predicted by
resident or intruder weight and SVL, as the 95% confidence intervals for each fixed effect spanned zero (Table 1).
Variation in tail coiling by adult male and female residents in response to different intruder
types. Variation in tail coiling by resident and intruder type is shown in Fig. 4. The results of linear mixed

effect models indicated that signal duration (Fig. 4a) and the number of tail raises (Fig. 4b) did not vary as a function of resident or intruder type (Table 2a). The average speed of tail coiling (Fig. 4b) exhibited greater variation,
with a significant main effect for resident type indicating that male lizards signal faster than females regardless of
intruder type. Coil amplitudes by resident and intruder type are shown in Fig. 4d, and represent the minimum
height of point 4 from the base of the tail, such that smaller amplitudes reflect a more coiled tail (Fig. 1b–d). A
linear mixed effects model revealed that amplitudes varied by intruder type (Table 2a), with pairwise comparisons
showing that amplitudes were significantly greater when the intruder was a juvenile lizard compared to both male
and female lizards (Table 2a). This means that adult lizards generate more pronounced coils when the intruder is
another adult.
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Figure 2. Three different types of tail displays were performed by P. vlangalii: tail lashing, tail coiling and tail
waving. (a) Illustration of the sequence of movements that characterizes each of the different displays depicting
a male tail lashing, a female toil coiling and a juvenile generating a tail waving display. (b) Display action pattern
(DAP) graphs showing the change in position of the middle three tracked points (grey line: point 2; dashed
line: point 3; solid line: point 4) relative to the respective starting positions of each point. Left panel: Tail lashing
followed by tail coiling by a male P. vlangalii. In this sequence, the lizard starts with its tail coiled and elevated. It
lowers it slightly at around 1 s before commencing tail lashing and returning to a raised and coiled position around
3 s. The lizard then performs tail coiling from the raised position repeatedly raising and lowering the tail before it
finishes with an almost fully extended tail. Right panel: DAP of a juvenile tail waving display. (c) Speed-time graphs
of points 2–4 for the sequence shown in (b). This example illustrates that tail lashing is characterized by faster
speeds than tail coiling (left panel), and tail waving by juveniles also involves fast movements (right panel).

Variation in tail lashing by adult male residents in response to different intruder types.

The
average speed of movement during tail lashing by male lizards for the five points along the tail is shown in
Fig. 5 separately for each intruder type. Linear mixed effects models revealed a significant main effect for points
(Table 2b), although this is not surprising given the kinematics of tail movement and so we did not explore this
any further. However, tail speed also varied significantly as a function of intruder type (Table 2b), with pairwise contrasts indicating the males signaled faster when the intruder was another male compared with a female
intruder (Table 2b). We considered the relationship between male morphology and tail speed, selecting point 4
along the tail (see Fig. 1b) and on the basis of results above (Fig. 5). Neither SVL or weight was related to signal
speed (F1,7 =  0.002, p = 0.964 and F1,7 =  1.021, p = 0.346 respectively), while tail length suggested a trend toward
longer tails producing faster speeds but the result was not significant (F1,7 =  5.03, p =  0.060).

Discussion

Our study confirmed that tail displays are used by Phrynocephalus vlangalii lizards in defense of burrows and,
importantly, that they are performed by females equally as often as males. However, signal use varied between
males and females, as well as between adults and juvenile lizards. A high proportion of juvenile lizards and a few
female lizards performed tail-waving displays. We suspect that the tail waving displays performed by juvenile lizards represents a submissive signal to appease intruders. The substantial size difference between adults and juveniles more than explains their submissive behaviour in these contexts, while avoiding conflict with age-matched
conspecifics is expected given juveniles share burrows with other juvenile lizards. Adults did not always signal in
response to a juvenile intruder, but the majority of interactions between adults did reliably result in tail coiling by
both sexes, while about half of the males also performed tail lashing displays. Our approach allowed us to reconstruct signals in 3D and to consider movements in greater detail. Relative to interactions with juveniles, adult
male and female lizards generated more pronounced coils that were lowered closer to the body when faced with
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Figure 3. Tail signaling was observed by resident (a) juvenile, (b) female and (c) male Phrynocephalus vlangalii
at their burrows. Pie charts show the proportion of pairings that resulted in a tail display (shaded). Three
different types of tail displays were observed and the relative number of lizards generating each type of display
during the initial bout by resident and intruder identity is shown in bar charts. Juveniles primarily generated tail
waving (white bars), females generated tail coiling displays (gray), while males generated tail coiling (gray) and
tail lashing (black) displays.

95% Confidence Interval
Estimate

Lower

Upper

Intercept

14.84

−40.27

69.94

Resident weight

0.01

−2.54

2.57

−0.06

−1.23

1.11

2.05

−0.15

4.25

−0.44

−0.92

0.05

Resident SVL
Intruder weight
Intruder SVL

Table 1. Regression coefficients and associated confidence intervals for resident and intruder weight and
snout-vent length (SVL) as predictors of the occurrence of tail lashing by male P. vlangalii.
an adult intruder. The duration of tail coiling, and the number of times lizards raised and lowered their coiled
tails did not vary between male and female residents, or as a function of intruder type. However, tail coiling by
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Figure 4. Summary of results comparing tail coiling displays by adult female (white bars) and male (black
bars) resident P. vlangalii lizards. Responses by residents when exposed to juvenile, female and male intruders
were considered in terms of the (a) duration of tail coiling, (b) number of tail raises, (c) average speed of movement
and (d) coil amplitude, which quantified the minimum distance between the coiled part of the tail and the base of
the tail such that shorter distances reflect more pronounced coils. Values shown are means and standard errors.

males was significantly faster than females irrespective of intruder type. Tail lashing was only performed by males
and signaling speed varied as a function of intruder type, with males signaling faster in response to other males.
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Tests of Main Effects
DFDena

DFNuma

F statistic

Paired contrasts
P-value

T

DF

P-value

(a) Tail coiling by male and female lizards
Duration
Residentb ×  Intruderc

2

17

1.194

0.327

Resident

1

22

0.717

0.406

Intruder

2

17

2.378

0.123

Number of tail raises
Resident ×  Intruder

2

17

0.338

0.718

Resident

1

22

0.492

0.490

Intruder

2

17

1.220

0.320

Average speed
Resident ×  Intruder

2

17

0.504

0.613

Resident

1

22

4.806

0.039

Intruder

2

17

2.156

0.146

Coil amplitude
Resident ×  Intruder

2

16

1.003

0.389

Resident

1

22

0.636

0.434

Intruder

2

16

4.485

0.028

  Male v Juvenile

2.985

16

0.009

  Female v Juvenile

2.626

16

0.018

   Male v Female

0.414

16

0.684

   Male v Juvenile

1.417

31

0.166

   Female v juvenile

0.958

31

0.345

  Male v Female

5.688

31

0.012

(b) Tail lashing by male lizards
Average speed
Point of tail ×  Intruder

4

31

0.770

0.552

Point of tail

2

31

23.34

<0.001

Intruder

2

31

9.400

0.0006

Table 2. Summary of linear mixed effects models examining tail coiling in adult male and female
P. vlangalii and tail lashing by adult male P. vlangalii. Bold values represent significant effects.
a
DFNum = Numerator degrees of freedom; DFDen = Denominator degrees of freedom. bMale and female. cMale,
female and Juvenile.

Figure 5. The average speed of movement for each point along the tail during tail lashing by male P. vlangalii
in response to juvenile (open circles, dashed line), female (gray) and male (black) intruders. Values
represent means and standard errors.
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We interpreted tail coiling and tail lashing by P. vlangalii to be aggressive displays used in burrow defense,
and anticipated that the structure of these signals would vary between individuals in a manner that might reflect
motivation or resource holding potential. However, we did not identify significant relationships between lizard
morphology and signal characteristics. For tail coiling, we found no relationship between individual characteristics and the resultant signal for either males or females. Similarly, tail lashing by males did not exhibit strong
relationships with signaler characteristics, with only a trend for longer tails leading to faster tail movements. This
marginally non-significant result is consistent with variation in signaling speeds across Phrynocephalus species
more generally (Qi, Whiting, Noble, Peters unpublished data), and is largely predicted by the kinematics of the
lashing tail. Therefore, signaler quality does not seem to be reflected in the structure of the initial bout (this
study), or in the frequency of signaling bouts16. Although this general result has been reported in studies of a
variety of species, from fish28 to birds29,30, one explanation for not observing condition-dependent signaling is
that we did not examine signaling in the right context31. It is entirely possible that signals of quality are more
important when lizards are establishing territories rather than maintaining territories where groups are relatively
stable and interactions are usually mediated by social recognition19. Characteristics of the signaler also did not
predict the use of tail lashing by males and as such the circumstances that do and do not lead to tail lashing by
males require further consideration. The vigorousness of the signal relative to other movements, and the finding
that males signal faster in the presence of another male, are both consistent with the hypothesis that tail lashing
represents elevated aggression on the part of the resident and that its use is contingent on characteristics of the
defended resource. We did not map burrows in our study site and therefore do not know whether some male burrows might be more valuable than others in terms of their position in the landscape, the number of surrounding
burrows occupied by females, or the proximity to rival males. Similarly, the internal structure of the burrow might
be relevant in predicting the use of a more aggressive signal and warrants further investigation25.
An interesting feature of our results was the behaviour of adult females. Studies of female display behaviour
in lizards have received comparatively less attention, but when they have been the focus of investigation, the data
usually shows that females display less frequently32–34. In contrast to previous studies of lizards, female P. vlangalii
were just as likely to perform displays as males and this included same sex interactions. In explaining reduced
territorial displays by female Anolis carolinensis when interacting with other females, Jenssen et al. concluded that
there is low inter-female territoriality in this species32. The willingness of female P. vlangalii to display in response
to female intruders in our study leads to the opposite conclusion; that resource defense is just as important for
females as it is for males. Previous studies of signaling by female lizards also suggest sex differences in the types of
signals used and the intensity of signals34,35. Orrell and Jenssen showed the A. carolinensis females predominantly
used two of three display types during interactions, while males predominantly used the third display type35. In
P. vlangalii male and female lizards both use tail coiling signals but males appear to have the option of an additional/alternative component, tail lashing, for reasons that are not yet clear (as described above). However, consistent with previous work is the finding that males display more vigorously than females. Tail lashing is a more
vigorous movement (Fig. 2), but even when comparing tail coiling, males signal at higher speeds than females. It
is important to note that our study differs a little from previous studies in that we focused specifically on the initial
response to an unfamiliar intruder rather than quantifying display behaviour over a longer period of time. As a
consequence, female territorial behaviour is currently being investigated in detail, but preliminary data and our
own observations during the present study do suggest that female territorial behaviour in P. vlangalii is a feature
of this system.
Our goal was to examine the use of tail displays in the defense of burrows by P. vlangalii. Our findings highlight the importance of burrows to individuals of this species and that territorial displays are a key feature of their
defense by both males and females. Like previous studies29,30,35, we have not been able to determine a link between
display structure and signaler characteristics, and suggest that signaling behaviour might be more closely linked
with resource quality. Phrynocephalus vlangalii and other burrow dwelling species lend themselves to such studies
as the resource being defended is seemingly easier to characterize and amenable to experimental manipulation,
such as altering its proximity to female burrows. Our study also utilizes a more detailed approach to quantifying
signal structure that avoids limitations inherent to previous work and encourage others to invest the time to more
accurately quantify motion displays.

Methods

Study site and study animals. We studied P. vlangalii at the Xiaman Conservation Station in the Zoige
Wetland Nature Reserve in northwestern China during June of 2014. Three sites featuring sparsely vegetated
sand dunes were identified for this study (site A: 33°42′50″N, 102°29′11″E; site B: 33°42′54″N, 102°29′21″E; site
C 33°42′44″N, 102°29′18″E), which were between 250 and 310 m apart and separated by contiguous grasses. The
grasslands separating these sites do not form a physical barrier between sites, but movement between sites by
adults was not observed during the course of the study. Site fidelity and migration between sites is the subject of
separate long-term study15.
Experimental design and procedure. Our objective was to observe and quantify signaling behaviour of

male, female and juvenile P. vlangalii lizards at their burrows in response to male, female and juvenile intruders
in a repeated measures design. We captured four males, four females and four juveniles at each of our three sites
providing a sample of 36 resident lizards. Additional lizards (14 males, 14 females and 14 juveniles) were captured
from the three sites to serve as intruders. Intruders were used three times or less and were not used as residents
at any stage during the experiment. We weighed each lizard and measured snout-vent length and tail length to
the nearest mm with rulers immediately after capture. To facilitate the subsequent analysis of tail movements
from video footage, we marked tails of residents with non-toxic markers at the base of the tail and at three other
points along the tail. The distance between points was determined independently for each lizard based on tail
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length. These three points, along with the base and tip of the tail (which was not marked) provided 5 points to
track (Fig. 1b). Lizards were then released and the location of their burrows was marked using a chopstick placed
beside the burrow.
We returned to the burrows at least 24 h later to introduce tethered intruders. Male, female and juvenile
intruders were presented in a random order, with presentation order counterbalanced across the entire sample.
To minimize the effect of individual recognition, intruders for a given resident were selected from one of the other
two sites. The responses of residents were filmed with two cameras (Canon Legria HF21 camcorders), and at the
conclusion of each trial, a calibration object was placed in the scene and in view of both cameras before recording
stopped (Fig. S1). Trials were terminated after the resident completed the first bout of signalling. We waited at
least 15 min before presenting the next intruder, based on natural display rates of one every 20 min16. Our design
resulted in a total of 108 trials between residents and intruders (three trials for each of 36 residents).

Signal analysis. Our focus for the present study was the initial response to an unfamiliar intruder rather than
to examine the whole interaction. We identified three different tail displays utilised by resident P. vlangalii lizards
during social interactions at their burrows, which we denote as waving, coiling and lashing (Fig. 2). The use of
each of these motor patterns by resident lizards was determined for each trial. We then extracted video footage
of these tail displays and reconstructed the movements in 3D using footage from both cameras. Video cameras
were calibrated in Matlab (MathWorks Inc.) using direct linear transformation (DLT; following Hedrick36) using
our calibration object that featured 20 points distributed at different depths and heights throughout the volume of
the object (see Supplementary Fig. S1). Clearly identifiable points on the object were located in images from both
cameras and digitized to define calibration coefficients (see Hedrick 2008). Footage from each camera was read
into Matlab and the position of each of the five points along the tail was located in each frame. The x-y coordinate
data for these points was then combined with the DLT calibration coefficients to reconstruct the movement of
each point in 3D (Fig. 3c). Some tail displays were excluded from 3D reconstruction, as technical issues during
filming would not permit reliable reconstruction of signal structure.
We analyzed tail coiling and tail lashing in more detail in several ways. For tail coiling, we calculated the
duration of movement and counted the number of times the tail was raised above the lizard’s body (see Fig. 1b).
Another measure of potential variability in tail coiling was assessed by measuring the distance between the fourth
point and the base of the tail (henceforth referred to as coil amplitude). As illustrated in Fig. 1d, shorter distances
reflect tails that are more tightly coiled and positioned just above the base of the tail; longer distances reflect tails
that are straighter and further away from the body. We also calculated the average speed of movement for both tail
coiling and tail lashing. For each of our five points, we computed the change in position in 3D space (Euclidean
distance) between successive frames (Fig. 1c), and then computed the average speed of movement in cm per
frame, which we converted to cm/s by multiplying by 25 (PAL frame rate).
Statistical analysis. Signal use by resident and intruder type. We summarize variation using pie charts to
depict the proportion of trials that resulted in a tail display, and frequency histograms to indicate how the different tail displays are used. We examined statistically the probability of tail lashing by males using the glmer function in the lme4 package37 in the R statistical Environment38. Resident and intruder weight and SVL were used
as fixed effects, lizard identity fitted as a random effect (intercept only) along with a binomial error distribution.
We examined estimates of the fixed effects from the fitted model with 95% confidence intervals to determine the
relative importance of each factor.
Variation in tail coiling by adult male and female residents in response to different intruder types. The initial tail
coiling displays of 11 males and eight females in the three contexts were examined in detail. We used the same
statistical approach for comparing tail coil duration, the number of tail raises, coil amplitude, and average movement speed. In each case, we used the lmer function in the lme4 package in the R statistical Environment. As fixed
effects we used resident type (male, female) and intruder type (male, female, juvenile), while lizard identity was
used as the random effect (intercept only). The significance of fixed effects, and the interaction between fixed
effects, was obtained from the model (F-ratio) and when significant we examined pairwise contrasts from the
model.
Variation in tail lashing by adult male residents in response to different intruder types. The average speed of
movement during the initial tail lashing display by six males across the three contexts was also examined using
the lmer function in the lme4 package in the R statistical Environment. We used fixed effects of intruder type
(male, female, juvenile) and point on the tail (1–5), and lizard identity as the random effect (intercept only). The
significance of fixed effects, and the interaction between fixed effects, was obtained from the model (F-ratio)
and when significant we examined pairwise contrasts from the model. The relationship between tail speed and
aspects of male morphology (SVL, weight and tail length) were considered using the same function described
above, with each variable considered separately as a fixed effect and lizard identity fitted as a random effect
in each case. We selected point 4 along the tail (Fig. 1b) and used the speed of movement at this point as our
dependent variable.

Ethical note. The Forestry Department of the Sichuan Provincial Government and the Management Office
of the Zoige Nature Reserve approved all fieldwork. Handling of lizards followed approved protocols from the
Chengdu Institute of Biology of the Chinese Academy of Sciences, and our activities adhered to the ABS/ASAB
“Guidelines for the treatment of animals in Behavioural research and teaching”.
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