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ABSTRACT 

Body size is one of the most important life history traits of an organism, with links 

to, and influences on, almost all areas of an organism's ecology and evolution. 

Size divergence between males and females of the same species, termed sexual 

size dimorphism (SSD), reflects three major processes acting on body size: sexual 

selection (intra- and inter-specific competition), natural selection (fecundity 

advantage), and selection related to niche divergence. Each of these selection 

pressures has the potential to magnify or reduce the degree of size difference 

between the sexes. 

This thesis examines SSD in an agamid lizard, Rankinia diemensis, which exhibits 

female-biased dimorphism within a taxonomic group that is typically dominated 

by male-biased SSD. This investigation of size dimorphism addresses the above 

ultimate processes as well as detennining the potential proximate mechanisms 

(the physical process producing the size difference) between males and females. 

Assessment of overall size and other morphological traits (e.g. head, limb and tail 

sizes) revealed that although females have larger overall body size, other traits are 

proportionally longer in males, suggesting that several selection pressures are at 

work. Geographic comparison also revealed that these sizes are not static - larger 

individuals (overall size) were found in the northernmost population studied, and 

trait size also varied geographically, but the overall degree of size difference 

between sexes from each site did not vary. This suggests that the net selection 

pressures acting on geographically distinct populations are similar. It also 

II 



indicates that a combination of genetic and environmental factors may influence 

size, but there are constraints on the degree of size divergence that can occur 

between the sexes. 

Analysis of size at hatching, growth trajectories and size asymptotes between the 

sexes revealed that males and females hatch at a similar size and grow at similar 

rates prior to maturity. Males and females begin to diverge in size (including 

overall size and trait sizes such as head, limb and tail measurements) at three to 

four years of age. Male growth rate asymptotically approaches zero at maturity, 

while females continue growing throughout life; however both sexes live to 

approximately the same age. It is therefore the combination of delayed maturity 

and post-maturity growth in females that allows them to attain larger size than 

males. 

Size-specific reproductive output exists in R. diemensis with a strong positive 

relationship between female body size and fecundity, but no other aspect of 

reproductive outp,ut in females is dependent on size (e.g. a".'erage egg mass, 

relative clutch mass). This suggests that larger size does not permit females to put 

more energy into individual eggs, it only allows them to increase the number of 

eggs they can lay - suggesting that fecundity selection is a major driving force 

behind SSD inR. diemensis. 

As males are the smaller sex, it suggests that there is no strong positive selection 

on male body size. This is despite such selection being common in other agamids, 

where size determines contest success with conspecifics. Competition 
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experiments revealed typical agamid male-male antagonistic interactions, with 

large size linked to aggressive/dominant behaviour. In males this could be a 

function of trait size (not overall size), since limb and head movements are the 

primary forms of communicative display in agamids. It could also suggest that 

there are opposing selection pressures acting on males to mature smaller. This is 

also reinforced by the field study component of this .thesis, where the use of 

microhabitat differed between males and females, and is most likely linked to 

rival or courtship displays. Males used higher structural habitat, typical for male 

agamids, which engage in displays from these posts. Males also perched in more 

exposed areas than females. Mature females utilized sites with higher 

temperatures, analogous to previous research that has found that a female can 

have considerable influence on her offspring during egg development in utero. 

These sex-specific behaviours are likely to promote niche divergence between the 

sexes, potentially reducing intra-specific competition. 

Overall this thesis reveals that a complex interplay of different selection pressures 

acting on size is responsible for the observed SSD in R. diemensis. My findings 

demonstrate the, influence of morphological variation on key life history 

components - such as reproductive output, mating system and microhabitat use. 

Furthermore, this thesis emphasizes the importance of viewing SSD evolution in 

the context of not only why one sex is large, but also why the other is small, and 

further demonstrates the complexity of trait evolution. 
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CHAPTER 1: GENERAL INTRODUCTION 

CHAPTER I 

GENERAL INTRODUCTION 

SEXUAL DIMORPHISM 

In some tax.a, morphological differentiation between males and females is so 

distinct that sexes of a single species may appear, and have been originally 

described, as completely different species (e.g. the mallard, Anas platyrynchus; 

" Andersson, 1994; Owens & Hartley, 1998). In other species, like the European 

swift (Apus apus) and the spotted hyena (Crocuta crocuta), the sexes are almost 

identical in appearance (Andersson, 1994~ Owens and Hartley, 1998). 

Morphological differentiation between sexes of mature adults is termed sexual 

dimorphism (SD; Fairbairn, 1997), and is a major focus for evolutionary 

biologists since understanding the evolutionary processes that influence body size 

allows identification of adaptation and avenues for evolutionary change (Sugg et 

al.-, 1995). 

Sexual dimorphism occurs in most tax.a, but varies substantially among, and even 

within, species (Blanckenhorn, 2005; Fox & Czesak, 2006; Kaliontzopoulou et 

al., 2007). The influence of sexual dimorphism spans numerous aspects of an 

animal's biology- including behaviour, ecology, physiology, demography and 

evolution (Cox et al., 2003). Differences between the sexes can arise in the form 

of shape, size, colour, armaments and ornaments (Badyaev & Hill, 2003; Preest, 

1994; Stuart-Fox & Ord, 2004; Storz et al.,_2001). Sexual dimorphism is 

expressed in vastly different forms, for example, canine size, cranium size and 
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CHAPTER 1: GENERAL INTRODUCTION 

coat colour in New World monkeys (Masterson & Hartwig, 1998); longevity in 

Homo sapiens (Teriokhin et al., 2004); plumage colour and beak size in birds 

(Owens & Hartley, 1998; Price & Birch, 1996; Temeles et al., 2000); and body 

size and shape in some mammals, reptiles, fish, seabirds and birds of prey (e.g. 

Bouteiller-Reuter & Perrin, 2004; Kriiger, 2005; Lindenfors et al., 2003; Olsson, 

et al., 2002; Young, 2005). · 

SEXUAL SIZE DIMORPHISM 

Sexual size dimorphism (SSD) is the difference in body size between mature 

males and females of the same species (Andersson, 1994; Fairbairn, 1997). Body 

size is a fundamentally important attribute, and one that is subject to strong and 

ongoing evolution (Blanckenhom et al., 2003). It is strongly correlated with many , 
) 

physiological and fitness related traits (Blanckenhom, 2000; Blanckenhom & 

Demet, 2004; Peters, 1983; Reis, 1989; Stearns, 1992), and is often one of the 

most conspicuous differences between male~ and females (Andersson, 1994). 

Andersson's (1994) taxonomic review of sexual size dimorphism in the major 

animal taxa is detailed in Table 1. Here I summarise the most common direction 

of size-dominance, but there are species within each group that show the opposite 

trend for size dimorphism. 

Female-biased SSD (females the larger sex) occurs in most taxa, particularly 

invertebrates, and the fecundity advantages associated with large size are thought 

to be the major reason for this form of dimorphism (Andersson, 1994). There are 

of course exceptions, including a number of birds, reptiles and mammal groups, 
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CHAPTER 1: GENERAL INTRODUCTION 

which often exhibit male-male contest for resource defence and mate gain, where 

large male size is clearly an advantage (Andersson, 1994). 

Table 1. Andersson's (1994) taxonomic review of sex-specific body size 
difference found throughout the animal kingdom. This shows the general trend 
found in these groups. 

TAXONOMIC GROUP 

Invertebrates 
Fishes 
Amphibians 
Reptiles 

Lizards 
Snakes 

Birds ( excl birds of prey) 
Birds of prey 

Mammals 

LARGER SEX 

Females 
Females 
Females 

Males 
Females 
Males 
Females 
Males 

Some extraordinary examples of size dimorphism exist. The female blanket 

octopus, Tremoctopus violaceus Chiaie, is approximately 200 cm in length, while 

the males are a mere 2-3 cm long; and weight ratios are likely to reach up to 

40000:1 (Norman et al., 2002). This size difference has enormous implications for 

all aspects of life history strategy, form and development in this species. Males 

have evolved proportionally large eyes, thought to aid in mate location, and their 

small size presumably reduces development time and the metabolic needs 

required for mate search. 

Anglerfishes also exhibit extreme sexual dimorphism, with females reaching 60 

times the length, and being half a million times heavier than the dwarf males 

(Pietsch, 2005). This group uses sexual parasitism as a reproductive mode to 

compensate for these phenomenal differences in body size. Males often attach to 
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the female, their circulatory systems mesh and the male becomes permanently 

dependent on the female for nutrition (Pietsch, 2005). 

Equally as complex are the size dimorphism systems of clownfish. Clownfish 

such as Amphiprion percula exhibit female-biased size dimorphism with a twist. 

Individuals have both male and female gonads (Munday et al., 2006; Dimijian, 

2005) and are capable of sex change - so that the largest female is dominant in the 

group that she lives in, but if she dies or is displaced, the second-ranked fish, a 

male, takes her place - not only in terms of hierarchy, but also sex and body size, 

since an increase in rank is then associated with an increase in body size and a 

change in sex (Buston, 2003). This is the case for many fish, where the capacity 

for sex changing allows exploitation of dynamic resources (Munday et al., 2006). " 

This system benefits when there are differential reproductive advantages with 

size/age - such that fertility increases faster with size (or age) in one sex (Warner, 
' 

1988; Munday et al., 2006). Sex change is not an option for most other vertebrate 

species because of the morphological specialisation required for reproduction and 
/ 

internal fertilisation. 

There is, of course, a range of advantages and disadvantages associated with large 

and small size (Andersson, 1994; Rivas & Burghardt, 2001; see Table 2). Large 

size can have overall advantages associated with foraging opportunity and 

reduction in pressure from the number of potential predators, whereas small size 

can have advantages associated with early maturation or generation time. 

Disadvantages are associated with each; these include larger organisms incurring 

higher mobility costs and having greater energetic requirements for sustaining 
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CHAPTER 1: GENERAL INTRODUCTION 

larger size, whereas smaller size may mean higher (relative) energy costs for daily 

activity (Andersson, 1994; Rivas & Burghardt, 2001). 

Table 2. Advantages and disadvantages of large body size. Those for small size 
can be inferred as the opposite (adapted from Andersson, 1994; Rivas & 
Burghardt, 2001). 

Advantages Disadvantages 
Males & females Greater prey type/size available 

Prey subduing easier 
More conspicuous to predators 

Females 

Males 

Lower feeding frequency 
Fewer predators 

Greater absolute energetic requirements 
More conspicuous to prey 

Lower relative energetic cost 
Greater body temperature stability 

Increased fecundity 
Potentially larger offspring 

Higher mobility costs 
Prolonged maturation 

Increased matings if intra-specific 
competition 

Higher mobility cost to increase mate 
encounter likelihood 

STUDYING SSD: SCALES OF ANALYSIS 

Tinbergen (1963) proposed four major ways of addressing questions in biology: in 

terms of trait morphology, which is how body size can be viewed, these questions 

can be illustrated as follows (adapted from Barnard, 2004): 

FUNCTION: what is the trait for? This addresses the role of the trait 

in the life of the organism; how it is used and what it 'is used for. 

MECHANISM: how is that trait achieved? What advantage does the trait 

allow which results in it to be selected for? 

DEVELOPMENT: how does that trait develop? What are the physical or 

physiological causes of the trait development? 

EVOLUTION: how has the trait evolved? This examines phylogenetic 
' 

pathways that lead to the current state. 
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CHAPTER 1: GENERAL INTRODUCTION 

This approach to analysing trait development (or other questions in biology) can 

be further viewed as the examination of ultimate and proximate causal factors. It 

is through addressing these causal factors that many researchers have sought, and 

achieved, explanations for assessment of the value of SSD (Rutherford, 2004; 

Wainwright & Reilly, 1994; Watkins, 1996). These two causal mechanisms are 

now reviewed with specific reference to SSD: 

ULTIMATE CAUSES seek to explain a trait in terms of its evolutionary history and 

functional significance (Tinbergen 1963; Watkins, 1996). This encompasses the 

three major selection hypotheses responsible for producing SSD: natural 

selection; sexual selection (Darwin, 1871; Hedrick & Temeles, 1989; Temeles et 

al., 2000); and the niche divergence hypothesis (e.g. Hedrick & Temeles, 1989; 

Webster, 1997; Reeve & Fairbairn, 1999; Losos et al., 2003; Serrano-Meneses & 

Szekely, 2006). These three selection hypotheses describe those evolutionary 

pathways leading to SSD; they describe the reason why size differences evolved 

(Barnard, 2004). In view of this, the studyofSSD provides a model for 

understanding how evolution works - either at the population or species level 

(Rutherford, 2004). These three ultimate causes are described in relation to SSD: 

Natural selection explains the mechanisms whereby those individuals best 

adapted to their environment survive and reproduce, passing on their (favourable) 

, genes. Darwin (1871) defined natural selection as 'depending on the success of 

both sexes, at all ages, in relation to the general conditions of life', differentiating 

this from sexual selection, which was defined as 'depending on the success of 
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certain individuals over others of the same sex, in relation_ to the propagation of 

the species'. In relation to SSD, natural selection can act directly on body size 

when reproductive success or survival is correlated to size. The 'fecundity 

advantage' hypothesis is thought to be a major evolutionary pathway whereby 

natural selection acts on SSD (Darwin, 1871; Andersson, 1994). Large body size 

will be selected for if it carries a reproductive advantage such as the ability to 

produce more offspring. Aside from the costs associated with large size presented 

for males and females in Table 2, there are some severe detrimental costs 

associated with increasing reproductive output, and these constraints explain why 

there is not always selection for increasing body size. Trade-offs between 

reproduction and growth are central to life history theory, and longevity is often 

reduced by the number and timing of offspring produced (Westendorp & 

Kirkwood, 1998). 

Sexual selection was first articulated by Darwin (1871), and has since 

traditionally been divided primarily into competition and mate choice. It occurs 

when differential reproductive success causes competition_over mates and it 

produces traits that benefit mate acquisition (e.g. mate attraction) - e.g. body size, 

colour or markings, or ornamentation. Sexual selection has traditionally been 

viewed as acting prinCipally on males, so females often seek these traits since they 

represent higher fitness (Andersson, 1994), and this is then likely to lead to 

exaggeration of that trait. This theory is usually based on an antagonistic 

relationship with natural selection, since sexual selection can produce traits that 

attract a mate or allow competitive advantage over a conspecific, resulting in 

successful mate acquisition, but this is often negated by detrimental influences on 
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the organism's survival (e.g. Doherty et al., 2003). A common example of this is 

where large body size in males has evolved because of the intra-specific 

advantages that large size provides in male-male competitive interactions to 

secure a resource (i.e. a mate, a territory, a food resource etc) (Shine, 1989), so 

large body size is selected for, but this increase in body size may be associated 

with the cost oflarge size - for example, easier detection by predators and greater 

metabolic requirements (see Table 2). 

The niche divergence hypothesis (or 'ecological niche' hypothesis) proposes that 

intersexual resource partitioning occurs and explains sex-based size differences 

(Arnold, 1983;. Shine, 1989). Arnold (1983) first hypothesized that differences in 

phenotype (e.g. between sexes - morphology and physiology) result in differences 

in functional capabilities. Phenotypic variation allows differential adaptation for 

different habitat types (Schulte et al., 2004). Sexes often use different aspects of 

their habitat, and in some cases the degree of spatial and temporal segregation in 

habitat use can be as great as that of two completely different species (Butler et 

al., 2007). When the sexes are specialised to utilise different resources, there is 

less overall demand for a potentially scarce resource (i.e. reducing inter-specific 

competition). For example, the work of Temeles et al. (2000) on hummingbirds 

(Eulampisjugularis) exhibiting sexual dimorphism in bill length and curvature 

showed that males and females fed most efficiently at the flower species which 

corresponded to either bill type - thereby resulting in spatial separation of 

foraging. Moreover, their study showed that this also corresponded with the 

evolution of floral dimorphism, with male and female dimorphism in flower shape 

and size to match feeding strategy of male and female hummingbirds. 
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CHAPTER 1: GENERAL INTRODUCTION 

LINKING THE ULTIMATE CAUSES 

Blanckenhorn's (2000, 2005) figure (Figure 1) illustrates the links between the 

selection forces of sexual selection, natural selection and the niche divergence 

hypothesis in producing size differences between males and females (and others, 

including viability selection and genetic constraints, described below). It shows 

body size distributions for the most common pattern observed in vertebrates -

when males are larger than females, but can also be used to understand SSD with 

female-biases. This figure encapsulates the major processes examined in this 

thesis. 

constrain 

genetic 
correlations 

..... ...... 
I I 

For -+--- 1 1-+ For 

FS 
-+ 

I I 

females males 

jBodysize I 

vs 

constraints 

Figure 1. The evolution of SSD as shown by Blanckenhorn's (2000, 2005) 
differential equilibrium model. 

In this figure, fecundity selection (FS) selects for increased body size in females, 

since large size is often positively correlated with fecundity (e.g. Reeve & 

Fairbairn, 1999; focus of Chapter 4); however, this is not as strong as the overall 

viability selection favouring small females, or the sexual selection promoting 

10 



CHAPTER 1: GENERAL INTRODUCTION 

large size in males. Sexual selection (SexS) typically selects for increased body 

size in males, through intra-specific competition and size-specific contest success 

(focus of Chapter 5). Adult and juvenile viability selection (VS) selects for 

reduced body size in both males and females, since large size often incurs greater 

costs (see Table 2 for summary of advantages and disadvantages associated with 

large body size). Foraging (For) specialization may select for divergent body sizes 

of males and females, encompassing the niche divergence hypothesis (e.g. Meiri 

et al., 2005; Shine, 1986; Temeles et al., 2000; the focus of Chapter 6). SSD 

results when these major selective pressures equilibrate differently in the sexes -

when the costs and benefits of each produce different optimal sizes for males and 

females. 

There is often some dispute as to how to view the selection processes acting on 

SSD, particularly with respect to the ecological niche divergence hypothesis. 

Some researchers view sexual selection as the only plau8ible explanation for SSD 

(e.g. Drovetski et al., 2006), sometimes niche divergence is viewed under the veil 

of natural selection through reduced resource competition (e.g. Kaliontzopoulou 

et al., 2007) and sometimes it is not perceived as a primary cause of SSD (e.g. 

Cox et al., 2003). In this thesis, I view the ecological niche hypothesis as a 

separate selection pressure since, although it is often perhaps not as dominant a 

force as natural or sexual selection, it still holds the potential to exert selection on 

sex-specific body size, and therefore should still be examined in its own right. 

Recent work on this area is making it increasingly evident that niche partitioning 

can exert considerable influence on body size and should be viewed separately 

(e.g. Shine, 1986, Shine et al., 2003; Temeles et al., 2000). 
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2. PROXIMATE CAUSES are concerned with physical or physiological factors 

associated with Tinbergen's four questions. A proximate approach includes the 

'mechanism' and 'development' questions, and covers those tangible explanations 

for body size differences (Blanckenhom, 2005; Cox et al., 2005). Proximate 

causes examine the underlying ontogenetic, physiological and behavioural 

mechanisms behind specific trait evolution and maintenance (Tinbergen 1963; 

Watkins, 1996). For example, Watkins (1996) found that in the iguanid lizard, 

Microlophus occipitalis, male-biased dimorphism resulted from continued post

maturity growth in males (combined with increased longevity), and lack ofpost

maturity growth in females, and these two proximate mechanisms produced the 

observed age-size distribution patterns. Similarly, Cox et al. (2005) examined the 

proximate behavioural, ecological and physiological mechanisms involved in 

growth regulation in Sceloporus undulates. They found that differences in 

testosterone levels between the sexes corresponded to sex-specific differences in 

growth, behaviour and colour (Cox et al., 2005). Earlier work by Marler & Moore 

(1988) similarly linked aggression and testosterone levels with energy 

expenditure, both revealing the influence that endocrine mechanisms can have on 

growth regulation. 

Proximate mechanisms often examine the ontogenetic stage at which SSD occurs 

(Shine, 1990). There are two primary stages when size can be determined during 

ontogeny: at maturity- through sex-specific differences in growth rate or age at 

maturity (i.e. processes operating on juveniles), or though sex-specific differences 

in growth rate or survival that occur post-maturity, i.e. processes operating on 
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adults (Shine, 1990). Recent work has emphasized the importance of including 

focus on sources of influence to growth rate at various life stages, such as 

physiological factors (e.g. endocrine control; Haenel & John-Alder, 2002; Cox et 

al., 2005). 

Although much work focuses on the ultimate causes of SSD, recent work suggests 

that proximate mechanisms should also be investigated thoroughly (e.g. Cox et 

al., 2005). Proximate explanations provide the means through which ultimate 

causes are played out. An approach encompassing complimentary explanations of 

SSD - ultimate and proximate causality- is the most appropriate and thorough 

·way to accurately assess explanations for sex-specific size differences. 

SSD IN AGAMID LIZARDS 

In lizards, females are often the larger sex (Andersson, 1994). This is typically 

associated with increased fecundity in larger females and a lack of territoriality in 

males. Male-male rivalry and size-dependent contest success is a common 

selective force leading to large body size in vertebrates (see Andersson, 1994). In 

lizards, however, there are also families that show distinct male-biases in body 

size. 

The family Agamidae show strong territoriality and reliance on large male body 

size for contest success (Andersson, 1994; Shine, 1998). The Australian agamids 

are a conspicuous group; they are extremely visually oriented (Greer, 1989). 

Males are typically the larger sex, and aggression and other dominance displays 

between conspecifics are well studied (Greer, 1989; Olsson, 1995; Ord et al., 
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2001). Male dragons are often conspicuous by size, colour and behaviour (Greer, 

'1989; Ord et al., 2001)-they are often brightly coloured (LeBas & Marshall, 

2000; Stuart-Fox & Ord, 2004) and highly aggressive (Peters & Ord, 2003; 

Radder et al., 2006). 

Shine et al. (1998) presented the direction of dimorphism in a number of agamids, 

illustrating just how common male-biased SSD is, with 19 out of21 species 

examined showing large male size, and all but one ajso showing proportionally 

larger head size in males. In fact, Shine et al. (1998) presented the only published 

work of an agamid, Draco melanopogon, in which females are larger and also 

have proportionally larger heads and longer tails than males. 

STUDY SPECIES - RANKIN/A {TYMPANOCRYPTIS} DIEMENSIS . 

The mountain dragon, Rankinia [Tympanocryptis] diemensis is a relatively small 

dragon lizard found throughout Tasmania and in parts of southeastem mainland 

Australia (Cogger, 1992; Hutchinson et al., 2001). It is the only representative of 

the family Agamidae in Tasmania, and it is the most southerly-distributed dragon 

in the world. It is one of only three oviparous reptiles in Tasmania (Hutchinson et 

al., 2001). Although this thesis presents several key aspects of this species' 

ecology and behaviour, I have also included more detail on its ecology and 

reproductive biology in the Supporting Document (p 161-166; Stuart-Smith et al., 

2005), which was the first paper to thoroughly explore the ecology of this species. 

Rankinia diemensis is unusual among agamid lizards in that it exhibits strong 

female-biased SSD, with a mean snout-vent length (SVL) of66 mm(± 1.28) in 
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females and 52 mm (± 0.639) in males (from a single population, southeast 

Tasmania), although maximum sizes recorded are 84.5 mm SVL for females and 

66 mm SVL for males (Stuart-Smith et al., 2005). It is an ideal species for 

examining SSD for a number of reasons: it exhibits dimorphism unusual for its 

taxonomic group; the size difference between males and females is quite obvious 

and distinct - suggesting that a very strong set of selective pressures operate 

separately on the sexes; it is a cold-climate reptile -Tasmania's temperate climate 

is characterised by lower temperatures than those experienced on mainland 

Australia (Heatwole and Taylor, 1987). This allows investigation of possible 

temperature-related influences on size. This species also has variable clutch size 

(see Stuart-Smith et al., 2005; Supporting Document), which highlights the 

potential for size-related fecundity advantages to exist. 

RESEARCH AIMS 

The overall aim of this thesis is to examine the evolution, form and function of 

female-biased sexual size dimorphism within the framework of a system where 

large male size is typically expected (Australian agamid lizards). I examine the 

roles and implications of specific phenotypic variation in body size on behaviour, 

reproduction and development, and address some of the ecological and 

evolut~onary implications that this can present for life history strategy. Selection 

intensity can vary between species, and between the sexes of a single species - it 

can target different aspects of size and structure, generating the same outcome 

from an entirely different suite of mechanisms. To account for this, I have taken a 

thorough approach to understanding trait function and evolution in order to 

emphasize the multifaceted nature of SSD, and, through this, stress the need to 
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integrate various major mechanisms when viewing trait evolution. Wainwright 

and Reilly (1994) stipulated that a complete appreciation of morphology 

necessitates information on functional, historical and ecological perspectives. I 

define and explain the size differences in R. diemensis, examine these in light of 

the three major ultimate causes, identify potential proximate mechanisms 

responsible, and elucidate the influence of environmental factors also shaping the 

degree of size differences. This not only provides a broad overview of body size 

in terms of the causes and consequences of sexual dimorphism, but also provides 

a more complete view of the niche that this species occupies. Although I primarily 

focus on ultimate approaches in this thes.is, I address proximate mechanisms by 

looking at growth rates (Chapter 2), and also by including geographic comparison 

of sizes (Chapter 1), which hints at environmental influence on body size. 

PRESENTATION OF THESIS 

This thesis consists of 5 data chapters and 1 supporting document, each prepared 

and submitted for (or to be submitted for) publication in relevant scientific ,. 

journals. Each paper can be viewed as a stand-alone piece of work; however, 

when fitted in the context of this thesis, they provide the flow and logic required 

to address the overall questions of this study. I am the primary author on all 

prepared and submitted manuscripts. I was responsible for literature searches, data 

collection, data entry and analyses, and manuscript preparation; however, I 

recognise the contribution of supervisors and co-workers by acknowledging them 

as co-authors. Due to the nature of this thesis, each chapter may incur some 

repetition, particularly in terms of animal collection and, of course, species 
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descriptions. Additionally, each chapter is formatted according to the journal it 

was submitted/accepted to, and so formatting may differ between chapters. 

THESIS OUTLINE- SUMMARY OF PAPERS 

CHAPTER 2: Size dimorphism in Rankinia [Tympanocryptis] diemensis (Family 

Agamidae): sex-specific patterns and geographic variation. 

(Accepted, pending revision: Biological Journal of the Linnean Society) 

Phenotypic variation between the sexes of a single species can influence a 

multitude of life history strategies and attributes. Precise .knowledge of sex-related 

phenotypic variation is therefore vital for understanding ecology, biology and 

behavioural attributes of a species. The first step is clear: to identify the nature of 

that phenotypic variation, in this case, body size. However, despite much work in 

this area, many studies still over-simplify this phenomenon - by including one 

measurement of size to represent an individual's entire morphology- instead of 

incorporating several morphological features (e.g. Bonduriansky & Rowe, 2003). 

Studies often also fail to look for differences not only within a population, but 

also between populations of the same species (e.g. Pearson et al., 2002). This is 

important, since environmental factors may vary with' latitude and have the power 

to significantly influence growth and body size. Thermal latitudinal gradients are 

particularly important when dealing with reptile size (e.g. Sears & Angilletta, 

2004), and the existence of geographic differences in SSD allows the opportunity 

to examine these other factors that can influence body size (Madsen & Shine, 
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1993). I include overall body size in examination of SSD in R. diemensis and also 

morphological trait sizes (e.g. head, limb and tail sizes) to examine sex-specific 

size differences on another level. 

CHAPTER 3: A proximate approach to examining female-biased size dimorphism 

in the agamid lizard, Rankinia [Tympanocryptis] diemensis. 

(Unsubmitted manuscript) 

Identifying the nature of SSD in Chapter 2 is the first step of the story: We then 

need to understand how different morphology is achieved, i.e. potential physical 

processes that are responsible for observed SSD and allometries. There is a range 

of proximate mechanisms potentially responsible for the observed female-biased 

size difference ranging from females hatching at larger size than males to sexes 

having different growth trajectories or females having greater longevify than 

males (St Clair, 1998; Rutherford, 2004). This chapter presents and analyses 

growth patterns in R. diemensis. In particular I am interested in the size at which 

the sexes diverge in siz~, and what this means for growth trajectories, age and size 

at maturity and longevity. 

CHAPTER 4: Is fecundity the ultimate cause of female-biased size dimorphism in 

the dragon lizard Rankinia [Tympanocryptis] diemensis? 

(Stuart-Smith, Swain, Stuart-Smith & Wapstra. 2007. Journal of Zoology London 

doi:lO.l l l l/j.1469-7998.2007.00324.x) 
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Natural selection is one of the primary evolutionary driving forces behind sex

related size differences in most organisms through size-specific fecundity 

advantages. Large female size is typically attributed to the ability oflarge females 

to produce more offspring (Reeve & Fairbairn, 1999). Since Darwinian theory 

suggests that natural selection should favour any characteristic that maximizes 

reproductive output, if there are size-related fecundity advantages this may, in 

part, explain why female R. diemensis are larger than males. To explore this, I 

examined the relationship between female body size and a range of reproductive 

output parameters, including fecundity. 

CHAPTER 5: The role of body size in competition and mate choice 

in an agamid with female-biased size dimorphism 

(Stuart-Smith, Swain & Wapstra. 2007. Behaviour 144: 1087-1102) 

Once the potential role of natural selection is examined via fecundity, the next 

important step is to investigate the influence of sexual selection pressures. 

Investigation of the influence of sexual selection addresses whether SSD is shaped 

by factors such as competition. This chapter deals with specific behavioural links 

to body size, focusing on the two most influential forces of sexual selection: mate 

choice and intra-sexual competition. Male body size typically determines the 

outcomes of intra-specific competition in the majority of animals - whether it is 

through defence of a resource or by defeating an opponent to gain access to 

females (e.g. Stamps, 1983; Olsson, 1995). The armament-ornament model 

(Berglund et al., 1996) predicts that females will benefit from choosing males that 
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win these outcomes, thus selecting for traits, such as body size, that promote intra-

sexual competition success (e.g. Mateos & Carranza, 1999). Female choice is thus 

a major component of sexual selection, as females tend to choose males of higher 

perceived quality (Calsbeek & Sinervo, 2002), or when male mate choice occurs, 

size-fecundity relationships mean that larger females are the preferred choice (e.g. 

Herdman et al., 2004; Wong & Jennions, 2003). This chapter focuses on the 

I 

questions - what is the functional consequence of body size? and is there intra-

specific competition based on size? 

CHAPTER 6: Sex specific activity patterns and resource use in a dimorphic agamid 

lizard. 

(In review: Stuart-Smith, Swain & Wapstra) 

Morphological or phenotypic differences between the sexes may cause or result in 

niche segregation via differences in microhabitat utilisation between the sexes, 

which can lessen the impact of inter-sexual competition (Attum et al., 2007). This 

paper addresses the ecological niche divergence theory to further explain size 

differences. Niche divergence can occur at spatial and temporal levels - through 

timing of reproductive events, diel habitat use, and differences in structural 

variables used by both sexes. It occurs when different sizes or traits adapt the 

sexes to different ecological roles (Shine, 1986; Temeles et al., 2000). Specialised 

morphological traits can result from or allow this niche spearation. For example, 

when prey types are segregated to certain areas of the habitat, specialisation of 

traits to access or capture the prey may occur. 
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SUPPORTING DOCUMENT: Reproductive ecology of the mountain dragon Rankinia 

[Tympanocryptis] diemensis (Reptilia: Squamata: Agamidae) in Tasmania. 

(Stuart-Smith, Swain & Welling. 2005. Papers and Proceedings of the Royal 

Society of Tasmania 139: 23-28) 

This paper combines work from my Honours project (Duraj, 2002) and data 

gathered during my PhD. It provides an important framework for understanding 

the study species and its distinctive nature as a study system for understanding 

SSD. This paper provides a general overview of the ecology of Rankinia 

diemensis with data from egg incubations,_ observational studies and other work 

on this species. Its importance to this thesis lies in providing the reader with a 

first-off account of the species and its life history strategy- identifying it as an 

egg-layer in a cool-temperate climate, linking reproductive cycles to climatic 

factors, recognising the importance of crypsis and behaviour, and identifying body 

size differences as a major player in the life history, adaptation and evolution of 

this species. 
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CHAPTER2 

Size dimorphism inRankinia [Tympanocryptis] diemensis (Family Agamidae): 

sex-specific patterns and geographic variation 

Manuscript submitted as: Stuart-Smith, J., Stuart-Smith R.D., Swain, R., & Wapstra E. (accepted, 
pending final revision). Size dimorphism in Rankinia [Tympanocryptis] diemensis (Family 
Agamidae): sex-specific patterns and geographic variation. Biological Journal of the Linnean 
Society. 

ABSTRACT 

Sexual dimorphism has implications for a range of biological and ecological 

factors, and intersexual morphological differences within a species provide an 

ideal opportunity'for investigating evolutionary influences on phenotypic 

variation. We investigated sexual size dimorphism in an agamid species, Rankinia 

[Tympanocryptis] diemensis, to determine whether overall size and/or relative ) 

trait size differences exist and whether geographic variation in size dimorphism 

occurs in this species. Relative ~ait proportions included a range of head, limb 

and inter-limb measurements. We found significant overall intersexual adult size 

differences; females were the larger sex across all sites but the degree of 

dimorphism between the sexes did not differ between sites. This female-biased 

size difference is atypical for agamid lizards, which are usually characterised by 

large male body size. In this species, large female-biased SSD appears to have 

evolved as a result of fecundity advantages. Relative morphological traits also 

d.iffered significantly between the sexes, but in the opposite direction: relative 

head, tail and limb sizes were significantly larger in males than females. This 
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corresponds to patterns in trait size usually found in this taxonomic group, where 

males use head and limb size in contest success such as male-male rivalry. We 

found no significant intersexual difference in hatchlings in overall body size, 

indicating that ontogenetic processes produce the overall body size differences 

present in the adult form. There were, however, morphological differences in 

hatchlings, including tail, interlimb, thigh and hindlimb lengths that varied 

between sites, suggesting genetic or environmental influences on trait evolution. 

INTRODUCTION 

Body size variation dictates a variety oflife history components, has implications 

for the ecology, biology and evolution of a species, and is often the most 

prominent difference between the sexes (Andersson, 1994; Watkins, 1996; 

Stamps, Losos & Andrews, 1997; Blanckenhom, Kraushaar & Reim, 2003). Body 

size bias between the sexes (sexual size dimorphism, SSD), is a widespread 

phenomenon occurring in a variety oftaxa (e.g. Andrews & Stamps, 1994; Butler, 

Schoener & Losos, 2000; Schulte-Hostedde, Millar & Gibbs, 2002; Lindenfors, 

Szekely & Reynolds, 2003; Fox & Czesak, 2006). The function and evolution of 

SSD can be explained by two major hypotheses: sexual selection typically acting 

to increase male size (intra-sexual selection hypothesis), and natural selection for 

increased female size (fecundity advantage hypothesis) (Blanckenhom, 2000; 

Storz et al., 2001; Cox, Skelly & John-Alder, 2003; Rutherford, 2004). 

Interspecific variation in body size is common in lizards, with males the larger sex 

in most genera (Anderson & Vitt, 1990; Lappin & Swinney, 1999; Olsson et al., 
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2002; Rutherford, 2004), and can be present on several levels, including not only 

dimorphism in overall body size, but also in specific morphological trait sizes, 

such as head or limb sizes. This dimorphism is typically associated with 

territoriality and aggressiveness towards conspecifics since large body size is 

often correlated to contest success and mate preference {Tokarz, 1985; Cooper & 

Vitt, 1993; Howard, Moorman & Whiteman, 1997; Calsbeek & Sinervo, 2002; 

Wong & Candolin, 2005). 

Sexual size dimorphism in adults results from differential physiological, 

behavioural and ecological processes occurring during some stage of development 

(Badyaev, 2002; Rutherford, 2004; Le Galliard et al., 2006). The potential 

proximate mechanisms responsible for observed size differences include 

differences between the sexes in size at birth, ,growth rate and duration, age at 

maturity, and longevity (St. Clair, 1998; Badyaev, Whittingham & Hill, 2001; 

Rutherford, 2004), therefore, understanding or identifying stages at which body 

size differences occur is crucial for elucidating how SSD has evolved (Le Galliard 

et al., 2006). 

Since body size variation is subject to a variety of selective pressures, it is likely 

that as well as potential differences between the sexes, there may also be spatial 

correlations that vary across the species' distribution (Storz et al., 2001). 

Environmental thermal regimes are the leading force driving geographic 

differences in body size within a species (Angilletta et al., 2004; Sears & 

Angilletta, 2004; Angilletta, Steury & Sears, 2004). In mammals, larger body 

sizes in cooler habitats are typical (Bergmann's Rule); a pattern linked to the 
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surface area to volume ratio and associated reduction in heat loss rate of larger-

sized organisms, or to a decrease in season length (Storz et al., 2001; 

Blanckenhom et al., 2006). In ectotherms, large body size is either associated with 

warmer climates - likely to be related to the need to regulate body temperature via 

behavioural mechanisms (Adolph & Porter, 1993; Sears & Angilletta, 2004); or 

follows Bergmann's trend oflarger 'size in cooler climates when optimal resource 

allocation models exist {Angilletta et al., 2004; Kozlowski, Czarnol~ski & Danko, 

2004). Squamate reptiles (snakes and lizards) tend to show the converse of 

Bergmann's rule, and may be explained by rapid heat advantages in cool climates 

or lower densities producing lax competition and less need for larger body size 

- . 
{Ashton & Feldman, 2003). Spatial variation in lizard body size is also known to 

result from differential habitat use, demographic factors (Stamps et al., 1997; Cox 

et al., 2003) and geographic differences in selection pressures - the stronger the 

selection pressures, the more one sex will be pushed to the limits of size variation 

(Drovetski, Rohwer & Mode, 2006). 

Patterns in SSD can vary geographically in terms of the extent or magnitude of 

size difference, or even in the direction ofSSD (see Spidle, Quinn & Bentzen, 

1998; Young, 2005; Tamate & Maekawa, 2006). Examination of the strength and 

nature of geographical variation in body size is essential for assessing the 

significance of evolutionary pressures and constraints that lead to SSD (Blondel et 

al., 2002). Evidence oflatitudinal dines in life history traits such as development 

time in the yellow dung fly (Blanckenhom & Demont, 2004), sexual dimorphism 

in sea-run masu salmon {Tamate & Maeka\Ya, 2006), or growth and size at 

maturity in Eurasian perch (Heibo, Magnhagen & V 01lestad, 2005) indicate that 
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these traits can be influenced by environmental (e.g. temperature) or selective 

pressures which vary geographically. When differences in a particular biological 

trait, such as body size, arise across the range of a species, we can use this to 

understand the causes and consequences of that difference in trait evolution 

(Braiia, 1996; Pearson, Shine & Williams, 2002; Mann, O'Riain & Hofineyr, 

2006). In Australian frogs, Limnodynastes tasmaniensis and L. peronii, latitudinal 

and climate related variation in body size appears also linked with geographical 

variation in sexual selection (Schauble, 2004). Large male size is favoured when 

breeding seasons are long (in cool climates) and bigger size permits greater 

energy storage and allows extended reproductive periods (Schauble, 2004), thus 

resulting in selective pressures for males to become larger. 

This study provides a detailed analysis of morphological variation in the mountain 

dragon, Rankinia [Tympanocryptis] diemensis (Reptilia: Squamata: Agamidae) 

(Gray, 1841 ). This sexually dimorphic reptile exhibits dimorphism contrary to its 

taxonomic group: females are significantly larger than males (Stuart-Smith et al., 

2007 a). SSD is widespread amongst the agamid lizards of Australia, but male-

biased SSD is a typical characteristic of this group (e.g. Shine et al., 1998). In 

Tasmania, R. diemensis represents the only agamid lizard, and although the state's 
' ' 

cool-temperate climate has resulted in a limited reptile fauna, R. diemensis is 

relatively widespread. This species is also present in some areas of southeast 

Australia, including the Furneaux Group, Flinders Island, southern Victoria and in 

some higher-level elevations of Victoria and New South Wales (Hutchinson, 

Swain & Driessen, 2001). Rankinia diemensis also exhibits some typical male 

agamid competition and aggression displays, which in other agamids is associated 
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with resource acquisition and mate choice (Ord & Evans, 2003; Peters & Ord, 

2003; Watt & Joss, 2003; Osborne, 2005), suggesting that body size differences 

may be more complex than expected. Thus, we will include not only a measure of 

overall body size, but also measurements of morphological trait sizes (relative to 

body size), since this will indicate more specific selection pressures 

(Kaliontzopoulou, Carretero & Liorente, 2007) and can provide insight into the 

more intricate details of a species life-history strategy. We include hatchling and 

' 
adult measurements to test whether any observed differences are present at 

hatching or whether sex-specific differences are a consequence of ontogenetic or 

post-maturity processes. We also investigate whether geographic variation e~ists, 

which will allow insights into the geographic sex-specific selective pressures 

·acting on body size. 

METHODS 

Study species and lizard capture 

The study species, Rankinia [Tympanocryptis] diemensis, is a relatively small 

agamid lizard inhabiting temperate south-eastern Australia. One of the most 

striking features of this species is the sex-biased size difference, whereby females 

attain greater body size than males (Stuart-Smith, Swain & Welling, 2005, 

Supporting Document; Stuart-Smith et al., 2007 a, Chapter 4). SSD is widespread 

amongst the agamid lizards of Australia, but male-biased SSD is a typical 

characteristic of this group (e.g. Shine et al., 1998), In Tasmania, R. diemensis 

represents the only agamid lizard, and although the state's cool-temperate climate 

has resulted in a limited reptile fauna, R. diemensis is relatively widespread. This 

species is also present in some areas of southeast Australia, including the 
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Fumeaux Group, Flinders Island, southern Victoria and in· some higher-level 

elevations of Victoria and New South Wales (Hutchinson, Swain & Driessen, 

2001). 

In this study, adult lizards were caught and measured from Clifton Beach area and 

nearby Cape Deslacs Nature Reserve (CL) in south-eastern Tasmania (42°59'S, 

147°32'E; elevation: 45-65 m; n = 69 females, 22 males); Blackman Dam (BD) 

area in central Tasmania (42°13'S, 147°14'E, elevation: 700-800 m; n = 61 

females, 58 males), and Flinders Island (FI) (40°3'S, 147°55'E, elevation: 20-35m; 

n = 43 females, 5 males) (Figure I). Size at maturity has previously been 

described in this species (see Stuart-Smith et al., 2005, Supporting Document; 

2007 a, Chapter 4) and we used this as well as our later observations of male and 

female reproductive behaviour and state (minimum size for adults in this study: 

males = 40 mm; females = 43 mm). All populations are geographically distinct 

and samples are believed to be representative of populations (at each site). 

To obtain hatchling measurements, gravid females were captured by hand during 

the oviposition period (austral spring) in 2004 from two of the above 

geographically distinct sites: Clifton area (CL; n clutches= 18) and Blackman 

Dam area (BD; n clutches= 12). This allowed the opportunity to investigate 

whether intersexual size differences were apparent at hatching, with the advantage 

of allowing us to control incubation conditions (preserved specimens were not 

used for hatchling measurements). Females from ea~h site were collected and 

allowed to oviposit in outdoor enclosures (see Stuart-Smith et al., 2007 a, Chapter 

4). Eggs were collected immediately (CL= 127, BD = 89), measured(± 0.01 g) 
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Figure 1. Spatial location of populations of Rankinia diemensis sampled in 
Tasmania, southern Australia; FI: Flinders Island; BD: Blackman Dam; and CL: 
Clifton area 

and placed in individual 600 ml plastic containers that had been 1/3 filled with 

moist vermiculite (7 parts vermiculite: I part water). Containers were placed in a 

Contherm®Digital series incubator at a constant 28 °C. Eggs were monitored 

daily and rotated within the 'incubator weekly. At hatching, hatchlings were 

removed from containers and measured(± 0.01gand±0.01 mm; see below for 

morphological measurements), and sexed by hemipenes eversion (Harlow, 1996; 

Wapstra et al., 2004). 

Morphological measurements 

Adult and hatchling R. diemensis were measured for the following morphological 

traits using electronic callipers(± 0.1 mm): snout-vent length (SVL), tail length 
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(TL), head width (HW), head depth (HD), head length (HL), snout-parietal length 

(SP), inter- (IL) fore- (FLL) and hind-limb (HLL) lengths, thigh width (Th) and 

pes length (PES; i.e. a measure of foot length taken from the tip of the longest 

digit to the heel). Both live (n = 266) and preserved specimens (n = 27) were 

included. Preserved adult specimens were made available from the Queen 

Victoria Museum in Launceston (n = 11; 7 from FI, 4 from CL), the University of 

Tasmania (n = 5; from CL) and Melbourne Museum (n = 11; all FI). 

Statistical analyses 

We examined overall body size (SVL) differences between sexes and sites and the 

relative differences in morphometrics between sexes. Body size differences were 

examined using ANOV A of SVL with sex and site as fixed factors for adults and 

hatchlings separately (Table 1). To examine morphological differences between 

sexes and sites we first regressed morphometric measurements against snout-vent 

length (SVL) to determine whether transformations were required before 

calculating relative morphometric measurements. All relationships were linear 

and no transformations were required, therefore all measurements used were 

simply divided by SVL to provide a reliable measure controlling for SVL. 

Principal components analysis (PCA) was then used to identify variation in 

morphology between sexes and sites using relative morphometric measurements 

(excluding SVL). Subsequent analyses were based on those principal components 

that accounted for the greatest variation. We included the first five principal 

components (PCs) in multivariate analysis of variance (MANOVA) to test 

between sex differences in morphology across populations for adults and 

hatchlings separately, but will present only the first 3 principal components which 
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accounted for> 66 % of the variation (see Table 2). PCs 4 and 5 were included to 

ensure that we were conservative in our analyses, even though they only made up 

9.5 % and 7.8 % of the total variation, however the MANOVA showed PCs 4 and 

5 were non significant; we do not present these. Graphs presented are based on 

relative values, not PCs, for ease of (biological) interpretation. 

Hatchlings (CL; n = 101, BD; n = 45) were measured for the same morphological 

variables as adults to determine if morphological variation was present at 

hatching. To account for any effects of clutch, we averaged all measurements of 

each sex in each clutch and used these in all analyses. 

Table 1. Effect of site and sex on SVL of adult and hatchling Rankinia diemensis 
as identified by ANOV A. 

Effect SS df F p 

Adult Sex 4758.152 1 80.285 <0.0001 
Site 878.967 2 7.415 0.0010 
Sex x site 31.465 2 0.265 0.7670 
Error 13808.988 233 

Hatchling Sex 0.010 1 0.008 0.930 
Site 4.167 2 3.359 0.073 
Sex x site 0.067 1 0.054 0.817 
Error 57.063 46 
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Table 2. Factor loadings of morphological variables on the first three principal 
component axes (PCl, PC2 and PC3) calculated for adult Rankinia diemensis 

RESULTS 

Variable 
Tail length 
Head width 
Head depth 
Head length 
Snout-parietal length 
Inter-limb length 
Thigh width 
Pes length 
Hind-limb length 
Fore-limb length 

Variance explained (%) 
Cumulative variation (%) 

PCl 
0.041 

-0.414 
-0.371 
-0.347 
-0.406 
-0.122 
-0.287 
-0.374 
-0.235 
-0.334 

40.3 
40.3 

PC2 
0.617 

-0.285 
-0.247 
-0.170 
-0.138 
-0.056 
0.453 
0.195 
0.381 
0.194 

15.2 
55.5 

PC3 
-0.368 
-0.052 
0.041 

-0.354 
-0.266 
0.528 

-0.099 
-0.149 
0.358 
0.474 

10.5 
66.1 

Overall body size (SVL) differences between sexes and age groups 

ANOV A revealed significant differences between site and sex for adult SVL 

(Table 1 ), with Tukey' s HSD post hoe test indicating that females are 

significantly longer than males, and that males and females from FI are 

significantly longer than their counterparts from both BD and CL populations 

(Figure 2). Hatchling SVL was not significantly different between sites or sexes 

{Table 1 ). There was no significant sex x site interaction for adults or hatchlings 

{Table 1). 
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CL BD FI 

Figure 2. Mean snout-vent length (SVL) and 95% confidence intervals of adult 
Rankinia diemensis of sexes (male= black fill, female= clear fill) and sites within 
Tasmania (BD = Blackman Dam, CL = Clifton, FI = Flinders Island). 

Differences in morphological traits between sexes and age groups 

The first three axes of the PCA were identifiable as an overall relative body size 

vector between sexes for adults, explaining 66.1 % of the total variation (Table 2). 

The first axis (PCl) had tail length as the only positive factor loading (Figure 3) 

and uniformly moderate negative factor loadings for head measurements (width, 

depth, length, snout-parietal) forelimb and pes measurements (Figure 4). The 

second axis (PC2) had high positive loadings for tail, thigh and hind limb length. 

The third axis had high negative loadings for inter-limb length and tail base, and 

high positive loadings for hind limb length. A priori contrasts revealed significant 

differences between sites based on all PCs at some level (Table 3 ). 
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Figure 3. Mean and 95% confidence intervals for relative tail lengths of adult 
male and femaleRankinia diemensis (mm.mm-1

). 

Bonferroni adjustments were implemented due to multiple contrasts and non-

orthogonal comparisons (with a recalculated P = 0.0125, based on each-way site 

comparisons). The 2-way MANOVA (Pillai's Trace) revealed a highly significant 

effect of sex and site on relative adult morphological measurements based on the 

first five PCs identified in PCA (Table 4). PCl had significant differences 

between CL and the other two sites, with CL having smaller heads (HW, HD and 

SP) and limbs (HLL, FLL and Pes) than FI or BD. PC2 differed between all sites, 

with BD having shorter tails than the other 2 populations, and CL having smaller 

thigh widths (Th) than BD or CL. PC3 differed between BD and the other two 

sites, with BD having slightly longer inter-limb lengths than FI, but FI had longer 

tails and hind limbs than BD on this axis. 
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The first three axes of the PCA were identifiable as an overall relative body size 

vector for hatchlings, explaining 69.4 % of the total variation (Table 5). PCl was 

characterised by moderate positive head measurements. PC2 was characterised by 

negative tail and interlimb measurement loadings, and positive hindlimb length. 

PC3 was characterised by high negative loadings for hindlimb, thigh, interlimb 

and tail measurements (Table 5). The 2-way MAN OVA (Pillai's Trace) of 

hatchling relative morphological measurements revealed a significant effect of 

site, which occurred on PC2 and PC3 (Table 4). PC2 was weighted by high 

negative tail, interlimb and hindlimb lengths, while PC3 by high negative 

hindlimb, interlimb and thigh lengths. CL had longer tail and interlimb lengths 

(corresponding to greater SVL found at CL); and BD had slightly greater 

hindlimb and thigh lengths than CL. 

Table 3. A priori contrast revealing site differences in first three PCs (PCl, PC2 
and PC3) of relative adult morphological measurements across sites (BD = 
Blackman Dam, CL = Clifton, FI = Flinders Island). 

Contrast df Contrast SS F p 

PCl BDvsCL 1 1.401 6.67 - 0.0104 
BDvsFI 1 1.211 5.76 0.0171 
CLvsFI 1 5.023 23.90 <0.0001 

PC2 BDvsCL 1 44.468 0.00 <0.0001 
BDvsFI 1 28.638 0.00 <0.0001 
CLvsFI 1 136.814 0.00 <0.0001 

PC3 BDvsCL 1 215.679 70.95 <0.0001 
BDvsFI 1 138.131 45.44 <0.0001 
CLvs FI 1 0.001 o:oo 0.9836 
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Figure 4. Mean and 95% confidence intervals for relative head and limb sizes of 

adult male and female Rankinia diemensis (mm.mm-1
). 
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Table 4. Effects of sex and site on relative morphological measurements of adult 
and hatchling Rankinia diemensis as revealed by MANOVA. The analysis is 
based on the first five principal components identified in PCA. 

Effect df Pillai's Trace F -p 

Adult Sex 5,235 0.322 22 <0.0001 
Site 5,235 0.475 14.46 <0.0001 
Sex x site 5,235 0.577 1.33 0.2115 

Hatchling Sex 5, 46 0.056 0.50 0.7724 
Site 5,46 0.330 5.0 0.0038 
Sex x site 5,46 0.099 0.93 0.4714 

Table 5. Factor loadings of morphological variables on the first three principal 
component axes (PCl, PC2 and PC3) calculated for hatchling Rankinia diemensis. 

DISCUSSION 

Variable 
Tail length 
Head width 
Head depth 
Head length 
Inter-limb length 
Thigh width 
Pes length 
Hind-limb length 
Fore-limb length 

Variance explained (%) 
Cumulative variation (%) 

PCl 
0.092 
0.457 
0.461 
0.473 
-0.025 
0.338 
0.307 

-0.111 
0.353 

39.3 
39.3 

PC2 
-0.586 
0.079 
0.050 
0.041 

-0.570 
0.307 

-0.292 
0.376 
-0.033 

18.7 
58 

PC3 
-0.219 
0.248 
0.138 

-0.100 
-0.381 
-0.333 
-0.011 
-0.739 
-0.243 

11.4 
69.4 

This study confirmed significant body size and morphological trait size 

differences between adult male and female Rankinia diemensis and demonstrates 

that overall body size does not differ between the sexes at hatching, and there is 
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no sex-specific morphological trait variation at this early life stage that 

corresponds with that of adults. We have also confirmed significant geographic 

variation in body and morphological trait sizes within this species, but this does 

not lead to geographic variation in the degree of SSD. Although females achieve a 

greater overall body .size than males, at hatching there is no difference between 

the sexes in snout-vent length. 

It is atypical (but not unknown) for female agmmds to be the larger sex; Shine et . 

al., (1998) illustrated this with 18 out of the 21 agamid species examined 

identified as having male-biased SSD. Greater overall size in females can be 

explained by the fecundity advantage hypothesis (see Stuart-Smith et al., 2007 a, 

Chapter 4), and the small-male hypothesis complements this (Schneider et al., 

2000; Serrano-Meneses & Szekely, 2006). Specifically, in this species, gre~ter 

female size correlates with increased reproductive potential (Kent, 1987; Greer, 

2002; Stuart-Smith et al., 2007 a, Chapter 4). While we have limited information 

on male R. diemensis, in other species small male size can confer advantages such 

as early maturity, reduced energetic costs, greater agility, and potentially greater 

predator avoidance (Schneider et al., 2000; Blanckenhom, 2000). Given that there 

were no intersexual size differences at hatching, SSD in adults must reflect the 

presence of sex-specific growth patterns or differential selective pressures acting 

prior to or at maturity, and implies that selective pressures are not consistent 

throughout the life stages of this species (Badyaev et al., 2001). Since there is no 

difference in body size (SVL) at hatching, sexes must diverge in body size at a 

later stage. Whether this stems from different pre- or post- maturity growth rates 

being greater for females, or greater longevity for females is not yet known. 
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Reptiles typically experience reduced growth post maturation, as energy is then 

proportioned into reproduction and its associated costs (Shine & Schwarzkopf, 

1992; Wapstra, Swain & O'Reilly, 2001; Haenel & John-Alder, 2002), so females 

may either grow faster or mature later than males to achieve greater body size. 

Likewise, if females live longer or experience less size or sex-specific mortality 

(e.g. predation of large males since crypsis is further reduced in male-male visual 

displays when individuals are larger, since they are more obvious), they may 

reach greater sizes, however further work is needed to clarify this. 

· Intersexual differences exist on two levels in R. diemensis: overall body size and 

individual morphological trait size. In species with male-biased SSD, the primary 

selective force influencing this size difference is sexual selection, and for female

biased SSD, it is natural (fecundity) selection (Schulte-Hostedde et al., 2002; Cox 

et al., 2003). Despite clear female-biased SSD, we also found strong evidence for 

selection on male traits (head and limb and tail measurements), particularly those 

typically associated with male-male interactions in lizards, such as head size (e.g. 

Anderson & Vitt, 1990; Shine et al., 1998; Kratochvil & Frynta, 2002; Reaney & 

Whiting, 2002). Morphological trait variation did not differ between sexes at 

hatching, suggesting trait morphology must also diverge between the sexes at 

some later point, as well as the above-mentioned divergence in overall body size 

that occurs in this species. Large trait size in males is common in agamid lizards, 

and Shine et al. (1998) showed that in 18 out of the 21 agamid species examined, 

head size was larger in males (with 1 species unknown), in 19 species males had 

longer (or the same length) tails as females (2 species unknown). In contrast to 

our findings, 18 of these species exhibited male-biased SSD, and in only one 
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female-biased sexually dimorphic species, Hypsilurus boydii, males had relatively 

larger heads but tail length did not differ between the sexes. It is also possible that 

the sexes occupy different ecological niches or utilise different parts of their 

microhabitat - and have evolved independent adaptations to this (Shine, 1989; St. 

Clair, 1998; Badyaev et al., 2001; Butler & Losos, 2002). For example, the 

proportionally longer limbs and tail in males may reflect increased use of arboreal 

structures, allowing better climbing ability and balance (e.g. Losos, 1990). 

When we see differenc.es in overall body size and individual morphological trait 

variation that occurs in an unusual manner, we are inclined to postulate that 

positive directional selection is operating at different levels. If females are large to 

increase egg production and males do not appear to require large body size, then 

why are their relative morphological traits larger than females? It is possible that 

head size in R. diemensis is related to competition or mate choice, despite there 

being seemingly little selection on overall size for large males. Although males 

are smaller than females, when referring to within-sex competition, it may be only 

those relative trait differences that are important for contest success (Stuart-Fox & 

Ord, 2004; Osbourne, 2005). Male dragons typically use limb and tail movement 

in male-male interactions (Radder et al. 2006; Stuart-Smith et al., 2007 b, Chapter 

5), and so longer limbs and tails may then promote greater display efficacy. If so, 

we then need to determine why this does not then create selection for increasing 

body size in males, with the most obvious reasoning being that an overall body 

size increase would constrain fitness more than it would benefit it. Increases in 

body size could be linked to greater mortality through increased potential for 

detection by predators by virtue of their size, greater metabolic costs and demands 
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of larger size, reduced agility and manoeuvrability and viability costs associated 

with an extended development time (Shine et al., 1998; Blanckenhom, 2000). 

Population density can influence body size such that smaller males are likely to be 

selected for when populations are less dense - females are often sparsely 

distributed and smaller males mature earlier, are more agile (small male 

hypothesis, Schneider et al., 2000) and require less energy for the distances they 

must travel to locate a mate (Stamps et al., 1997). 

As well as intra and inter sexual differences in dimorphism, we also confirmed 

significant geographic variation in body size of R. diemensis. This revealed that 

the Flinders Island and Clifton populations were comprised of larger lizards (per 

sex) than at Blackman Dam. The major differences between these populations 

include elevation, climate, and latitude. The larger lizards came from regions of 

low elevation, and warmer climate (FI and CL) - both appear similar in habitat 

type - coastal heath and sandy soil. These populations also presumably experience 

a reduced winter torpor period, since conditions are milder, due to their proximity 

to the coast and the subsequent maritime climate. It is possible then that larger 

size is attained through the ability to forage for greater time and being subject to 

less harsh conditions. However, despite geographic variation in body size being 

widespread in many animal taxa, it is often difficult to easily interpret the causal 

factors, since multiple processes may contribute (Madsen & Shine, 1993). In this 

instance, interpretation is also complicated since Flinders Island may be 

influenced by the 'island rule', where reduced predation and competition are 

common, and often result in larger body sizes in small-bodied species (Clegg & 

Owens, 2002; Lomolino, 2005; McClain, Boyer & Rosenberg, 2006). Although 
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we are not aware of similar studies on populations on mainland Australia, this 

information would provide a clearer picture of size trends, and possibly elucidate 

further climate-related size shifts, however we were unable to include these data 

in our study, and it is an area which will allow clearer understanding of 

geographic variation in SSD in this species. 

Geographic variation in selective pressures may promote variation in more than 

one trait and potentially differentially between the sexes, which in turn leads to 

divergence between male and female body sizes and/or other traits. For example, 

in sea-run masu salmon (Oncorhynchus masou), relative male size increases with 

latitude, as a result of increasing operational sex ratios or sex-specific selection on 

males at these latitudes (Tamate & Maekawa, 2006). In R. diemensis, we found no 

difference in the degree of SSD between populations, suggesting that sex-specific 

selective pressures (fecundity and sexual selection) do not differ geographically 

despite the overall observed geographic differences in size. Such geographic 

variation in size is common and often attributed to differential natural and sexual 

selection pressures occurring throughout the species range (Pearson et al., 2002; 

Schauble, 2004). It is likely that size differences between sites found in R. 

diemensis (i.e. the overall size differences that occur while the difference between 

sizes of the sexes remains fairly constant such that the FI population exhibits 

larger males and females than any other site) are the result of Climatic or 

environmental factors which differ between sites, and that relative sex-specific 

selection pressures are static for this species. 
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Differences in morphological traits that occur between populations, such as the 

longer tail length of lizards at FI and CL than of those from BD may result from 

ecological or behavioural differences, or population demographics (Stamps et al., 

1997; Schulte-Hostedde et al., 2002). Habitat use may account for differences in _ 

relative limb measurements in this species, although further work is needed to 

clarify this. If one population inhabits an area, for example, that requires more 

climbing or is comprised ofless vegetative cover, longer limbs and tail may be 

selected for as a result of having to climb more, or require greater speeds to reach 

cover, and avoid predators in between, _since limb-and tail lengths in lizards are 

often correlated with speed and climbing ability (Losos, 1990; Van Damme, Aerts 

& Vanhooydonck, 1998; Herrel, Meyers & Vanhooydonck, 2001). 

Although female-biased SSD in R. diemensis appears to have evolved as a 

consequence of fecundity advantages (Stuart-Smith et al., 2007__a, Chapter 4), the 

knowledge that selection is also operating on males to produce differences in 

relative head and limb measurements between the sexes implies that aggression 

and dominance displays may still be important. This study has illustrated the 

importance of examining body size differences on several levels, and highlighted 

that geographic differences in size dimorphism should also not be overlooked 

since they provide valuable information on ecological and evolutionary influences 

to body size within a species. 
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CHAPTER3 

A proximate approach for assessing female-biased size dimorphism in the agamid 

lizard, Rankinia diemensis. 

(Unsubmitted manuscript) 

ABSTRACT 

The proximate causes for sexual size dimorphism (SSD) include the physical and 

physiological processes that act to produce the size difference often observed in 

adult males and females. Quantifying these processes allows determination of 

how and when size differences occur. I used skeletochronology to determine the 

relationship between size and age and assess the age at which sexes diverge in 

size in an agamid lizard with female-biased SSD. I explored whether age at 

hatching, differential growth rates, size at maturity, cessation of growth at 

maturity, or longevity, were responsible for producing the female-biased SSD 

patterns observed in Rankinia diemensis. I determined size at hatching by 

measurement of neonates and captured individuals of all size classes from a single 

population to determine age and growth parameters for both sexes. There were no 

inter-sexual differences in body size parameters at hatching (including overall 

body size, snout-vent length [SVL ], and trait sizes such as head, limb and tail 

size), and growth trajectories were similar for both males and females for the first 

two years oflife. Sex-specific size differences emerge at three to fours years of 

age, where females reach a larger size. This indicates that the size differences 
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observed between adults are determined by processes acting during late juvenile 

development or at near maturity. Differences in the growth asymptote further 

contributed to SSD in R. diemensis, with male growth slowing at maturity (at 

approximately 3 years of age). Females continued to grow past the maximum size 

reached by males, potentially maturing later than males, thereby reaching greater 

body size. It is likely that this delay in maturity in females is linked to. the benefits 

of larger size for reproductive-mediated advantages. Morphological traits 

(including head, limb 3;11d tail measurements) increase isometrically with body 

size in b9th sexes, following the same pattern of timing of size divergence as. 

SVL. 

INTRODUCTION 

Growth patterns and age at sexual maturity are important mechanisms in 

determining an individual's size (Ado~ph & Porter, 1996; Berrigan & Chamov, 

1994; Brown et al., 1999). They are therefore central to understanding the actual 

processes respoJ.J.sible for the size differences between adult males and females of 

the same speci~s (sexual size dimorphism, SSD) that are observed in many taxa 

(St Clair et al., 1994; Haenel & John-Alder, 2002). Sex-specific adult size 

'differences may reflect differential initial sizes, growth trajectories or asymptotes 

between the sexes, or ~an reflect differential survival (Haenel & John-Alder, 

2002; Stamps & Andrews, 1992). The primary physical avenues, the proximate 

mechanisms, through which sex-based size differences occur are therefore for the 

larger sex to be born/hatch larger, to grow for longer, to mature at a later age, or to 

live longer (Andrews & Stamps, 1994; St Clair, 1998; Badyaev et al. 2001; 

Haenel & John-Alder, 2002; Rutherford; 2004; Cox & John-Alder, 2007). Other 
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factors such as recruitment to, and migration from a population, behavioural 

exclusion, and size specific mortality, may further impact on the observed size 

structure of a population (Shine, 1990; Haenel & John-Alder, 2002; Rutherford, 

2004). 

Table 1 (modified from Stamps 1993 and Watkins, 1996) summarises the major 

proximate factors responsible for size differences between males and females, and 

identifies the mechanism behind each. For example, size dimorphism at maturity 

can be the result of different growth prior to maturity (the proximate cause), or it 

can be due to either a difference in growth rate or in the growth asymptote that 

occurs in either sex. 

Table 1. Proximate gender-specific mechanisms leading to SSD (modified 
from Stamps 1993 and Watkins, 1996). 

PROXIMATE FACTOR SEX-SPECIFIC DIFFERENCE MECHANISM 

Growth Trajectories Asymptote/ rate 

Neonate size Size at birth/hatching Sex-specific investment 

Maturity Age at maturity Age- and sex- specific 
hormones 

Age distribution Age-specific mortality Recruitment (adult) 
Mortality (adult) 

Age-specific migration Behavioural exclusion 
Recruitment (juvenile) 
Migration (&dult) 

The growth rate of an individual can influence a number of fundamentally 

important life history traits - ranging from reproductive output, the age and size it 
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achieves at maturity, and its longevity (Andrews, 1982; Bronikowski, 2000). 

Rapid growth in early life can reduce longevity, presumably through implications 

for future resource allocation (Olsson & Shine, 2002). High reproductive rates can 

also be detrimental to an individual's long-term survival, via the same 

mechanisms (e.g. Amqvist & Nilsson, 2000; Westendrop & Kirkwood, 1998). 

Although growth rate has a strong genetic component, it can also be influenced by 

a range of external factors (St Clair et al., 1994 ). For example, temperature has a 

strong influence on growth rate, particularly in ectothermic animals (e.g. 

Bronikowski, 2000; Sinervo, 1990; Sinervo & Adolph, 1994), as do other limiting 

factors such as food and water availability, which can also, in tum, be regulated 

by competition intensity (Andrews, 1982; Lorenzon et al., 1999; Madsen & Shine, 

2000). 

When investigating growth patterns and trajectories, it is often logistically 

difficult to determine an individual's age because it often relies on long-term field 

studies including making repeated observations on individuals of known age 

(which presents a suite oflogistical difficulties). Skeletochronology (histological 

cross sections of bones) is an accurate tool for assessing age and determining 

growth and longevity in reptiles from temperate climates, and provides a solution 

to many of the logistical difficulties otherwise required to attain this information 

(e.g. Castanet et al., 1993; Castanet & Smirina, 1990; Smirina, 1994; Guarino et 

al., 2003; Leclair et al. 2005; Wapstra et al., 2001). It is important to assess age

specific size in reptiles, since growth is often discontinuous, is often staggered by 

periods of slow growth (e.g. after hatching or maturity, or season), and can be 

influenced by environmental factors (Andrews, 1982). The accuracy of 
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skeletochronology can be strengthened by employing several validation 

techniques, such as incorporating animals of known age, and is particularly 

advantageous when undertaken with the use of phalanges since it negates the need 

to sacrifice the animal (Guarino et al., 2003). 

Skeletochronology involves using histological cross sections oflong bones 

(usually either phalangeal or femoral bones) to determine age. This technique uses 

osseous growth marks (cyclical growth marks that relate to seasonality) by 

identifying times of arrested development (LAGs, Lines of Arrested Growth), 

such as a period of hibernation or torpor (e.g. Ortega-Rubio et al., 1993). I used 

skeletochronological methods to determine the age of individual Ran/dnia 

[Tympanocryptis} diemensis, a sexually dimorphic agamid lizard of south-eastern 

Australia in which females are the larger sex. This species undergoes a lengthy 

torpor period, particularly in Tasmania (Stuart-Smith et al., 2005, Supporting 
/ 

Document), making it an ideal candidate for using skeletochronology to assess 

age. Female-biased sexual size dimorphism (SSD) is atypical of agamid lizards 

which usually express strong male-biased size dimorphism for combat and male-

male rivalry (e.g. Shine et al., 1998). Therefore, understanding.growth patterns is 

important in revealing the mechanisms producing sex-specific size. We can also 

only fully understand SSD in agamids once we understand the exceptions to the 

rule - how selection and proximate mechanisms act in species like R. diemensis -

which exhibit morphologies contradictory to the norm for this taxonomic group. 

Here I assess whether female R. diemensis grow faster, mature later, or live longer 

than males in an attempt to identify the mechanism through which this size 
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difference is attained. By identifying how and when the divergence in body size 

occurs, we can then also begin to understand how external factors can impad on 

the size difference. Previous work has already identified that there is no size 

difference between the sexes at time of hatching (Stuart-Smith et al., in press; 

Chapter 2), so they must diverge in size at some point during development. I also 

include investigation of morphological trait growth patterns to determine their 

relationship with body size. This is done by using the histological age estimates of 

individual lizards and comparing trait size (and growth patterns of traits) to body 

size and age . 

. METHODS 

Study species 

The study species, Rankinia [Tympanocryptis] diemensis (Squamata: Agamidae), 

is a relatively small, cryptic dragon lizard inhabiting areas of south-eastern 

Australia, including Tasmania (Stuart-Smith et al., 2005, Supporting Document). 

This temperate lizard undergoes a relatively long torpor period, lasting up to 7 

months (Stuart-Smith et al., 2005, Supporting Document). It is highly dimorphic, 

with.the average size of mature females in the study population 63.7 mm (SE± 

1.134), and 51.5 mm for males (SE± 1.118). This study included lizards from one 

population in Central Tasmania (42°13'S, 147°14'E, elevation: 700-800 m). 

Lizards were captured throughout the activity season (October- April, 2003) as 

part of a mark-recapture study (see Chapter~), where toe-clipping allowed 

identificatl~n of individuals and also provided the phalanges to be used in 

skeletochronology. The intensity of the field program means that the individuals 

included in this study comprise most of the population. Individuals across all age 
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groups were obtained (n = 91). Individuals were measured using electronic 

callipers (± 0.1 mm) for snout-vent length (SVL; mm) and head (width and -

length; mm), limb (fore and hind; mm) and tail (length; mm) measurements (see 

below). I also obtained femoral and phalangeal bones from 4 individuals 

preserved at the University of Tasmania for comparison with and to validate the 

use of phalanges for ageing. 

Age determination 

Age determinati~~ techniques were "adapted from Castanet et al. (1993), Castanet 

& Smirina (1990), and Wapstra et al., (2001). Toe-clips were stored in 70 % 

ethanol prior to skeletochronological sectioning'. Each bone was decalcified in 5% 

nitric acid for 4-7 hours, and then rinsed with water for 10-12 hours. Bone 

preparation included dehydration to allow embedding in wax; this involved 60 

minute periods spent in increasing increments of ethanol concentrations (to slow 

the rate of water loss from the cells, preventing damage to cells and tissues: 0 %, 

50 %, 70%, 90%, 100%1, I 00%II, 50:50 ethanol:xylene, 100% xylene; then in 

wax at 60 °C: wax I, wax II). Each bone was embedded in wax using a separate 

wax box mould, and cooled on ice, using a heated scalpel to slowly mix the wax 

while cooling (to ensure bone did not move while wax set and to ensure no 

bubbles formed and.wax set at the same rate throughout the mould). Once cool, 

each block was trimmed and then sectioned at 8 µm using a rotary microtome to 

transversely section each bone. Serial sections of almost the entire length of each 

digit were cut to ensure that the mid-diaphysis region was sectioned. Each serial 

section of ribbon was transferred to a glass slide. Slides were left on a warming 

plate (40 °C) until sections adhered to the slide. To stain with Erlich's 
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haematoxylin, I employed a series of re-hydration procedures, leaving each slide 

in increasing concentrations of distilled water for 30 mins each (i.e. the reverse 

procedure for the above-mentioned dehydration procedure: xylene; 

xylene:ethanol, 100% ethanol (II), 100% ethanol (I), 90% ethanol, 70 % ethanol, 

50% ethanol, water). They were then placed in Erlich's haematoxylin stain for 15-

20 minutes before being placed back in a mixture of distilled water and ammonia. 

To mount slides, I dehydrated at 15-minute intervals (using the above-mentioned 

procedure) before mounting with DPX, (Di-n-butyl Phthalate in xylene; a 

colourless, synthetic resin) and a cover slip. Lines of arrested growth (LAGs) 

were counted using a compound microscope, and verified using a second 

independent observer. Observers agreed on all but two of the sections and since 

this could not be resolved (due to poor sections), these two individuals were not 

included in any further analyses. Counting LAGs involved counting and 

measuring the diameter of each LAG, as well as the outer and inner diameters of 

the bone section using an eyepiece graticule. Endosteal reabsorption was 

estimated by using bone diameters ofhatchlings and cross-validation of femur and 

toe-clip LAGs helped to validate the process. The age of individuals was 

established by the number of winters (including actual LAGs, and back

calculation of those that may have been lost in older individuals, see Wapstra et 

al., 2001). 

Age determination by counting LAGs was validated in a 3 ways: 

1. LAG comparison between femur and toe-clips (n = 4) to ensure 

that growth rings in toe-clips corresponded to growth rings in 

other bones; 
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2. Using initial LAGs in hatchlings (n = 9) to assess size at 

hatching; 

3. LAG comparison of individual lizards captured in successive 

years (i.e. toe-clip taken in two successive years; n = 3). 

Size measurements 

The aim was to elucidate the proximate mechanisms responsible for SSD in R. 

diemensis, and linked to this is understanding whether morphological trait sizes, 

which also differ between the sexes, diverge concurrently with SVL. For this, I 

compared trait sizes with body sizes. The traits assessed represent those that were 

found to be significantly different between the sexes (see Chapter 2): head sizes 

(length and width), limb sizes (hind limb and forelimb) and tail length. 

RESULTS 

Age determination validation techniques showed that skeletochronology is an 

accurate measure of age in R. diemensis. I obtained a direct correlation between 

number ofLAGs counted between femur and toe-clip individuals (n = 4) and 

lizards captured in successive years (n = 3) had all increased by 1 LAG in their 

phalange. Growth trajectories of R. diemensis were estimated using the Gompertz 

curve, which was the most suited to the sigmoidal growth apparent in this species. 

This model indicates that growth is slowest at the start and_ end of a time series, 

and has been shown to be an effective estimation of growth patterns in other lizard 

species (e.g. El Mouden et al., 1999). The model and parameters were chosen 

based on minimising overall sums of squares (SS) using a randomised procedure. 

The Gompertz equation for the line of curve is as follows: 
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SVL = A + ce-e-B(X -M) 

where A is the lower asymptote, C is the upper asymptote, e is an exponential, B is 

growth rate, X is age and M represents the time of maximum growth (units of time 

expressed in annual LAGs). Figure la shows the raw data without the Gompertz. 

equation fitted, also indicating size and age at maturity. The growth trajectories 

for both sexes of R. diemensis are presented in Figure 1 b. This shows initial 

similar sizes for males and females, and similar growth pattetns until three to four 

years of age. At this point, male growth asymptotically approaches zero, and -

females continue to grow, at a slower rate. The divergence in size begins at age 

three, and at age 5 (when confidence intervals do not overlap) the sexes are 

separate). Figure 1 b also shows slow initial and late growth for both sexes and an 

increase in growth rate between the ages of two and four years (see Andrews, 

1982 for similar patterns). Both males and females reach similar maximum ages 

(females 8 years; n = 1; males and females 7 years, n = 6). The relationship 

between trait morphology and age was similar to that of SVL for all traits 

included, such that trait size diverged at similar age (Figure 2). This supports data 

from Chapter 5, where trait size is found to be directionally proportional to SVL. 
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Figure la) Raw data ofSVL and age inR. diemensis, (male= white fill; female= 
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and age (means and 95 % confidence intervals) for male and female Rankinia 
diemensis (male = white fill; female = black fill) with the Gompertz function 
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DISCUSSION 

Skeletochronological analysis was used to quantify the growth patterns of male 

and female R. diemensis and revealed that growth cessation at an earlier age in 

males, combined with delayed maturity and potentially continued post-maturity 

growth in females, is responsible for the observed difference in adult body sizes. 

Since previous work (see Stuart-Smith et al., in press; Chapter 2) has identified a 

similar degree of size difference between geographically isolated populations 

(despite different sizes of both sexes at different sites), I can further identify that 

there is an underlying commonality of proximate mechanisms and selective 

pressures that lead to the observed SSD in R. diemensis. 

In many lizards, growth is the most rapid during the juvenile life stage (e.g. 

Haenel & John-Alder, 2002; Watkins, 1996; Wapstra et al., 2001). In temperate

climate reptiles, when hatching occurs immediately prior to winter torpor, 

individuals must build energy stores required for torpor within a limited time. 

This climate limits the amount of time an individual can thermoregulate and spend 

foraging, and reduces the opportunity for growth on both a daily and seasonal 

basis (Adolph & Porter, 1996; Sinervo & Adolph, 1994; Uller & Olsson, 2003). 

Cool climates can often result in slower growth rates and maturation at a larger 

body size compared to tropical counterparts (Angilletta et al., 2004). This pattern 

of slow initial growth found inR. diemensis corresponds to Andrew's (1982) early 

models of reptile growth patterns, which often show discontinuous growth that is 

linked to energy allocation limitations. Growth is particularly limited in the first 

season for R. diemensis, since hatching occurs in March, and torpor begins in 

April - May (with June the start of austral winter). Agamids typically inhabit hot 
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dry or tropical regions (see Cogger, 2000) and require higher preferred body 

temperatures than other lizard genera inhabiting the same region (see Greer, 1989 

for comparison of preferred body temperatures of a range of lizard genera in 

Australia). Adolph and Porter (1996) compiled data to show that most temperate 

zone oviparous lizards reach maturity at one year of age, with a further peak (in 

the number of species that reach maturity) at two years (representing data from 10 

families and 102 species). In this context, R. diemensi~ exhibits somewhat delayed 

· maturity (~3-4 years) suggesting that it does not begin reproducing until relatively 

later in life. This may indicate that the climate experienced in Tasmania may be 

particularly restrictive for these reptiles in terms of activity time, growth 

energetics and reproductive seasonality'(see Adolph & Porter, 1996; Sinervo & 

Adolph, 1994; for similar conclusions in Sceloporus lizards). 

The sexes are similar in size at hatching and growth .is slow for the first two years 

of life. Growth trajectories are similar between the sexes for the·first three years 

oflife. This follows the trend observed for most sexually dimorphic vertebrates -

near identical morphology during early life stages and development, and then 

highly divergent growth patterns to achieve the size dimorphism expressed as 

adults (e.g. Badyaev, 2002 and references therein). At maturity,, male growth rate 

· decreases and asymptotically approaches zero, as is common in other lizards 

(Olsson & Shine, 1996; Shine & Charnov, 1992). Females appear to delay 

maturity (for a minimum of one season) and grow, at least to some extent, post . 

maturity. These growth patterns also correspond to bimaturation theories. Where a 

relationship exists between SSD and sexual bimaturation, the larger sex often 
, ' 

becomes reproductive at an older age than the smaller sex (Stamps & Krishnan, 
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1997). It is the delayed maturity that allows one sex to reach greater size, since 

reproduction requires resources which take away from that which is available for 

growth (e.g. Steams & Crandall, 1981; Tinkle, 1969; Watkins, 1996; Wapstra et 

al., 2001). 

Recent work indicates strong positive selection on female body size due to 

fecundity related advantages oflarge size (Stuart-Smith et al., 2007 a, Chapter 4). 

Delayed female maturity, and potentially ongoing post maturity growth, provide 

the mechanism for females to attain the larger sizes required to be able to increase 

fecundity. Delayed maturity often infers lower lifetime reproductive output since 

it means fewer reproductive seasons (Galan, 1996; James, 1991). However, there 

is a trade-off since there is also evidence to support the premise that rapid growth 

in early life comes with the disadvantage of reducing survivorship later in life 

(Olsson and Shine, 2002). Since previous work has outlined that relative clutch 

mass (RCM) is not proportional to size (Stuart-Smith et al., 2007 a, Chapter 4), 

and that the only way for a female to increase her reproductive potential is to 

attain larger size, then delaying reproduction to reach larger size is an effective 

strategy for increasing reproductive output in this species. Slowed growth and 

delayed maturity can be advantageous if large size also conveys the advantage of 

larger clutch sizes (James, 1991; Tinkle et al., 1970), as occurs in R. diemensis. 

Longevity appeared relatively similar between male and female R. diemensis in 

this study. The maximum age reached was 8 seasons (n = 1 female), with similar 

numbers of both sexes reaching 7 LAGs (n = 5 males, 6 females). Other 

Australian agamids such as Maloch horridus and Chlamydosaurus kingii reach a 
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similar age (approximately 6 years) (Griffiths, 1999; Pianka & Pianka, 1970); 

however, they inhabit tropical regions and are thus able to reach larger size in the 

same time frame. 

Trait morphology appeared to diverge at approximately the same time as SVL for 

males and females. Trait size is directly proportional to SVL in R. diemensis (see 

Chapter 6), and so it is then not surprising that growth of traits corresponds to the 

same pattern as SVL, with slow initial and late growth, and divergence beginning 

at three years. Figure 3 shows that growth rate of morphological traits is similar to 

SVL for males and females. These data identify that trait and size divergence 

patterns are similar, and that trait dimensions isometrically increase with body 

size for both males and females (see Bonduriansky & Rowe, 2003; Herrel & 

O'Reilly, 2006). 

This study clearly allows us to rule out several potential proximate mechanisms of 

SSD in R. diemensis. This species does not show sex - specific differences in size 

at hatching, growth rate during early life stages, or longevity. Size at maturity and 

differences in post-maturity growth and size asymptote are therefore the 

proximate mechanisms responsible for the female-biased SSD in R. diemensis. 
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CHAPTER4 

Is fecundity the ultimate cause of female-biased size dimorphism in the dragon 

\ 
lizard Rankinia [Tympanocryptis] diemensis? 

Manuscript published as: Stuart-Smith, J., Swain, R., Stuart-Smith R.D., and Wapstra E. (2007). Is 
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ABSTRACT 

Fecundity selection is one of the most influential underlying driving forces 

responsible for body size differences between the sexes of a species. Reproductive 

output is one of the most important aspects of an animal's life history strategy, 

and any trait that acts to improve this will be under strong selection. Body size is 

one potential trait that can influence fecundity and when a species exhibits 

female-biased size dimorphism, fecundity provides an ideal starting point for 

understanding why dimorphism in body size exists. Female-biased sexual size 

dimorphism is uncommon in vertebrates, including lizards. To explore the 

relationship between female-biased size dimorphism and fecundity we examined 

maternal size and clutch data collected over four years from a temperate-zone 

agamid, Rankinia [Tympanocryptis] diemensis. We measured the following 

descriptors of reproductive m;itput: clutch size and mass, relative clutch mass 

(RCM), average egg mass and offspring size. We found a positive relationship 

between maternal size and clutch size and mass, but no relationship between 

maternal size and RCM, average egg mass, or hatchling size, demonstrating that 

relative reproductive output is not influenced by female size, and that the only 
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way to increase reproductive output is for the female to attain greater body size. 

There exists an overall strong relationship between maternal body size and 

fecundity, thereby providing a potential explanation as to why female size is 

under selection in this species. 

INTRODUCTION 

Fecundity selection is one of the most fundamental evolutionary forces acting to 

increase an animal's body size (Blanckenhom, 2000). Typically, fecundity is 

highly correlated with body size and condition (Radder and Saidapur, 2000; 

Radder and Shanbhag, 2004; Shine, 1988), is one of the most important life 

history traits of an organism (Shanbhag et al., 2000) and, as well as being linked 

to body size, is also a primary ultimate cause of sexual size dimorphism (SSD) 

(Darwin, 1874; Reeve and Fairbairn, 1999; Shine, 1988). A positive correlation 

between maternal body size and reproductive output is termed the fecundity 

advantage hypothesis, and results from selection favouring large female body size 

(Andersson, 1994; Rutherford, 2004). 

Fecundity is limited by various life history trade-offs and physiological 

restrictions. Clutch size can be constrained not only by female body size and 

volume, but also through restrictions in the finite quantity of energy that is 

available (Ford and Siegel, 1989; Forsman, 2001; In Den Bosch and Bout, 1998; 

Morita et al., 1998; Nussbaum, 1981; Partridge and Harvey, 1985; Shanbhag, et 

al., 2000), and egg size can be constrained by the size of the pelvic girdle 

(Congdon and Gibbons, 1987), by limited space within the body cavity, limits to 

developmental time or minimal viable egg size limitations (Kratochvil and Frynta, 

77 



CHAPTER4:FECUNDITY 

2006). These limitations also impose a trade-off between the number and size of 

offspring produced (Brockelman,'1975; Sinervo 1990; Smith and Fretwell, 1974), 

suggesting that a female cannot typically increase clutch size without decreasing 

the individual size of her offspring (Sinervo, 1990). The wide range ofrestrictions 

on reproductive output means that the forces selecting to increase fecundity are 

often powerful and easily observable, arid can be used as explanatory factors for 

observing the direction of both evolution and adaptation (Blanckenhorn, 2000; 

Olsen and Cockburn, 1993). 

In most invertebrate and ectothermic species exhibiting typical female-biased 

SSD, and some endotherms exhibiting this atypical form of dimorphism, 

fecundity is thought to be a key selective force driving the morphological 

differentiation of the sexes (Bondrup-Nielsen and hns, 1990; Schulte-Hostedde, 

Millar and Gibbs, 2002; Shine, 1988). Identifying whether body size is linked to 

fecundity in animals exhibiting SSD therefore provides an ideal avenue for 

looking at how evolution operates (Blanckenhorn, 2000), and helps to isolate the 

principal selective pressures at work. 

Our study investigated the premise that maternal size can influence reproductive 

output in a species exhibiting strong SSD, and thus be identified as a major 

driving force in body size differences between the sexes. Rankinia 

[Tympanocryptis} diemensis, Family Agamidae, exhibits marked female-biased 

SSD (Stuart-Smith, Swain and Welling, 2005). The average snout-vent length 

(SVL) of females at the study population is 66.3 mm (SE± 1.280), and 52.4 mm 

(SE± 0.639) for males (Stuart-Smith et al., unpubl. data). The Australian agamids 
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typically show distinct male-biased size dimorphism, and males exhibit aggressive 

social behaviours towards conspecifics associated with territoriality and mate 

choice (Ord and Evans, 2003; Osborne, 2005; Peters and Ord, 2003; Watt and 

Joss, 2003). Thus our species shows dimorphism atypical to not only its 

taxonomic group, but also to that seen in most lizards, squamates and vertebrates. 

Thus, to investigate if female size-dependent fecundity could explain this apparent , 

size dimorphism we examined the link between female body size (and condition) 

and reproductive output in Rankinia diemensis. 

MATERIALS AND METHODS 

Species and study area 

the mountain dragon, Rankinia [Tympanocryptis] diemensis (Gray, 1841), is a 

relatively small, cryptic agamid lizard. It is endemic to south-eastern Australia,· 

including Tasmania, where it is the only agamid lizard and one of only three 

oviparous reptiles' on the island (Cogger, 1992; Greer, 1989; Hutchinson, Swain 

and Driessen, 2001), and it is also iteroparous. Tasmania's cool temperate climate 

and island status have resulted in a limited reptile fauna, but R. diemensis, is 

widespread, occupying cool to mild coastal heath regions, open forested dry 

sclerophyll forests, and even sub-alpine heathlands of the Central Plateau (approx 

1200 m elevation). In this study, lizards were collected from a continuous 

population, the Clifton Beach area and Cape Deslacs Nature Reserve in south

eastern Tasmania (42°59'8, 147°32'E; elevation: 45-65 m). 

Reproductive output in oviparous reptiles is estimated in various ways, including 

examination of clutch size, offspring body size and condition (Niewiarowski and 
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Dunham, 1994; Shanbhag et al.; 2000). Hatchling size is a reliable measure of 

offspring fitness, since larger hatchling size is typically highly correlated to future 

fitness (Bowden et al., 2004; Civantos and Forsman, 2000). We therefore 

included all of these characteristics in order to encompass a thorough view of 

reproductive output and its links to maternal body size in this species. 

Field and laboratory techniques 

Gravid females were captured by hand (while digging nest burrows) during the 

oviposition period (austral spring: October/November) in 2001, 2002, 2003 and 

2004. (n = 23, 26, 26 and 18 respectively). Female mass(± 0.01 g) and SVL (± 

0.01 mm) were recorded immediately following oviposition. Females were 

housed individually in outdoor enclosures containing soil substrate at the 

University of Tasmania. Females were monitored daily for signs of oviposition 

behaviours: primarily that of 'test' burrow digging, which indicates that 

oviposition is close (Stuart-Smith et al., 2005). Immediately after oviposition · 

females were removed from the enclosure, and eggs were uncovered. Date of 

oviposition, clutch size, and individual egg masses (± 0.01 g) were recorded. 

To examine offspring characteristics in relation to egg and female size we 

incubated eggs from one year (2004) and measured hatchling characteristics. 

Individual eggs were placed in 600 ml plastic containers that were 1/3 filled with 

moist vermiculite (at a ratio of7 parts vermiculite: 1 part water). Containers were 

placed in a Contherm® Digital Series incubator set at a constant 28 °C. 

Containers were labelled, monitored daily and rotated randomly weekly. Upon 
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hatching, hatchlings were removed from containers, and mass(± 0.01 g) and SVL 

(± 0.01 mm) measured, with date of hatching recorded. 

Analyses 

A combination of ANCOV A and regression analyses were used to examine the 

effects of female size on clutch and offspring characteristics. Tuk:ey's post hoe 

test was used to test for differences between years. Two measures of female size 

(mass and SVL), as well as body condition, were used as independent variables. 

Female body condition values were calculated from the residuals of the regression 

ofpost-oviposition female mass and female SVL, as described by Sinervo (1990). 

Clutch characteristics included in analyses were clutch size, clutch mass, average 

egg mass, and relative clutch mass (RCM). Relative clutch mass is a measure of 

reproductive output relative to (or controlling for differences in) maternal size, 

and, as the relationship between clutch mass and female mass is linear, it is simply 

calculated by dividing clutch mass by post oviposition female mass (Shine, 1980). 

As we had clutch characteristics from multiple years, but female sizes varied 

among these years (see results), an ANCOVA test for homogeneity of slopes 

(interaction term between female size and year) was used to determine whether 

relationships between female size and clutch characteristics were consistent across 

years (i.e. slopes were not significantly different between years). In cases where 

there were no yearly differences, the data from all years were pooled and 

regression analyses were conducted on pooled data. In cases where relationships 

between female size and clutch characteristics differed significantly across years 

(i.e. the ANCOV A assumption of homogeneity of slopes was violated), separate 
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analyses were conducted for years in which relationships differed. Pearson's 

correlation was calculated for clutch size versus mass to examine the trade-off 

between number and size of eggs produced. 

Offspring characteristics (i.e. hatchling characteristics) analysed included clutch 

means of hatching success (measured as the proportion of each clutch that 

successfully hatched) and hatchling body size (mass and SVL). Separate 

regressions were performed with each measure of female size as the independent 

variable and each offspring characteristic as the dependent variable. All 
I 

' 
relationships evident between female size and clutch or offspring characteristics 

were linear, and no transformations were required. 

RESULTS 

Female size and condition 

Female SVL distributions for gravid females differed across the four sample years (Figure 

1 shows female mass, SVL and condition across years) - with females caught in 2001 and 

2002 smaller than those caught in 2003 and 2004 (F386 = 20.971, P < 0.001). Female post-

oviposition mass differed significantly. among years similar to SVL, with those caught in 

2001 and 2002 smaller than those caught in 2003 and 2004 {F3,86 = 3.031, P = 0.034), but 

body condition remained consistent (F3,86 = 1.758; P = 0.161). 

Clutch characteristics 

Numbers of eggs collected, per year were as follows: 2001'= 143, 2002 = 185, 

2003 = 203, and 2004 = 124. The relationship between clutch size and female size 

was consistent between years and thus data were pooled (ANCOV A: female mass 
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Figure 1. Box and whisker plots showing female size [(A) mass, (B) SVL and (C) 
condition] - for adult Rankina diemensis collected over four seasons (2001-2004). 
Plots show percent quartiles about the median with minimum and maximum 
values represented by lines, and outliers represented by 'P. 
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x clutch size F3 85 = 0.286, P = 0.836). Relationships between female size and 

clutch mass, average egg mass and RCM did differ between some years, so data 

were pooled for only those years that were the same. Longer, heavier and better

conditioned females produced more eggs. There was a significant positive 

relationship between female mass and clutch size that was consistent across all 

years (clutch size= 2.136 + 0.417female mass, r2 = 0.455, P < 0.001, n = 90; 

Figure 2). Based on these regression results, on average a female of 5 g (approx. 

size at maturity based on smallest known female to reproduce) lays 4.2 eggs, and 

each additional egg produced is associated with an increase of approximately 2.4 

g of body mass. Female body condition and SVL also showed positive significant 

relationships with clutch size (clutch size= 6.567 + 0.375female condition, r2 = 

0.167, P < 0.001, n = 90; clutch size= -0.725+O.l12female SVL, r2 = 0.256, P< 

0.001, n = 90), but were not as good a predictor of this measure of fecundity as 

female mass. 

Clutch mass significantly increased with increasing female mass in all years, but 

this increase was of a slightly lower magnitude in 2001 than in the other years 

(2001: clutch mass= 1.405 + 0.333female mass, r2 = 0.618, P < 0.001, n = 23; 

2002-2004: clutch mas~= 2.286 + 0.398female mass, r 2 
= 0.364, P < 0.001, n = 

67). 

There was no relationship between average egg mass and female mass or 

condition in any year (P > 0.05 all years), but a very weak positive relationship 

existed with female SVL in 2002 and 2003 (average egg mass= 0.134 + 

0.009female SVL in 2002, r2 = 0.156, P = 0.046;'average egg mass= -0.681 + 
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Figure 2. Relationship between maternal size (A. mass and B. SVL) and reproductive 
output in Rankinia diemensis, with clutch size (number of eggs per clutch) representing 
reproductive output. 
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0.020female SVL in 2003, r2 = 0.230, P < 0.001), and given the slope of the line, 

although statistically significant, we did not consider this relationship was strong 

enough to be biologically significant. RCM was not related to any measure of 

female size in any year (all P > 0.05). No correlation was found between clutch 

size (number of eggs) and average egg mass (Pearson's Correlation Coefficient, r 

= 0.05, n = 90, P < 0.05). This relationship was also explored while controlling 

for the variance in total reproductive investment, done by regressing clutch size 

and average egg mass on female size (mass and SVL) independently. Graphical 

analysis of residuals revealed no observable relationship. 

Offepring characteristics 

Egg mass was positively correlated to hatchling mass (Pearson's Correlation 

Coefficient, r = 0.551, n = 105, P < 0.05) and hatchling SVL (Pearson's 

Correlation Coefficient, r = 0.431, n = 105, P < 0.05) (Figure-3). The hatching 

success of clutches was not related to any of the measures of female ~ize (all P > 

0.05), with a large amount of variability in hatching success observed overall 

(hatching success ranged from 33% to 100%). No relationships existed between 

average hatchling size (mass and SVL) and maternal size (SVL, mass and 

condition) (all P > 0.05). 
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hatchling SVL) in Rankinia diemensis. 
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DISCUSSION 

Oviparity in reptiles is fraught with complex interrelationships among maternal 

body size, clutch and egg sizes (Radder and Shanbhag, 2003). This study shows 

strong evidence for the functional basis of increased female size being highly 

correlated with fecundity. Female size (mass, SVL) and condition in R. diemensis 

significantly influenced the primary clutch parameter of size (and therefore total 

clutch mass) and through this supports the idea that fecundity is a major selective 

pressure acting to increase female body size in R. diemensis. Adaptive variation in 

clutch size is a fundamental aspect of life-history evolution because fecundity 

represents a direct indication of fitness (James and Whitford, 1994). These data 

also indicate that egg size may be opti~ised, since there is little variation in egg 

size, and it is not related to female size, or could be explained by the existence of 

minimal viable egg size (Kratochvil and Kubicka, 2006). When combined with 

variable clutch sizes, this implies that size-selective pressures acting on maternal 

body size are a major mechanism behind the ability to increase reproductive 

output in this species. From these data it is clear that large females have a 

fecundity advantage and selection should favour large female body size 

(Blanckenhom, 2000). 

There was no observable link between female size and relative clutch mass 

(RCM) or average egg mass, indicating that larger females do not produce 

proportionally greater reproductive output. This is fundamentally important in 

helping to explain SSD in this species. It means that females do not vary the size 

of their eggs, so they do not produce fewer large eggs, and that they do not invest 

in reproduction relative to their body size. The only way then for a female to 
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increase her reproductive output is to be larger, and produce a greater number of 
J 

eggs. The data revealed that for a mature female who first averages approximately 

4 eggs per clutch, for every additional egg she must first gain approximately 2.4 g 

in body mass. Since the average female mass in this study is approximately 10 g, 

this means that she must increase her body size by almost a quarter of her body 

mass in order to increase her reproductive output. This indicates that reproductive 

output is strongly linked to maternal body size in this species, and so selection 

should favour large females. 

In other similarly-sized agamids, such as those in the genus Ctenophorus, sexual 

dimorphism usually favours large males; however, maternal size is often still 

highly correlated to clutch size, showing that relatively large female size is still 

selected for (Harlow, 2000). Large male size is typically attributed to contest 

success in male-male interactions and mate choice in agamids and many other 

animals (Censky, 1997; Harlow, 2000; Ord and Evans, 2003). We postulate then 

.that size differences in.R. diemensis are highly correlated with fecundity 

advantages, and that large male body size is not essential for resource gain. 

Similar studies on other organisms exhibiting dimorphism contrary to the norm of 

their taxonomic group, such as in yellow-pine chipmunks (Schulte-Hostedde et 

al., 2002), support similar theories. Yellow-pine chipmunks exhibit female-biased 

dimorphism, which is atypical of mammals (Bondrup-Nielsen and lms, 1990). 

Schulte-Hostedde et al. (2002) found no correlation between male size and 

reproductive success, along with stabilizing selection on survival for smaller body 

size, explaining why body size is smaller in males. In birds of prey and some 

seabirds, where female-biased SSD is common, size is often attributed to greater 
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reproductive output as a consequence of being able to hunt larger prey, and 

thereby increase their body size (Kriiger, 2005). In these-birds, the small-male 

hypothesis, where males are smaller allowing greater agility and foraging 

efficiency, is also widely accepted (Andersson and Wallander, 2004; Catry, 

Phillips and Furness, 1999; Kriiger, 2005). In this study we were unable to 

ascertain a measure of male reproductive success, but have demonstrated a clear 

link between maternal size and reproductive output. Certainly this species is also 

atypical of agamids in not having obvious male-male interactions - males are 

typically quite cryptic and do not possess the striking colouration of some other 

agamids (LeBas and Marshall, 2001; Stuart-Fox and Ord, 2004). It is likely that 

the cryptic nature of R. diemensis (Cogger, 2000; Stuart-Smith et al., 2005) plays 

a role in limiting the overall body size in this species, and potentially also helps to 

explain why males are smaller. If small body size and crypsis, including 

camouflage and cryptic behaviour, increases survival chances, but reproduction is 

highly linked to female size, then small body size overall is favourable for 

reproductive success and survival. 

It is also likely that the temperate environment that this species inhabits places 

significant constraints on the size of both sexes, since the activity period is 

severely reduced (Stuart-Smi_th et al., 2005). It is often postulated that species 

from temperate regions will have larger body size and a correlation between body 

size and reproductive output (James and Shine, 1988). But in this small temperate 

species the constraint in size may partially lie in environmental limitations, and in 

particular the high degree of seasonality and long torpor period which reduces the 

annual activity time, and therefore time during which growth occurs. It also places 
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strong constraints on hatchlings undergoing their first torpor, which they must 

enter as little as 6 weeks from hatching, implying that hatchling survival may be 

low, and that a female increases chances of offspring reaching maturity by 

producing more eggs. This species produced an average of 6.6 eggs per year in 

this study (SE=± 0.16) (average female size 66.3 mm (SE± -1.280), which 

appears slightly higher than in slightly larger sized agamids, Ctenophorus decresii 

(average female size 74.7 mm SVL) andAmphibolurus muricatus (average female 

size 89.5 mm SVL). Ctenophorus decresii averages 4.8 eggs per clutch (Harlow, 
- ' 

2000) andAmphibolurus muricatus averages 5.7 eggs per clutch (Harlow and 

Taylor, 2000). So then if overall body size is limited, and large male size is not 

essential for contest success, but reproductive output is benefited by large female 

size, then fecundity may be an important driving force behind body size 

differences between the sexes of this species. 

There was no correlation between clutch size and average egg mass, implying no 

trade-off between these two traits. This is also suggested by there being no 

influence of female size on average egg mass, i.e. average egg mass does not vary 

significantly with female body size. Life history models predict a trade-off 

between the number and size of offspring produced (Bernardo, 1996; Brockelman, · 

1975; Smith and Fretwell, 1974), so that resources must be allocated to either a 

few large, or many small eggs. Natural selection favours an increase in 

reproductive output (Brockelman, 1975), which can be addressed-by producing 

fewer large offspring - with greater chances of survival; or many smaller 

offspring, increasing the overall number produced, thereby increasing the chances 

of at least some being successful. This can also be addressed by maintaining egg 
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size and increasing body size. Selection also operates on individual offspring (egg 

size in this case)- such that fitness can require an optimal level of resources 

packaged into each egg (Bernardo, 1996). Given that egg size did not differ with 

female size, and that egg size is proportional to hatchling size, there is potentially 

selection on optimal egg/hatchling size, and females increase output by increasing 

clutch size. 

This study provides evidence that fecundity-related selective pressures are 

operating to increase female body size in this species and therefore has 

implications for understanding the importance of SSD. Body size is a 

fundamentally important aspect of an animal's biology- with physiological, 

behavioural and ecological implications for life history strategy (Thompson and 

Pianka, 2001 ). Reproductive output is often correlated with body size in animals 

with varying clutch sizes (Ford and Siegel, 1989). In lizards, including many 

Australian agamids, clutch size is positively correlated with body size (Harlow, 

2000; Harlow and Taylor, 2000), but in this instance, its significance lies in 

providing the basis for understanding selective pressures at work. Australian 

agamids typically show male-biased size dimorphism, but females of R. diemensis 

are considerably larger than males, indicating strong selective pressures acting to 

increase female size in this species. This then provides the first step in 

understanding the role of body size in the life history strategy of this species, and, 

it also offers insights into the functional basis of female-biased SSD in this 

species. 
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CHAPTERS 

The role of body size in competition and mate choice in an agamid with female-

biased size dimorphism 

Manuscript published as: Stuart-Smith, J., Swain, R., and Wapstra E. (2007). The role ofbody size 
in competition and mate choice in an agamid with female-biased size dimorphism. Behaviour 
144:1087-1102. 

ABSTRACT 

Competition and mate choice are fundamentally important components of social 

systems. We investigated intra-sexual competition and inter-sexual competition 

(mate choice) in Rankinia diemensis: an agamid lizard with female-biased size 

dimorphism. We examined intra-sexual interactions during contests and mate 

choice in relation to body size for both males and females. In male-male 

competition trials, proportions of two display types differed depending on body 

size, with more tail flicks produced by bigger males, and more hand-waves 

displayed by smaller males. These behaviours hold particular biological 

significance for agamid lizards-tail-flicks convey aggressiveness and therefore 

dominance, while hand-waves often denote submissiveness. In female-female 

competition trials, a greater difference in body size between the two conspecifics 

resulted in the larger female directing more pushes towards the smaller female. 

· This female competition may be important in the social system and could be 

involved in resource defence. We found no indication of size-based mate choice 

for males or females. This suggests mate preferences may not be based on body 

size in this species. This may be linked to female-biased size dimorphism in this 
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species, but it also supports previous studies that have failed to demonstrate 

female choice in reptiles. 

INTRODUCTION 

Darwin (1871) first recognised competition and mate choice as the two principal 

components of sexual selection that account for differences in reproductive 

success of an individual (Andersson, 1994) and these components are still 

unequivocally regarded as the most influential driving forces behind sexual 

selection (Andersson, 1994, Olsson & Madsen, 1998; Wong & Candolin, 2005). 

Outcomes of these interactions influence fundamental components of any social 

system, including resource acquisition, reproductive success and offspring 

survival (e.g. Calsbeek & Sinervo, 2002; Wong & Cartdolin, 2005). Contest 

success and mate selection are often based on phenotypic traits which usually 

accurately reflect high quality and may permit an advantage over conspecifics 

(Bonduriansky, 2001; Ord & Evans, 2003). Further, sexual selection often 

promotes the evolution of characteristics such as exaggerated body size, colourful 

markings or extravagant traits essential for competition and mate attraction 

(Andersson 1994; Whiting et al., 2003). These morphological traits serve to 

determine ranking, attract mates, gain access to resources and ultimately may be 

linked to offspring fitness. In species that do not show sex-specific colour or 

ornamental traits (that act in mate choice) or armament traits (weapons used in 

contests; Whiting et al., 2003), but do express distinct sexual size dimorphism 

(SSD), body size may play a fundamental role in sexual selection. 

In agamid lizards, there is opportunity for both components of sexual selection to 

occur (Olsson, 1993; Olsson et al., 2003; Watt & Joss, 2003; Radder et al., 2006). 
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Male agamids are typically the larger sex and often engage in aggressive 
c 

territorial displays and combat with rivals (e.g. Olsson 1995; Peters and Ord, 

2003; Radder et al., 2006). Males defend females or their home ranges to ensure 

no other males have access, or to gain 'mating rights', to a large number of 

females via resource exclusion of other males (Stamps 1983; Olsson 1995). The 

armament-ornament model also suggests that females benefit from using traits 

that are selected for in male-male rivalry contests as determinants of mate choice 

(Matteo & Carranza, 1999). This intra-sexual competition also occurs in order to 

acquire additional resources -such as food, shelter, nesting site or home range 

(Howard et al., 1998; Ord & Evans, 2003). In general, inter-sexual competition, 

specifically mate choice, is thought to promote inheritance of favourable traits 

such as mating success and viability of offspring (Andersson 1994). Typically, 

females exhibit greater parental investment than males, and are therefore expected 

to be more particular in their choice of mate (Darwin 1871; Olsson 1993; 

Calsbeek & Sinervo 2002). Conversely, males typically make relatively smaller 

parental investment and, hence, male choice should be under less selective 

pressure than female choice (Olsson, 1993). The exception to this is when males 

have high mating costs or when female fecundity is strongly linked to 

reproductive success, and then choice of a highly fecund female is an advantage 

(Olsson 1993; Kraak & Bakker, 1998; Dosen & Montgomerie, 2004; Olsson et 

al., 2004). Numerous studies have provided a link between mate preference and 

body size (Kraak & Bakker, 1998; Jones et al., 2001; Dosen & Montgomerie, 

2004), since large body size often represents greater fecundity in females (Kraak 

& Bakker, 1998; Shanbhag et al., 2000; Radder & Shanbhag, 2004; Stuart-Smith 

et al,, in press) or higher quality in males (Amundsen & Forsgren, 2003; Spence 

& Smith, 2006). 
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In species where males are the smaller sex, it is difficult to estimate and 

understand how important body size is for intra-sexual interactions and the choice 

of mates - since selective pressures typically lead to an increase in size to aid 

these interactions. This is made particularly interesting when the species of focus, 

Rankinia diemensis, belongs to a family (Agamidae) that characteristically shows 

marked male-biased SSD. In most agamids male-biased SSD is linked to the 

establishment and defence of territories for resource acquisition (Ord & Evans, 

2003), and mate access is often based on aggressive and conspicuous defence of a 

territory (Shine, 1990; Ord & Evans, 2003; Watt & Joss, 2003; Olsson, 1995; 

Osborne, 2005), so the existence of female-biased sexual dimorphism and 

apparent lack of male territories in R. diemensis presumably has significant 

implications for sexual selection strategies in this species (Stuart-Smith et al., 

submitted). Despite the lack of male-biased size dimorphism and lack of evidence 

of territorial activity in this species, males do possess proportionally greater head 

and limb sizes than females (Stuart-Smith et al., in press), suggesting selection 

acting on these morphological traits, and indicating that opponent assessment may 

still be important despite small body size in males. As female body size is linked 

to fecundity (Stuart-Smith et al., in press), it may be predicted that males should 

show preference for larger females. Although male interactions and behaviours 

are well documented in agamids (Peters & Ord, 2003; Watt & Joss, 2003; 

Osborne, 2005; Radder et al., 2006), much less attention has been paid to female 

behaviour and interactions (Censky, 1997; LeBas & Marshall, 2001), which, 

particularly in a species where large female body size is selected for, may be just 

as important as male interactions. 
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In agamids, visual displays are used to mediate social behaviour (Ord et al., 2002; 

Watt & Joss 2003), and most agonistic interactions between competitors are 

resolved through the use of behavioural displays for opponent assessment, without 

having to resort to physical combat, which may be energetically costly and risks 

physical injury (Ord & Evans 2003; Hurd 2004). Agamid lizards possess a diverse 

array of visual signals, with communication between individuals conducted 

through discrete and sequentially predictable motor patterns, with focus on a core 

display of push-ups and head-bobs (Ord & Blumstein 2002; Peters & Ord, 2003; 

Watt & Joss 2003, Radder et al., 2006). These signals are used in territory 

acquisition, resource defence, and mate choice (Ord & Blumstein 2002; Peters & 

Ord, 2003), and denote aggressive or submissive gestures. 

The primary objective of this paper is to investigate size-dependent outcomes in 

intra- and inter-sexual competitive interactions in an agamid lizard (Rankinia 

diemensis) where body size is obviously under strong selective pressure, albeit not 

in accordance with the norm for this taxonomic group. These two behavioural 

components are fundamental driving factors behind gender-related size 

differences in agamids, usually producing a bias towards large male size. We 

incorporate both male and female contest interactions in our study. In agamids, 

most previous work (e.g., Ord et al., 2002; Ord and Evans, 2003; Watt & Joss, 

2003) has focussed on male interactions since this group is typically driven by 

large male body size. Given that success in male-male interactions may be 

determined by body size in relation to other males, we hypothesise that male body 

size will still be an important predictor of male success in such competition in our 

system. We further hypothesise that body size in female R. diemensis will be an 

important predictor of male mate choice (because large females are the most 
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fecund) and contest success in female-female interactions if resources (such as 

perches or nest sites) are limited. We discuss our results in relation to these 

hypotheses and other selective pressures acting on body size in the two sexes -

thus providing potential explanations for the observed female-biased size 

dimorphism in this species. 

METHODS 

_ Study species, collection and housing 

The mountain dragon, Rankinia diemensis, is a small, typically ground-q.welling 

cryptic_ species that inhabits areas of southeastem Australia, including Tasmania 

(Cogger, 2000; Stuart-Smith et al., 2005). This species exhibits strong female

biased SSD, with a ma.Ximum snout-vent length of 84 mm recorded for females, 

and 66 mm for males (Stuart-Smith et al., in press). Like most agamids, this 

species possesses an array of behavioural displays, with head-bobs and hand

waving the two most prominent elements of its' agonistic repertoire, _but which 

also includes tail-flicks and pushing. 

Fifty-eight adult R. diemensis (20 females, 38 males) were collected from a single 

population near Oatlands in Central Tasmania (42°13'S, 147°14'E), Australia, in 

September/October (austral spring) 2004. Collection began as soon as lizards 

emerged from winter torpor to ensure they were captured prior to mating, and no 

females were gravid when captured. Males emerge from torpor in September, 

females in October, and eggs are usually oviposited in November/December 

(Stuart-Smith et al., 2005). Each lizard was measured for snout-vent length (SVL) 

(± 0.01 mm) and given a unique identification number and housed individually in 

the outdoor enclosures of the University of Tasmania Animal Yards. Enclosures 
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were approximately 100 cm in diameter, with sides approximately 80 cm high to 

prevent escape. Head and limb size are proportional to SVL in this species 

(Stuart-Smith et al., submitted), which is why we used SVL as the standard 

measure of body size differentiation for the basis of this study. Male SVL ranged 

from 43 - 60 mm, with a mean of 53.l mm (±0.75 SE). Female SVL ranged 60-

83 mm, with a mean of71.2 mm (±1.45 SE). 

Intra-sexual competition trials 

Individuals of both sexes were grouped into trials according to size. Each 

individual was ranked according to SVL. This ranked group was then divided in 

half (animals in the top half were larger than those in the bottom half). Pairs were 

chosen so that the overall size difference between each pair was maximised (i.e. 

the largest of the largest individuals, paired with the largest of the smaller 

individuals). lfwe had simply paired the biggest individual with the smallest, the 

degree of size difference for all intermediate lizards would have been quite small, 

and perhaps not have provoked any size-related interactions. 

Pairs were randomly chosen for the trials. Trials were conducted in a test arena 

(Figure 1) which consisted of non-reflective Perspex sides and removable marine 

carpet flooring to allow washing between each trial to remove any scent left by 

individuals. The floor was also covered lightly with soil, which was discarded 

after each trial. A tripod was set up with a Sony® video camera to record each trial 

and an observer (hidden from view of the subjects) was present throughout to 

monitor behaviour. Trials were conducted between 1100 hrs and 1500 hrs on days 

when air temperatures were between 20 - 25 °C, there was limited cloud cover, 
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and minimal wind. Pairs were placed in the adjoining compartments at the , 

beginning of each trial. Placement of big and small individuals in either side was 

randomised to negate any arena effects. A middle compartment held a single 

central basking perch which individuals could only access during the trial. Covers 

lOOcm B 
Figure I. Diagram of the test arena used in competition trials of Rankinia 
diemensis (using male-male competition for diagram; however, female-female 
trails also included) (dashed line represents removable screen covering for 
transparent Perspex partition). 

IOOcm 
----·-----·-------·---·- -·------------------------

Figure 2. Diagram of the test arena used in mate choice trials if Rankinia 
diemensis (using female choice of male size for diagram; however male choice of 
female size also included in trials) (dashed line represents removable screen 
covering for transparent Perspex partition). 
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were inserted so that subjects were not visible to each other prior to testing, and 

subjects were left for 15 minutes prior to each trial to settle into the arena 

conditions. Covers were then removed and individuals could access each other 

and the central basking perch. Preliminary trials using additional animals showed 

that once individuals had encountered each other, the highest intensity of 

interactions occurred within the first 5-10 minutes. Based on this, trial time ran for 

15 minutes from when individuals were first introduced to each other. Behaviours 

recorded from later video analysis were number of head-bobs (HB), hand-waves 

(HW), tail flicks (TA), flee responses (FL), direct approaches (AP),. tongue-flicks 

at the opponent (TF), tongue-flicks on ground (TFG), times opponent was pushed 

(PU), number of exploratory moves (neither-fleeing or approaching opponent) 

(EX). We also recorded number of individual bouts iil each trial (a bout was 

_considered to be any period of time spent within 30 cm of each other when 

displaying), total bout time, average number of displays per bout and total number 

of displays. 

All statistical analyses were performed using SYSTAT® Version 9. Non

parametric procedures were used when underlying assumptions were not met for 

parametric analyses. We used Wilcoxon signed-ranks tests to investigate 

competition interactions using behavioural counts, including individual 

behaviours and trial statistics (total number of displays and display rate/bout). We 

include one-tailed probabilities (but also report two-tailed probabilities) when 

appropriate for male behaviours, where we assume display type is in accordance 

with previous work (Peters & Ord, 2003; Watt & Joss, 2003). We also used 

regression analyses to determine whether the size difference (SVL) between 

competitors influenced behaviour. 
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Mate choice trials 

Both male and female mate choice trials were conducted. Test individuals were 

given a choice between two different sized individuals of the opposite sex. 

Individuals were paired as above, except females were tested weekly for 

receptivity, and so pairs were arranged according to those available for use. An 

arena (Figure 2) consisted of 2 compartments of equal size, each with a basking 

perch, but with a solid partition so that individuals (of the same sex) were not 

visible to each other. A third compartment adjoining the front of these contained 

the test individual (i.e. the one choosing) - with equal access to both 

compartments via a clear Perspex partition. Prior to the trial beginning, the clear 

partition was fitted with an opaque cover, which was removed when the trial 

started. Placement of individuals in either side of the arena was randomised as in 

competition trials, to avoid any biases due to arena effects. The trials were video-

' ' 

taped as described above. We also tested individuals weekly for receptivity to the 

opposite sex. This consisted of placing individuals in test conditions with 

individuals of the opposite sex and monitoring behaviour. If for example, a female 

did not respond, or showed non-receptive posturing ('rejection posturing' see 

Cogger, 1978; Olsson, 2001a), then this female was omitted from all further trials 

and returned to her place of capture. 

We considered that proportionally greater time spent with one individual was 

indicative of mate preference. We used Wilcoxon matched-pairs signed-ranks 

tests with two-tailed probabilities that assumed a normal distribution to test 

subject association mate preferences (Howard et al., 1998). This determined 

whether the test subject spent a greater proportion of time or performed a greater 
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number of displays with either big or small individual. Mate preferences could 

also be a function of own size relative to the choice individuals (Amundsen & 

Forsgren, 2003), so we also included regressions using SVL (of the chooser) and 

the time spent with either big or small individual. 

RESULTS 

Competition trials 

Males exhibited some of the stereotypical display behaviours previously reported 

in other agamids (Watt & Joss, 2003; Radder et al., 2006), including head-bobs, 

tail flicks and hand waves. In male competition trials, there was no relationship 

between proportion of behaviours exhibited by either big or smail males in each 

tri_al when regressed against difference in SVL between: the two (n = 19, all P > 

0.2). There was no relationship between the difference in male SVL and the mean 

bout times of each trial (n = 19, r? = 0.130, P = 0.130). Two behaviour types 

differed in proportion displayed; bigger males produced more tail flicks (TA) (Z = 

1.725, n = 19, P = 0.084) (one-tailed P = 0.042), while smaller males produced 

more hand-waves (HW) (Z = -1.853, n = 19, P = 0.064) (one-tailed P = 0.032); 

(Figure 3). The other seven behaviour types recorded (pushes, head-bobs, 

approaches, fleeing, tongue-flicks on opponent, tongue-flicks on ground, 

exploratory moves) did not significantly differ in display production between big 

oi small males (n = 19, P > 0.2) (Figure 3). The total number of displays was not 

significantly different between big or small males (Z = 0.463, n = 19, P = 0.643). 

Females exhibited some typical agamid displays, including head-bobs and 

handwaves. In female competition trials, there was no relationship between the 

difference in SVL and bout time in any trial (n = 10, r? = 0.100 P = 0. 783) (Figure 
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4). There was no significant difference in the proportiOn of displays exhibited by 

either big or small females (n = 10, all P > 0.1) (Figure 3b ). The total number of 

displays produced was not significantly different between big or small females (Z 

= -1.245, n = 10, P = 0.213), and the difference in SVL between big and small 

females in each trial was regressed against each behaviour to determine whether 

the size disparity between competitors had any influence on proportion of display 

type exhibited. There was a significant positive relationship between the 

difference in female SVL and the proportion of pushes directed at the opponent 

(Log proportion of pushes= 3.182(log difference in SVL + 0.518); i2= 0.601; P = 

0.014), with bigger females eliciting more pushing actions towards smaller 

females when the size difference between the two was maximal. There was no 

significant difference between proportion of displays exhibited by either big ot 

small females for any other display type (n = 10, all P > 0.3). 

Mate choice trials 

In the male choice trials, there was no difference in the proportion of time spent 

with either sized female (Z = - 0.154, n = 10, P = 0.878). There was also no 

significant difference in the proportion of direct movements towards either a big 

or small female (Z = 0.141, n = 10, P = 0.888). There was no relationship between 

the size of the male (SVL) choosing and time spent with either the big or small 

female (n = 10, r2 
= 0.326 P = 0.358). 

Similarly, in the female choice trials there was no difference in the proportion of 

time spent with either sized male (Z = -0.879, n = 19, P = 0.379). There was also 

no significant difference in the proportion of direct movements towards either a 

big or small female (Z = 0.057, n = 19, P = 0.955), and no relationship between 
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Figure 3. Proportion of behaviour exhibited by the larger individual Rankinia 
diemensis in (a) male-male competition trials and (b) female-female competition 
trials (TF =tongue-flick; graph using means and 95% confidence intervals; dotted 
line representing 50% mark, where behaviour equal between lizards). 
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the size of the female (SVL) choosing and time spent with either the big or small 

male potential choice (n = 19, r2= 0.103 P = 0.694). 

DISCUSSION 

Our intra-sexual competition data suggest that body size may play a role in 

contest success and interactions for both adult male and female R. diemensis. 

Male-male contest interactions reveal differences in display type used by big and 

small individuals, with two specific displays differing in usage. These displays, 

hand-waves and tail flicks, have important biological significance for agamids 

(Ord & Evans, 2003; Peters & Ord, 2003; Hurd, 2004). Bigger males produced 

proportionally more tail flicks than smaller males, but small males displayed more 

hand-waves. Hand-waves are typical of agamid non-assertive displays when 

challenged by a more aggressive male, conveying submission and non-aggressive 

intent (Watt & Joss, 2003). Tail flicks typically represent aggression or intent to 

challenge a rival male (Peters & Evans, 2003; Watt & Joss, 2003; Langkilde, et 

al., 2005). These data suggest that male size may still play a role in social 

situations and contest success, despite this being a species where males are the 

smaller sex; however, further work is needed to clarify this result. In particular, a 

field-based assessment of competitive interactions would provide better 

understanding of display context and use. 

Body size can influence a suite of behavioural and social interactions, and in 

sexually dimorphic taxa (where males are the larger sex), it is generally assumed 

that larger males are more dominant and represent a better quality mate 

(Blanckenhom 2000; Hingle et al., 2001; Shackleton et al., 2005). Conversely 
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when females are the larger sex, greater size often permits increased fecundity, 

and therefore a better quality mate (Darwin 1871; Shine 1988; Olsson 1993). 

There are opposing advantages that select for small body size since there are 

viability costs associated with being large (Blanckenhom, 2000). For example

the small-male hypothesis (Andersson & Wallander, 2004)- correlates mating 

potential to the agility associated with small size (Andersson, 1994). Male-male 

competition still appears important in this system, suggesting perhaps it is not 

absolute size that is important, but relative size compared to other male 

conspecifics. This species exhibits several levels of dimorphism complexity with 

head and limb size proportionally larger in males than females, but these sizes still 

increase proportional to own body size (Stuart-Smith et al., submitted), which, 

wll;en viewed in the context of our data, may then be important for competitive 

interactions. 

In terms of female-female competition, our data revealed no difference in the type 

of behaviour employed in confrontations between big or small lizards, with the 

exception that bigger females exhibited proportionally more opponent-directed 

pushing movements than smaller individuals when the size difference between the 

two was greater. Previous work has already established fecundity selection as the 

primary driving force behind large female size in R. diemensis (Stuart-Smith et 

al., in press); however, large size may also be important in competitive 

interactions for females. The aggressiveness identified in this study (i.e. pushes 

against smaller females) may suggest a system where hierarchical posturing 

occurs and may be important for nest site choice, where larger females are able to 

out-compete the smaller individuals and thus secure superior nesting locations or 

mates. Although evidence for female-female competition is rare in reptiles, 
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numerous studies have documented a correlation between nest site choice and 

offspring phenotype (e.g. Shine and Harlow, 1996; Shine et al., 1997; Doody, 

1999). 

We found no evidence to suggest that mate choice (male or female) is based on 

body size in R. diemensis. This raises important questions of mate preference and 

trait selection in this species. Although agamids are usually visually oriented 

(Cooper, 1989), lack of choice based on visual cues such as body size does occur 

in this genus (e.g. Olsson, 2001a). Additionally, the ability to differentiate 

between the effects of competition and mate choice on reproductive success is 

often fraught with difficulties (Home & Ylonen, 1996; Matteo & Carranza, 1999); 

since there can be a plethora of traits that determine this success. In reptiles, body 

size often determines male success in acquiring a mate. This can be the direct 

result of out-competing rivals for females, or indirectly through defence of a 

resource that will attract a mate (reviewed in Olsson & Madsen, 1998). This is 

consistent for many non-reptilian species as well (e.g. Andersson & Wallander, 

2004; Herdman et al., 2004). 

Mating success tends to be greater for dominant males, although this does not 

always mean that females prefer dominant males (Spence & Smith, 2006). Since 

males are relatively smaller in R. diemensis, it suggests limited selection for body 

size and thus, not surprisingly, large body size was not a determinant of mate 

acquisition. Female choice has also rarely been documented in reptiles (Olsson & 

Madsen, 1995; Tokarz, 1995; Olsson & Madsen, 1998, LeBas & Marshall, 2001), 

so our data are not unusual in this respect. This is thought to be either because 

females may be more particular in their choice of mate, and so attempts to classify 
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traits on which their choice is based may be incorrect, or that female choice does 

not exist in some species, since the risks associated with choice may be too high 

for females (reviewed in Olsson and Madsen, 1995). On the other hand, male 

mate choice oflarger females is quite common, since large body size is often 

correlated with higher fecundity (Olsson, 1993; Kraak & Bakker, 1998; Shine et 

al., 2001; Herdman et al., 2004). 

In R. diemensis large female body size is correlated with greater fecundity (Stuart

Smith et al., in press); however, the lack of male mate selection based on size in 

this species may then be related to relative body size differences. Size-assortative 

mating strategies may exist in this R. diemensis, especially given the large size 

difference between males and females, or mate choice may be based on some trait 

we have not accounted for in this study. In guppies males prefer smaller femal_es 

when the size difference between the sexes is greater (Dosen & Montgomerie, 

2004), suggesting that more complex choice mechanisms can exist, which may 

have been overlooked in this study. The fact that we still identified aggression 

differences in males (linked to body size) is impoi:tant as indicates that size may 

play a role in mate choice - and that it could be complicated by factors such as 

age, mating displays, previous matings, size-assortative mating (Olsson, 1993; 

Olsson, 2001 b; Shine et al., 2001) or aggression levels. We cannot discount male 

ot female mate choice in the wild - since a host of other variables must also be 

taken into account - such as non-uniform mate preferences or single-sex choice 

systems (Bergstrom & Real, 2000; Amundsen & Forsgren 2003). Shackleton et al. 

(2005) found that, in black field crickets, although larger males won more fights 

than smaller males, females did not prefer to mate with these dominant males -

adding ~o a growing list of papers that have discarded a relationship between male 
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dominance and attractiveness (Bonduriansky & Rowe, 2003; Wong, 2004; 

Shackleton et al., 2005). 
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CHAPTER6 

Sex-specific activity patterns and microhabitat use in a size-dimorphic agamid 

lizard. 

Manuscript submitted as: Stuart-Smith, J., Swain, R., & Wapstra E. Sex-specific activity patterns 
and microhabitat use in a size-dimorphic agamid lizard. (in review) 

ABSTRACT 

Spatial patterning, activity patterns and microhabitat use are important 

components of a species' behaviour and ecology. In systems where differences in 

body size between the sexes are distinct, this habitat use information can reveal 

resource partitioning, niche specialisation and temporal activity differences 

according to sex and size. I recorded movement, activity patterns and structural 

and thermal habitat use of mountain dragons (Rankinia diemensis) in central 

Tasmania, Australia, using mark-recapture methods. This species exhibits unusual 

size dimorphism for agamids, with females the larger sex. The temporal patterns 

observed between se~es and age groups conform to that of general reptilian 

activity- where adult males emerge from winter torpor prior to adult females 

(typical of a protandrous system) or sub-adults of both sexes. Adult females 

emerge soon after for mating and reproduction, beyond which time adult _activity 

is much reduced. Adults moved greater distances than juveniles, suggesting that 

foraging or reproductive-related needs require more movement. Although non-

significant, the data also suggest that adult females move greater distances than 

adult males or sub-adults. This is potentially in search of suitable nest sites or 
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reflecting the need to thermoregulate at a higher temperature when eggs are 

developing in utero, and so acquiring better basking sites. Microhabitat use 

differed between adult males and females - with thermal variables more important 

in determining female habitat use (higher perch and air temperatures) and 

structural variables more important for male habitat use (greater perch height and 

distance to cover). This may reflect the habitat use of males being dictated by 

behavioural associations in male-male competition typical of agamids and the 

need for females to bask during egg development. 

INTRODUCTION 

Spatial and temporal partitioning of habitat is one mechanism that allows the 

coexistence of species in highly competitive populations (Tessier and Leibold 

1997), and it can also occur between the sexes of a single species (e.g. Butler et 

al. 2000; Verwaijen et al. 2002). Morphological, physiological and behavioural 

adaptations are often linked to specific microhabitat use (V anhooydonck et al. 

2000; Bickel and Losos 2002; Chuang et al. 2006), and as a consequence, 

understanding microhabitat use and spatial patterning provides valuable 

information on social systems, behaviour, and ecology (e.g. Perry and Garland 

2002; Stone and Baird 2002; Haenel et al. 2003; Wone and Beauchamp 2003). 

\._ 

Additionally, physical habitat structure and its use can elucidate interactions such 

as competition intensity, resource partitioning, and predator avoidance capabilities 

(Petren and Case 1998; Melville and Schulte 2001; Stuart-Smith et al. 2007c, d). 

Investigation of habitat use in relation to phenotypic variation within a species is 

critical for understanding the habitat-specific functional limits on morphology 

(Losos et al. 2003). Understanding the link between phenotype and ecology thus 
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allows elucidation of trait evolution pathways, function, performance, and 

adaptation (Koehl 1996; Melville and Swain 2000), and, moreover, reveals 

information on specific habitat use and niche specialisation. 

Body size differences between the sexes of a single species can arise from, and 

have consequences for, the behavioural strategies of both sexes (Blanckenhom 

2000, 2005). In sexually dimorphic organisms, body size may play a critical role 

in behaviour, activity, and social status (Rivas and Burghardt 2001; Meiri et al. 

2005; Mann et al. 2006). Body size can influence such behavioural attributes as 

home range size of an animal (Rocha 1999), prey size and type consumed (Shine 

et al. 1996; Butler et al. 2000), and use of structural habitat (Butler et al. 2000). 

For example, larger animals typically occupy a larger home range (Perry and 

Garland 2002), and males usually have larger home ranges than females (Rose 

1982). One of the foremost theories on the evoluti?n of sexual size dimorphism 

(SSD) is the niche divergence hypothesis, which suggests that differential habitat 

use between the sexes acts to reduce intersexual competition in resource-limited 

situations (Shine 1986; Shine, 1989). For example, work on hummingbirds 

(Temeles et al. 2000) has shown that bill length and curvature of males and 

females is specific to different flower types in which each sex feeds. Each sex is 

highly specialised for feeding at flowers from two different plant species - and 

since the plant species are the major food source for the birds, this allows resource 

separation between the sexes, therefore reducing competition for limited food 

resources (Temeles et al. 2000). 
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When we have species with SSD, we are often interested in whether this reflects a 

difference in resource use and associated specialist behaviour which can then 

result in further niche separation. When species exhibit SSD contrary to the norm 

(i.e. for their taxonomic group), it becomes even more important to see how these 

size differences are correlated to niche use and sex-specific segregation. Rankinia 

diemensis (Squamata: Agamidae) is a small, cryptic dragon lizard endemic to 

southeastem Australia. It exhibits unusual dimorphism for agamids - females are 

the larger sex (Stuart-Smith et al. in press), in a group that generally exhibits 

strong male-biased size dimorphism. Male-biased SSD in agamids is often 

strongly linked to sexual selection on male-male combat and territory defence (see 

Shine et al. 1998; Peters and Ord 2003; Radder et al. 2006a). Thus, this species 

provides a novel system for investigating the effect of sex and size on habitat use 

since it is dimorphic in both body size and limb proportions (Stuart-Smith et al. in 

press), with females being the larger sex and having overall larger limbs related to 

body size (due to fecundity selection;. Stuart-Smith et al. 2007a, Chapter 4), but 

males exhibiting proportionally larger head and limb sizes for their qody size. I do 

not, however, kno'Y how this phenotypic variation translates to habitat use, 

seasonal acti_vity or ecology in this species. There is virtually no field data on R. 

diemensis, and one of the reasons for this is its camouflaged colouration and 

cryptic behaviour (Stuart-Smith et al. 2005, Supporting Document). Recent data 

(from behavioural test arenas, see Stuart-Smith et al. 2007b, Chapter 5) suggests 

that size-specific behavioural interactions occur in R. diemensis, with larger males 

displaying more aggressive postures towards smaller males than the converse. 

Male agamid behaviour often includes perching and displaying, involved in social 

hierarchy, competition, mate detection and courtship display, and territorial 
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displays (e.g: Shine 1990; Ord et al. 2001; Radder et al. 2006a,b). This size-based 

male-male hierarchy is perhaps not expected in R. diemensis since net selection on 

male body size is clearly not strong; however, the existence of these behaviours 

may suggest a complex system with different consequences for, and selection 

pressures on, body size. If selection pressures operate differently on body size 

between the sexes in R. diemensis, this may translate to differing size-specific 

behaviour which may promote sex-specific microhabitat use. 

I employed mark-recapture (MR) methods on a natural population of R. diemensis 

in Central Tasmania to investigate sex- and size- specific microhabitat use and 

activity patterns. I specifically aimed to understand spatial and temporal activity 

patterns of the sexes, which may not conform to patterns usually associated with 

this taxonomic group given the unusual direction of SSD. I included perch height 

and distance to cover as structural variables of microhabitat use (i.e. capture site), 

and, as thermal properties are important f9r ectothermic organisms (Melville and 

Schulte 2001 ), I included perch and air temperature as our microclimate thermal 

variables. I hypothesize that males will be more conspicuous (perch higher and in 

more open/exposed areas) than females despite being smaller in size because they 

still engage in typical agamid male-male antagonistic behaviour (Stuart-Smith et 

al. 2007d). Similarly, since maternal basking environments are known to 

influence offspring fitness (e.g. Shine and Harlow 1996; Wapstra 2000), I 

hypothesize that mature females will spend more time in areas of higher 

temperature. Potentially, any observed difference in behaviour between the sexes 

could result in microhabitat difference and niche divergence, and the distinct body 
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size/proportions between adult males and females could further promote this 

differential habitat use. 

METHODS 

Rankinia diemensis is an oviparous agamid lizard with annual reproduction and 

highly seasonal activity (Stuart-Smith et al. 2005, Supporting Document). The 

species is primarily ground dwelling, although there is no comprehensive 

information on its specific microhabitat use to date. Females emerge in late 

spring, and lay eggs late spring/early summer (Stuart-Smith et al. 2005, 

Supporting Document). 

I used a MR study on a population of R. diemensis located between Oatlands and 

Interlaken in the Tasmanian Central Highlands (42°13'S, 147°14'E, elevation: 

700-800 m). The study was conducted from (austral) spring (October) 2003 to 

autumn (April) 2004, i.e. throughout their entire active season. The study site was 

approximately 150 m x 220 m and was subject to little disturbance. It was also 

bordered by ''buffer" zones - which helped to define the study area, on one side 

by an old quarry, on two sides by an unused road and cleared land on another side, 

and an open rocky scree on the other, where no individuals were found. A 2-

person field team visited the site 3-7 times per week (weather-dependent) and 

conducted random searches of the entire area between 9am and 6pm. I frequented 

the area less later in the season when recaptures became low as lizards began to 

submerge into torpor and weather became unfavourable more frequently. 

Researchers had prior experience spotting and capturing this species (e.g. Stuart

Smith et al. 2005; 2007a,b), and the same 2 people conducted the entire survey to 
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limit observer biases. Lizards were captured by hand, measured (by a single 

observer) for snout-vent length (SVL), tail (TL), head width (HW) and hindlimb 

length (HLL). I include these trait measures so that I can compare size differences 

between males and females and investigate the potential for niche differentiation 

based on different trait and body sizes. Lizards were toe-clipped to allow future 

identification, and also marked dorsally with a permanent, non-toxic marker. I 

sexed individuals by eversion of hemipenes (including subadults; see Harlow, 

1996). All observations were independent- i.e. the same lizard was only captured 

once per day. Date of capture was recorded, as was ground, air and perch 

temperature(± 0.1 °C; using a handheld digital Omega® thermometer), location 

(measured using a hand-held GPS), perch height (cm from ground), and distance 

to nearest cover (±.1 cm to nearest potential refuge). Our original intention was to 

elucidate home ranges; however, I was not able to recapture individual animals on 

enough occasions to do this, despite being at the field site most suitable days 

during the season. Our data allowed assessment of movement patterns and 

comparison of male and female microhabitat use during the breeding·season. 

Other research has shown that ecological niches are often only divergent during 

the breeding season (e.g. Radder et al. 2006a), so I incorporate data from this 

important period to compare male and female microhabitat use. 
I 

Statistical analyses 

Movement 

For each individual recaptured during the peak breeding period (November), I 

randomly selected two recapture dates and calculated distance moved (m) per day 

between these dates. Distance was estimated as the straight-line distance between 
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the two GPS points. I tested for differences in movement between sexes and age 

groups by 2-way ANCOV As, (with sex and age group as fixed factors, and SVL 

as a covariate) and using log distance moved per day. 

Habitat 'characteristics 

One capture date was randomly selected for each individual to be used as a 

-
measure of microhabitat use. I used Principal Components Analysis (PCA) on 4 

habitat variables (perch height, distance to cover, perch temperature and air 

temperature) (using Primer 5) to provide uncorrelated PCs that I could then 

analyse using ANCOV A. The PCA included sex and age group (adult and sub-

adult) as factors. I used the first 2 PCs in separate ANCOV As with sex and age 

group as fixed factors and SVL as a covariate (using SYSTAT Vl 0). I also 

considered perch type (rock, ground or log separately) for each sex across all age 

groups (adult, juvenile and hatchling) using a random capture for each individual, 

as I was interested in overall habitat use differences. 

RESULTS 

Activity patterns 

I captured 92 lizards through systematic searches of the study area; this consisted 

of 30 adult males, 26 adult females, 9 juvenile males, 11 juvenile females, 10 

hatchling males and 6 hatchling females (total= 56 adults, 36 sub-adults). I 

obtained 283 observations of individuals from the population used in this study. 

The mean number ofrecaptures per individual was 3.14 (± 0.19 SE) and ranged 

between 0 and 13 recaptures. Figur~ 1 shows a size frequency distribution in SVL 

for mature R. diemensis from the study population in 2003, depicting the size 
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overlap of mature males and females. Maturity is based on previous estimates and 

obtaining reproductively active individuals from this study (See Stuart-Smith et 

al. 2005). Figure 2 shows the percentage of each- age group captured per month 

throughout the activity season, clearly showing that adult males were the first 

demographic to emerge from winter torpor, being the most commonly observed 

group in October and November. Adult females were then recorded more in 

November and December than any other demographic, but then numbers were 

fairly low for both sexes throughout the remainder of the season. Juvenile males 

still appeared before juvenile females, but then numbers were consistent between 

the.sexes for the remainder of the season. Hatchlings were not recorded until 

March, when they began hatching from nests (see also Stuart-Smith et al. 2005). 

Trait sizes 

Figure 3 shows the relationship between SVL and other morphological traits for 

males and females. This shows the area at which trait sizes do not overlap (i.e. 

those points to the top right of the dotted line, which are all females since they 

attain larger SVL and therefore have larger traits). In all three traits, tail, head 

width and hind limb length, females attain larger trait size (as a result of their 

larger body size). 
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Figure 1. Size frequency distribution in SVL for mature male and female Rankinia 
diemensis at the study site in Central Tasmania during 2003 (males =black, 
females= grey). 
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Figure 2. Percentage of sightings per month for each sex and age group of 
Rankinia diemensis from a single population in central Tasmania, 2003 (A= 
adults, B =juveniles, C = hatchlings). 
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Figure 3. Relationship between trait morphology (mm) and SVL in Rankinia 
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overlap in males and females. 
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Movement 

Movement analyses were based on 29 adults (11 males; 18 females) and 10 sub 

adults (4 males; 6 females) that were recaptured more than once during November 

(excluding hatchlings, which were not present at this time). The 2-way ANCOVA 

showed no interaction between sex and age group or an effect of sex. There was, 

however, a significant effect of age group on movement despite SVL not being 

significant {Table 1, Figure 4). This tndicates that movement, although not related 

to SVL, differs between age groups; adults moved greater distances than sub-

adults. Females tended to move greater distances than males but this was not 

statistically significant (Figure 4, untransformed data). 

Table 1. Effect of sex and age group on movement per day (m) during breeding 
season for adult and sub-adult Rankinia diemensis as detected by 2-way ANOV A. 

Effect SS df F Pvalue 

Sex 0.552 1 1.534 0.224 

Age group 1.905 1 5.297 0.028 

SVL 0.000 1 0.001 0.973 

Sex x Age group 0.800 1 2.224 0.145 

Error 12.225 34 
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Figure 4. Mean distance(+ SE) moved per day during a single month in the 
reproductive season (austral spring, 2003) for adult and sub-adult individuals from 
a single Tasmanian population of Rankinia diemensis. 

Microhabitat use 

Using all individuals (n = 92), the first 2 PCs explained 67.3 % of the total 

variation in microhabitat use. The first PC was heavily weighted by thermal 

components (perch and air temperature), and the second PC was heavily weighted 

by the structural components of perch height and distance to cover (Table 2). The 

ANCOV As for PCs 1 and 2 met the assumption of homogeneity of slopes, as 

indicated by non-significant covariate interaction terms. As a result, I ran 

unsaturated models with covariate interaction terms omitted for both PCs. These 
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showed a significant effect of sex, but no effect of age group for both thermal 

variables (Table 3, Figure 5) and structural variables (Table 4, -Figure 6). Adult 

females used areas of higher air and perch temperature, while males used higher 

perches and areas further from refuge sites. Females were found in areas where air 

temperature was on average 22 °C, while males were in areas of on average 19 

°C. Female perch temperatures averaged 33 °C, while males were on perches 

averaging 29 °C. Males perched in areas on average 35 cm distance from cover, 

while females perched in areas on average 29 cm from cover. Males perched at 

heights averaging 22 cm from the ground, whereas females typically perched at 

heights averaging 12 cm from the ground. The type of perch used by the two 

sexes and age groups (Figure 7 reflects this), with more observations of adult 

males on logs and more adult females observed on the ground. Juvenile males and 

females spent more time on logs and rocks than the ground, and hatchlings were 

only observed on the ground. 

Table 2. Factor loadings of the four microhabitat variables on the first and second 
principal component axes (PCl and PC2) computed for male and female adult and 
sub-adult Rankinia diemensis (higher positive loadings indicated in bold). 

Variable PCl PC2 

Air temperature 0.684 -0.194 

Perch temperature 0.700 -0.010 

Perch height 0.008 0.730 

Distance to cover 0.205 0.655 

Variance explained (%) 38.7 28.6 

Cumulative variance(%) 38.7 67.3 
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Table 3. Effect of sex and age on microhabitat use during breeding season for 
adult and sub-adult Rankinia diemensis as detected by 1-way ANCOV A for 
thermal variables (PCl) (non-significant covariate interactions omitted for this 
analysis, and significant P values in bold). 

Effect 

Sex 

Age group 

SVL 

Sex x Age group 

Error 

-.. 
(.) 
0 .......... 

3 

MS df 

12.113 1 

0.021 1 

0.241 1 

1.643 1 

1.317 92 

F 

9.196 

0.016 

0.183 

1.248 

I Female 
I Male 

Air Perch 

Thermal variable 

P value 

0.003 

0.899 

0.670 

0.267 

Figure 5. Comparison of mean air and perch temperature (°C) (+SE) of 
microhabitat occupied by male and female Rankinia diemensis from a single 
Tasmanian population studied during the breeding season, austral spring, 2003. 
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Figure 6. Comparison of mean perch distance to cover and perch height use (cm) 
( + SE) by male and female Rankinia diemensis from a single Tasmanian 
population studied during the breeding season, austral spring, 2003 . 

Table 4. Effect of sex and age on microhabitat use during breeding season for 
adult and sub-adult Rankinia diemensis as detected by 1-way ANCOV A for 
structural variables (PC2) (non-significant covariate interactions omitted for this 
analysis, and significant P values in bold). 

Effect MS df F P value 

Sex 1.466 1 9.384 0.003 

Age group 0.389 1 2.492 0.118 

SVL 0.062 1 0.397 0.530 

Sex x Age group 0.277 1 1.771 0.187 

Error 0.156 92 
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Figure 7. Percentage of perch types used throughout the activity season for adult, 
juvenile and hatchling male and female Rankinia diemensis, 2003 (grey= rock, 
black = log, striped= ground). 

DISCUSSION 

The activity of males and females of all age groups (adults, juveniles and 

hatchlings) of R. diemensis varied temporally through the active season. 

Following winter torpor, adult males comprised 75 % of the total number of 

lizards sighted during October. This is consistent with emergent patterns in other 

species, where adult male lizards emerge sooner than adult females to initiate 

spermatogenesis and to allow contest and establishment of dominance hierarchies 
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and territories (Baird et al. 2001; Jenssen et al. 2001; Rutherford and Gregory 

2003). Adult female R. diemensis emerged soon after, and comprised close to, or 

over, SO % of all lizards sighted during November and December - when egg 

development and oviposition occurs. This also allows egg incubation (in nests) to 

occur early and allow time for incubation. It is also the start of summer, which is 

important for offspring survival since the environment experienced in the nest not 

only affects development time, but can also influence body size and growth rate in 

hatchlings of other species (e.g. Shine and Harlow 1996; Alberts et al. 1997; 

Olsson and Shine 1997; Shine et al. 1997). Reduction of incubation duration is 

particularly beneficial for oviparous species in temperate climates, not only 

because it reduces the time spent in the nest, where temperature extremes can 

make eggs unviable, but also because it allows the hatchlings more time to forage 

and bask prior to the first winter torpor (e.g. Olsson and Shine 1997). 

Juvenile R. diemensis appear to exhibit a more consistent activity pattern than 

adults. Juvenile males again emerged earlier than juvenile females, but were then 

consistently sighted along with females throughout the season. Hatchlings 

emerged from nests in March, ~d were active during March-April. This suggests 

that rapid embryonic development has not evolved in this species, most likely as a 

result of the cold climate it inhabits (Andrews et al. 1999; Shine 1999), since 

incubation periods of first clutches are over 3 months (also see Stuart-Smith et al. 

2007a). It is expected that second clutches will undergo shorter incubation 

periods, since temperatures are on average warmer later in the season. However, 

since the Central Tasmanian climate can be unpredictable and a delay in hatching 

could expose eggs to lethally low temperatures (for e.g., see Shine 1999), it is not 
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expected that second clutching is either particularly effective, or employed 

frequently. Male hatchlings made up almost 75 % of the total hatchling sightings 

in April, suggesting that female hatchlings may either enter winter torpor before 

males or that more males hatched later in the season. This sex bias often occurs 

when factors such as temperature affect offspring sex (e.g. Bull 1985; Harlow and 

Taylor 2000; Warner and Shine, 2005). Sex-specific differences in hatchling 

mortality often also occur in reptiles (e.g. Olsson et al. 2004); however, I do not 

have the data required to address these possibilities. 

Differences in structural and thermal properties used by males and females 

(discussed in detail below) may suggest some level of niche divergence between 

the sexes. Niche divergence often acts to reduce competition for resources 

between the sexes; typically occurring when resources are limited or populations 

are dense (Tessier and Leibold 1997; Verwaijen et al. 2002; Attum et al. 2007). 

Male and female R. diemensis separate along two microhabitat axes: structural 

and thermal variables. Males use higher perches and more exposed areas than 

females, and females were found in areas of higher temperature than males. The 

most likely explanation for these observations is that males and females use 

microhabitat differently because they have different behavioural requirements. 

This divergence in microhabitat use could potentially benefit the species by 

reducing competition (e.g. for food, resources etc, Temeles et al., 2000). Males 

use higher perches presumably to increase conspicuousness and for male-male 

rivalry, and females probably use warmer sites to aid in reproduction. Although 

niche divergence ideas are usually based on the premise that a limiting resource 

produces the need to segregate (e.g. Temeles et al. 2000), other mechanisms, such 
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as behavioural or physiological differences, can also further reinforce the degree 

of niche divergence. 

Males perched higher and at greater distance from refuge sites than females. Male 

lizards often perch high and engage in competitive interactions with other males 

(e.g. Olsson 1995; Baird et al. 2001; Calsbeek and Marnocha 2006) including in 

agamids (e.g. Radder et al. 2006 a; Stuart-Smith et al. 2007b, Chapter 5). This 

may allow a vantage point for detection of competitors, assist in attracting a mate 

through courtship display, or be part of social hierarchy or dominance

determination interactions with competitors (Radder et al. 2006a), and occurs 

mainly in the breeding season. Females were observed more often on the ground. 

Perching high presumably puts an individual at greater risk of being detected by 

predators. Since females rarely take part in hierarchical posturing (e.g. Radder et 

al. 2006b ), staying on the ground and close to cover may reduce the risk of 

predation associated with increased conspicuousness (see also Radder et al. 

2006a). I found no difference in perch height between sub-adult males and sub

adult females (height was similar to that of adult females) supporting the idea that 

perching differences are related to adult male dominance behaviour. 

The microhabitat thermal variables recorded (perch and air temperature) were 

higher for adult females than males, but there was no difference in thermal 

microhabitat use between sub-adult males and females. Differences between adult 

male and female thermal microhabitat use is a common pattern, especially during 

the breeding season when females need to develop eggs at a higher, more 

consistent temperature, because extremes can result in death of the embryo (Shine 
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1999). Active thermoregulation is particularly important in reptiles, and it has 

been shown that the basking temperatures experienced by the mother while 

offspring are developing can affect offspring development and phenotype (in both 

oviparous and viviparous species; Rummery et al. 1994; Shine 1995; Andrews et 

al. 1997; Shine et al., 1997; Shine and Downes 1999; Wapstra 2000). 

Reproductive females tend to maintain higher body temperature than males 

(Brown and Weatherhead 2000) during vitellogenesis and, even in oviparous 

squamates, some embryo development occurs in utero prior to oviposition (Shine 

1995; Mathies and Andrews 1999), suggesting that the thermal requirements of 

the mother are important for offspring development, as is nest temperature. 

Differences in habitat use between sexes and age groups (spatially and 

temporally) can correspond to differences in prey type availability (e.g. Shine 

1986). Studies by Herrel et al. (2006) and Maccini and lrschick (1998) found that 

males, females and sub adults used different perch heights and types, and that they 

also consumed different prey types as a result. In R. diemensis, not only do males· 

and females use different perch heights, but they have different body sizes and 

head sizes, which could further promote differences in diet. Head size can 

potentially influence capture time, subduing and swallowing different prey types, 

which may then further reinforce the niche divergence in the sexes (Preest 1994; 

Shine 1999; Verwaijen et al. 2002). Thus, different use of perches and other 

microhabitat variables (and differences in head sizes; Figure 3) could lead to 

adults targeting prey of different sizes in this way, thereby reducing potential for 

inter-sexual resource competition. Despite proportionally larger head (and limb 

and tail) sizes in males, adult females still express overall larger sizes (see Figure 
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3, dashed lines for point where sexes do not overlap in trait size; also Stuart-Smith 

et al. in press), suggesting that females may potentially take larger prey items (for 

example), which may result in niche separation. This may also be influenced by 

seasonal variability such as prey type that differs temporally, and can further 

influence behaviour patterns. 

Typically, lizards with longer Hmbs have greater locomotory ability and occupy 

open or exposed areas (Attum et al. 2007); however, although male Rankinia 

diemensis have proportionally longer limbs than females (Stuart-Smith et al. in 

press), females have larger overall limb sizes, yet do not use more open habitats 

(i.e. further from cover). Males perch on objects (e.g. rocks, logs) more than 

females, which is probably attributable more to behavioural differences than to 

habitat segregation due to resource limitation. Overall, diffe!'ent behavioural and 

physiological requirements compel either sex to use their thermal and structural 

habitat differently, which may then reinforce the level of niche divergence that 

occurs, potentially reducing competition. 
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GENERAL DISCUSSION 

Body size is one of the most important life history traits of an organism, with links 

to, and influences on, almost all areas of an organism's ecology and evolution 

(John-Alder et al., 2007). The entire life cycle of an organism can often be 

broadly scaled to body size (Han & Stra.Skraba, 1998). Size is a major determinant 

of what an individual needs and how long it must devote to achieving those needs 

(Han & Straskraba, 1998). Growth patterns and adult body size result from the 

culmination of a multitude of physiological and ecological factors, acting on 

various components and stages of an organism, and reflect the diversifying power 

of selection (Lailvaux & Vincent, 2007). 

Schmidt-Nielsen (1985) highlighted the acute consequences that body size can 

have on body structure and form, identifying knowledge of an organism's size as 

being absolutely essential to an understanding of how that animal performs and, 

indeed, how it survives. How big an animal is dictates its metabolic rate, 

nutritional needs, and the strength required for structural support; it affects heart 

rate and blood circulation, gas exchange constraints, and the form and 

arrangement oflimbs and muscles necessary to move efficiently (see Schmidt

Nielsen, 1985). These requirements all influence the adaptation and evolution of 

body form - they place constraints on inter-sexual size extremes, on the types of 

habitats suitable for occupation and on the prey type that can be consumed. If we 

can begin to understand the relationship between body size and an animal's 
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requirements - whether it be the need to attract a mate, to forage efficiently, or to 

achieve optimal thermal temperatures, then we can begin to understand how an 

organism functions in a specific area: we can define its niche, and assess the 

evolutionary pathways that have led to its present form. 

Understanding body size variation, or other forms of phenotypic variation within a 

species, is central to understanding adaptation and evolution of particular traits 

(e.g. Koehl, 1996; Losos, 1990; West-Eberhard, 2003). From this we can predict 

how and why that trait is advantageous in a particular circumstance, then theorize 

(and ultimately test) which selective pressures have lead to its evolution (Losos, 

1990). Body size differences between the sexes can influence intra- .and inter

sexual relationships, can affect habitat use and provide avenues for competition 

reduction within a species (Meiri et al., 2005). The processes r~sponsible for sex

based differences are highly complex and involve interactions between genetic 

and enyironmental influences (Shine, 1990). 

This thesis provides a comprehensive analysis of sexual size dimorphism (SSD) in 

the agamid lizard, Rankinia diemensis. It provids insight into not only the size 

difference at present, but also how and why size differences between the sexes of 

a single species can occur. Studies of SSD are often complicated by the influence 

of different factors simultaneously affecting the size distributions of adult males 

and females (Hedrick & Temeles, 1989; Stamps et al., 1994). Recognizing this, I 

have taken the holistic approach of investigating major sources of influence, to 

collectively demonstrate the full extent of the causes and consequences of body 

size and how these can amplify or constrain the size difference (e.g. Shine, 1989). 
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My data confirm that SVL and trait sizes are the direct target of selection, and 

reveal that these traits are the product of not only female fecundity selection, but 

also signal the cumulative effects of selection acting in opposing directions in 

males and females. Similar work by Olsson et al. (2002) on the snow skink, 

Niveoscincus microlepidotus, showed comparable cumulative effects of fecundity 

and sexual selection - with large trunk size in females the product of positive 

selection on females, yet under negative selection in males. This was thought to 

have links to male-male rivalry and sexual selection pressures when trunk size is 

less important in males. 

This thesis was initially framed around Blanckenhom's differential equilibration 

model (Blanckenhom 2000, 2005; General Introduction, page 10). Now I can 

summarise the factors that lead to female-biased SSD in Rankinia diemensis and 

fit my data for this species into Blanckenhom's schematic representation (Figure 

1 ). This summarises both how selection pressures are reflected in this species, and 

also how this type of model can be modified once specific causal factors have 

been investigated. 

The first step in evaluating the evolutionary pressures that have led to, and the 

adaptive significance of, any sexually dimorphic trait is to quantify the sex

specific patterns. This is somewhat simplified in Figure 1 - which depicts only 

one measure of size difference. In reality, size differences (morphology) should be 

examined at more than one level, as quantifying sex-specific differences based on 

one measure of size is simplistic, and, as this thesis reveals, can lead to 
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overlooking the combination of different selection pressures acting on different 

areas of morphology. 

Body 
size G,V 

FS 

-------.---Female upper 

I -limh SS 
• • • • • • • • • 

i Niche 
r;eparation 

I Male uppe< __ ___,_ __ 
size limit 

Figure 1. Diagrammatkrepresentation of major causes and consequences 
of SSD in adult female(~) and male (O') Rankinia diemensis. Dotted 
arrows represent selection: FS = fecundity selection, SS = sexual 
selection. G = genetic constraints, V = viability constraints on ·size. Niche 
separation represents that period of adult size where the sexes do not 
overlap, promoting the separation of resource use between the sexes. 
Diagram adapted from Blanckenhom (2000), and modified for R. 
diemensis. 

Figure 1 now shows larger body size in (adult) females than males, but still 

indicates the level of size overlap that exists. Just as importantly, the area of adult · 

size that does not overlap indicates the potential for niche divergence at those 

sizes. Genetic (G) and viability (V) factors constrain size differences, regulating 

the degree of differentiation that can occur between the sexes as well as the 

overall size reached for each sex (Reeve & Fairbairn, 2001; Weatherhead & 
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Dufour, 2005). Any trait that is influenced by sexual selection will also be 

influenced by natural selection, which means that there are limitations on its 

evolution (Oufiero & Garland, 2007). Fecundity (PS) selection is a major driving 

force producing large female size, and must be stronger than sexual selection on 

male body size (SS) to produce the female-biased dimorphism that exists. 

, Although selection may operate to increase male size, since large males are more 

aggressive (using more aggressive posturing) than smaller males (possibly to 

allow the establishment of successful dominance hierarchies), either the selection 

for small size must outweigh this (e.g. selection on early maturity), or genetic and 

viability constraints acting on size in this species are only outweighed by the 

benefit of increased reproductive output. Each selection pressure may amplify or 

constrain the size of each sex (Shine, 1989). 

The array of selection pressures and causal factors that operate means that 

identifying the major cause of evolution of one particular trait is relatively 

straightforward and achievable. However, being able to understand and separate 

the multitude of forces that can act simultaneously on SSD is a complex and 

difficult process, but one which will tell us more about trait adaptation and 

morphological differentiation in a species. 

Chapter 2 identifies the sex-specific differences in size - body size and 

morphological trait size in R. diemensis. Small male size, particularly in agamids, 

would seem to confer the lack of the well-studied intra-sexual male competition 

that relies heavily on large male size in determining contest success (e.g. Radder 

et al., 2006, Watt & Joss, 2003). However, in R. diemensis there is evidence that 
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male-male rivalry does exist - with larger males more aggressive towards smaller 

males (see Chapter 5). This suggests that size, albeit not necessarily overall body 

size in males, may still be under selection. Head, limb and tail size are 

proportionally larger in males than in females, again suggesting that trait size is 

under strong selection in males. 

The intra - and inter - sexual geographic differences in SVL and trait size 

identified in Chapter 2 also suggest that other factors can limit body size in this 

species. Geographic differences may be due to local adaptation (i.e. genetic 

modification) or ecological-based modifications (Madsen & Shine, 1993). 

However, to ascertain whether this observation is consistent with latitude (and 

thus climatic factors), or associated with the island rule, future work_ would need 

to include not only data from additional island populations (i.e. throughout the · 

Furneaux Group), but also from mainland Australia. 

There has been an increasing focus on the role of external factors on the 

magnitude and even the existence of SSD (e.g. John-Alder et al., 2007). Their 

work showed that external factors, such as environment, could potentially 

influence the magnitude ofSSD. Using growth rate experiments of lizards known 

to exhibit SSD, John-Alder et al. (2007) reared lizards in ideal laboratory 

conditions (i.e. without food/resource limitations that may occur in the wild), and 

found that the sex-specific size difference that occurred in the wild did not 

eventuate in lizards reared under ideal conditions. This work suggests that 

environmental factors strongly influence energy acquisition and/or resource 

allocation in natural populations, and that there are sex-specific differences in 
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these resource limitations that are responsible for SSD. In R. diemensis, although I 

have not directly addressed the genetic versus non-genetic factors responsible for 

SSD using empirical methods, differences between geographically distinct 

populations strongly suggest the capacity for environmental influence. 

The degree (or extent) of SSD did not differ geographically. This suggests that, 

despite factors acting to change overall sizes, these do not lead to differing 

degrees of SSD, and that genetic constraints operate to limit the size difference 

that can occur between males and females. This means that, even if we viewed 

Figure 1 under different populations of R. diemensis, although the upper size 

limits reached for each sex would differ, the difference between the two would · 

not. This finding further promotes the idea that, although niche divergence may 

occur, it is not the driving factor, but a consequence of male-female size 

differences. If it were a primary causal factor, I would not expect the males and 

females to be consistently different among sites. In gape-limited animals, like 

snakes, the degree of male-female size difference is often determined by prey size 

(Pearson et al., 2002). I would assume that the potential for prey type and size 

should differ among sites, but the absence of geographical variation in SSD in R. 

diemensis suggests that underlying genetic factors are constraining the difference 

in size that can occur between the sexes or that the same pressures are operating 

across different populations. 

Typically, in dimorphic species, sexes are almost identical in morphology during 

early life stages, and highly divergent growth patterns result in size differences at 

adulthood (Badyaev, 2002). Sexes were similar sizes at hatching and growth 
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patterns (Chapter 3) revealed an initially slow period of growth in R. diemensis. 

This is likely linked to the temperate climate and its impact on the activity 

duration of a species (e.g. Adolph & Porter, 1993; Angilletta et al., 2004). The 

temperate climate severely reduces the annual and diurnal activity periods of 

reptiles, which rely on environmental sources of thermal energy to create their 

own energy (Adolph & Porter, 1993). These restricted activity periods may impart 

particularly high constraints upon neonates. The mark-recapture study (Chapter 6) 

showed that hatchlings emerge from nests as late as April, which leaves very little 

time prior to the onset of winter to forage and build the reserves required to enter 

torpor. 

In terms of addressing the difference in size reached by either sex (i.e. in Figure 1, 

the upper size limits reached for each and potentially when they diverge in size), 

although I found no size differences present at hatching (and found none, even 

among geographically distinct populations; Chapter 2), I identified the 3-5 year 

age cohort as being the point where sexes diverge in body size. Trait and body 

size comparisons also revealed that trait growth is proportional to SVL growth, so 

both body size and trait size diverge at the same age. Males reach m_aturity earlier 

and cease growth, but females continue to grow post maturity (see also 

Rutherford, 1994; Shine, 1990), thus allowing size to asymptote later, and thereby 

identifying the major proximate (causal) mechanism responsible for sex-specific 

size differences in R. diemensis. Although I do not have age-size data for other 

populations, I can hypothesize that body size of both sexes on Flinders Island (for 

example) reflect either Jater attainment of sexual maturity or faster growth prior to 

maturity. From this, I can conclude that it is not size at hatching, early life growth 
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patterns or longevity differences between the sexes that result in SSD in 

adulthood. Age and size at maturity and post-maturity growth are the proximate 

factors responsible for SSD in R. diemensis. 

Once the nature of the body size differences and proximate mechanlsm causing 

them were identified, the next step was to tease apart the often-interactive effects 

of differential selection pressures. These were examined by three major ideas that 

I addressed separately in Chapter 4 (natural selection: fecundity, Figure I: FS), 

Chapter 5 (sexual selection: competition, Figure I: SS) and Chapter 6 (niche 

divergence hypothesis, Figure 1: niche separation; or the areas where the sexes do 

not overlap in size). 

Fecundity is often a major selective influence on female body size (Blanckenhom, 

2000). My data supported this theory- indicating that larger females do produce a 

greater number of eggs (i.e. large size = increased fecundity), and more 

importantly, that egg production is not proportional to body size. This implies that 

fecundity selection has a major influence on female size in this species, but 

reflects little on small male size. There is coll1paratively lower selective pressure 

on male size through, for example, size-dependent male reproductive success. 

With female size greater than males and reproductive output in females being so 

highly dependent on body size, it can then be argued that fecundity selection is the 

major driving force producing large female size in R. diemensis. From this, I 

conclude that the female bias in R. diemensis is ultimately a consequence of the 

benefit of increase reproductive output conferred by large body size. 
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Sexual selection is still likely, however, to impact on male size. Figure 1 shows 

both positive and negative selection pressures acting on this trait. Male intra

specific competition is present, and male trait size is proportionally larger than in 

females- suggesting positive selection. The mark-recapture study (Chapter 6) 

indicated that males move less distance than females in the mating season, but 

there were differences in structural habitat use, which may reflect the need for 

small male size. Males perched higher and at greater distances from refuge sites 

than females. Smaller size allows males to perch higher and in more exposed (and 

thus obvious) positions to attract mates or ward off competitors, without 

increasing the likelihood of detection by predators. In this respect, small size, 

particularly for males, despite often being regarded as a limitation, is also 

advantageous to survival, so selection may be acting to decrease size. Small size 

advantages in males in other animals have benefits in development time, sperm 

competition, and agility (Huber, 2005; Brandt & Andrade, 2007). More data 

would be needed to quantify specific size-dependent advantages in male R. 

diemensis, including perhaps investigation of size-specific male reproductive 

success and performance. If large male size was associated with high energetic 

costs (due to territory defence, mate attraction and aggression), then selection 

would also act to favour small males (Schulte-Hostedde et al., 2002). 

The mark-recapture chapter (6) identified two thermal microhabitat characteristics 

that also differed in use by adult males and females. Females were more likely to 

be found in areas of higher temperatures than males. This most likely reflects the 

above male-male competition, and the necessity for reproductively active females 

to seek warmer sites for egg development and incubation (Shine & Harlow, 1996). 
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One of the most common niche segregating mechanisms comes from consumption 

of different prey sizes related to larger head size (Pearson et al., 2002; Shine et 

al., 1998). Although males have proportionally larger heads, head size is still 

bigger in females because of their larger body size (Chapters 3, 5). This may 

allow adult females to subdue and consume larger prey items, thus potentially 

lowering inter-specific food competition. To further quantify this, data are also 

needed on population dynamics and resource availability (since niche divergence 

often occurs in the face of increased population density), as well as a comparison 

of stomach contents analysis with available prey types, for males and females. 

Overall, this thesis emphasizes the importance of encompassing major relevant 

factors when examining even just one component of life history strategy, such as 

morphological trait form and function. It highlights the complexity of trait size 

evolution and adaptation. Although fecundity selection is a key element 

contributing to large female size, it is likely that sexual selection, viability 

selection or genetic constraints act to keep size small in males. A thorough study 

of SSD needs to understand not only why one sex is larger, but also why the othe~ 

sex is smaller (Fokidis et al., 2007). Although small male size would normally 

lead us to predict a lack of male-male rivalry, further analysis revealed that 

perhaps it is trait size and not overall size that determines contest success. Niche 

divergence also plays a subsidiary role - since the evolution of proportionally 

larger head and limb sizes may be linked to male-male rivalry, but the overall 

greater size in female trait measurements may allow different food types to be 

consumed - the separation of niches may be a consequence, not a cause of size 

differences. In R. diemensis, although natural selection plays a pivotal role in sex 

157 



GENERAL DISCUSSION 

divergence, both sexual selection and niche divergence may play subsidiary roles 

in the evolution and continuance of this size difference. It is also the divergent 

growth in later life, brought on by early maturation of males and post-maturity 

growth of females that provides the mechanism allowing this size difference to 

occur. It is this specific culmination of ultimate and proximate mechanisms acting 

on body and trait size in both sexes that produces the somewhat intriguing female

biased SSD found inR. diemensis. 
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INTRODUCTION 

Rlmkini4 Jkmmsis (Glay, 1841) is the only lizard species 
rq>i=nwM:oftheFamily.Agamidae,commonlyknownu 
dngon lizaids, found in Tasmania; dt<: mnaining 17 species 
comprisingTumaaia'slizardfauna:ueallskinksindt<:Family 
Scincidae (Hucchimon et al. 2001). It is disUnaivc among 
Austalian dagons :is it is the southernmost agamid in the 
wodd and oa:ws in acguably die coldest habiws occupied 
by any =igamid in .Austtalia {Kent 1987, Hutchinson et Ill. 
2001). lt is one of only three oviParous rq>riles in ihe Swc 
- asamgy in itsdf char is atypial of cold-dhnatc rq>tiles 
(Shine 1985). 

Rlmkini4 tliemmsis is a small ayptic species char mubits 
saong fcmalc-bmcd she dimorphism (Coggcr 1992). It is 
widcsp=d throughout all ofTasmania cast ofTylcc's Llne 
(a fauna! dividcddined byShid etlli.1989) and occws also 
in dt<: Fumcaux Group, Flinders Island and nearby islands in 
Bass Strait, as wdl :is in V1ct0ria and sowhctn New South 
Wales. On dt<: Ausualian mainland it is mostly KStriacd 
to higbcc alcitudcs, giving rise to its common name, eh<! 
'mounl2in dagon' {Kent mn. This species bas frequently 

• been re-classified, but we use genus Rlmkini4 because most 
i=ot phylogaietic analyses by Mdvillc et Ill. (2001) places 
die cumm: StlDIS of dtis species in dtis monotypic group, 
mhcc dim including it in the genus 1jmp11nOC1YPtis· 

Agamids aic typically distributed through hot, arid 
or uopical i:q:ions (Gr.et 1989, Witten 1993) and the 
cool-cold tempctatc dimarcs found in Tasmania aqm:sent 
c:xtttmc conditions and tuult in a greatly Rduccd activity 
season compattd to char of the island's skink &una. WIDtct 
torpor in adult R tlkmmsis lasts for sevai mondts (J.S-S. 
unpubl. data), sigoilicandy longcc dim dw: ocauring in 
viviparous alpine sldaks (e.g., Nlt1etlldtzau mkrokpidotta 
(O'Sbaughncssy, 1874): 5-6 moadts). This~ provides 

padiminarydata on dt<:rq>roductivc ecology of R tliemmsis. 
Our mu is to provide bosdine information on a species 
dw: has not been studied anywbeic in its distribution and 
dw: rq>i=nts an important dcmcnt of die hcspctological 
fu.wia ofTasmaoia. 

MATERIALS AND METHODS 

This study prcscnts pieriously unpublished elm. coUcaed 
ovu thn:c bi=ling seasons (Welling 1m. Dwaj 2002); 
animals 'Wm: obsencd in silu or collcacd and held !Or 
study in individual outdoor cnclOSURs at dt<: Univasity of 
T:wnania. Thcinfomwion pn:sentcdrdatcs predominantly 
torq>roductivcecologybutrdcvantdataonmorphologyand 
behaviour alC also provided.- ·-,~-- --

Lizard collection 

Gravidfcmalcs"Wm:c:auglu(whilecliggingncstingbunows) 
by hand fiom. areas of soudieastem Tasmania in OctOOcr/ 
November 1998 and 2001 for investigation of rq>roduaive 
ourput and smircgy. Collcaions were made fiom similar 
babiw (coastal hcadtland and cby sclcrophyll fon:st) in and 
around the Cape Dcsbcs Rtscrve, Oifton Beach, Kingston 
township and die Unhasity grounds. Individual cndoswcs 
werc circular (made of sheet metal: diamctct I m; .mls 
40 cmhigb),locatcdonacastctly..f.cingslopcandfillcdwith 
brown road gr.ml toadcpthrmgiagfiom 15-30an.Racks 
and litter provided cover and vantage points, while a wire 
netting lid provided proteaion fiom predators. The eruirc 
set of cndosun:s was protcacd ID!der bird netting. Water 
was provided 1111 libitum and food (anu or mcalworms) was 
provided three times fCl' week. 
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Nesting Behaviour and Egg Collection 

Females prq>aring to oviposit undertake a period of test 
bunow-diggingdw:lasuforscvcr.ddays. Oncedllsbchaviour 
was obscrvcdcap!M:fcmaleswacmonito..d twioedaily. Date 
of test burrows was m:otdcd, as wecc behaviours associated 
withactualnest-diggingandlaying.Afu:roviposition,females 
wecccemovc:d,weighcd(±O.lg)andarangcofmorphomcttic 
cbamcteristics (snout-vcntandraillcngths; hcadwiddi, depth. 
length;andinterlimbandlimbmt2SUCC111ems)n:cordedusing 
deccronic c:alipeis acauace co ±0.01 mm. Most eggs wecc 
=diilly uncovered, ttanS!Cmd to die lahoracoiy, weighed 
using a Sattorius cleccronic balance (±0.01 g) and used in a 
series ofincubalion experiments nor ttported here. _ 

Natural Egg lnc:Ubation 

Atocaloffivcnescs(cwoinl999,tbreein2002)wcrer.mdomly 
selected to remain in silu in ourdoor enclosure nests. The 
nests were carefully uncovered so chat a cempe=ure logger 
could be plaoed adjacent to cw ro automatically m:otd 
nest cemperacure every 15 minutes for die duration of die 
incubation pcriocl. 

Reproductive Cycles 

GonaddevdopmentandRproduc!M:statusweccassessedby 
dissection of preserved material held in die collections of the 
Qµeen Victoria Museum, l.aunccsron, and die Tasmanian 
Museum and Art Galleq, Hoban (n = 62: 14 adult males, 
26 adult females and 22 juveniles). The animals had been 
collected liom are:is across Tasmania between 1936 and 
1998, and wecc collected during all monchs of the activity 
season. 

In males, die testes wecc measured usingdeccronic cligical 
c:alipeis accurate ro ±0.01 mm and testicular wlume was 
calcularcd liom the volume of an ovoid, and dtcepididymides 
weccinspected forthe presence of spermatozoa in die lumen. 
Subsequently, males were subjectively cattgorised as aaivc 
(cnlargcd testes and milky epididymides), agttssed (small 
testes and dark epididymides), or recrudescent (moderate 
enlaigement of testes, but dark epididymides). Females 
'Wl:re disseaed (n=26) and cbssified based on die si7.e and 
appear.moo of the follicles and the presence of ovidw:tal 
eggs. The number of ovarian follicles and dieir diameter was 
rcootded (mingdeccroniccalipeis).Animalswecccategorised 
as: non-vitcllogcnic (follicle diameter <Imm), viccllogcnic 
(follicle diameter 1-2 mm), ga.vid (ovidu<:W eggs present) 
or recrudescent ('Yitdlogcnic follicles >Imm). 

RESULTS AND DISCUSSION 

Morphology 

Rtmkinia diemensis is a idatively small, ayptic, dcigon 
lizard exhibiting strong female-biased size dimorphism. 
In Tasmania the laigest snout-vent length (SVL) we have 
n:coided for females is 84 mm and fur males is 66 mm. 
Table 1 allows comparison of mass and size ofadulc; ofboth 
sexes (also see fig. 1). Sexual size dimorphism is common in 
Australian agamids; however, in most species males are the 
laiger sex. a characteristic linked to the establishment and 
defence of territories (Bractstrom 1971). In most agamids, 
males ace~and conspicuous defenders of territories 
and dlls furms die basis of mare selection. The existence of 
female-biased sexual dimorphism and appattnt lade of male 
territories in R Jiemensis may have significant implications 
fur sexual selection strategies in chis species. 

Colouraci<in varies liom pale beige, chrough to light and 
dark greys, bright orange or mi-brown Q.S-S. unpubt 
daia, Hutchinson a aL 2001, fig. 1), widi mixes of 3JI 
colours seen in individuals. There does not appear to be 
sexual dichromaiism in chis species, which relies heavily 
on camoullagc for avoidanoe of p~a. The colouring 
idleas this - usually varying according to habirac; ic 
also has modified epidermal scales charaaeristic of 3JI 
agamids (Witten 1993), in die form of rough or spiny 
scales (Hutchinson et aL 2001). A distinc!M: line of dadc 
diamond-shaped marks runs dorsally along the spine 
liom head to tail base - with patches of lighter colour 
between the 'diacnonds' (fig. 1). When die animal is cold, 
it becomes dark and patterning is obscured (Hucchinson tt 

- aL ;zool). Colour changes also occur in the base colour of 
individuals (i.e., between the diamonds). These changes can 
occur relativdy quickly (within minutes), and ace common 
among agamids, probably pertaining to social intctaa:ions 
(Greer 2003). 

Behaviour 

Crypsis 
Aldiough R. Jiemensis relies heavily on camoullage to awid 
predarorderection, italsoemploysetypticbchaviour,spending 
most ofic; time motionless, even to the extent of appearing 
ro regulate breathing. When approached it will typically run 
a short distance, before sropping abruptly (Hutchinson tt 
aL 2001); The sudden srop is unexpected by die observer, 
and, even diough it does nor always occur when covu has 
been reached, it is still an dfcctivc form of predator escape 
became the observer's eye typic:ally follows the direction of 

TABLE I 
Comparison of snout-vmt lcagdt, mass and tail length 

for adult male and female Rankinia tliemeiuis 

Snouc-vcnt length (mm) Mass (g) Tail length (mm) 

Range Mean N Range Mean N Range Mean N 

Male 49-4> 57 

Famle ~2 72 

24 

34 

2.~ 4.6 

5.6-13.4 10.3 

24 

33 

82-113 97 

82-137 117 

24 

33 
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FIG. I - Dona/ pll#erning and stxtud siu dimorphism in Rankinia Jimunsis (gmuid fomak t'1p, male btlbw). 

movement beyond the lizard. The amoufugc provided by 
the lizard's oudinc, coloumion and patterning m.kcs the 
motionless animal vay difficult to detect. 

Timing of events 
Adula may undergo a torpor lasting up co seven months, but 
hacchlings appear to spend lignificandy less time in torpor 
- presumably since they do not have the ability co build 
sufficient reserves to support such an arcnded period witbouc 
food. Fidd obscrvarions reveal that hatchlings remain aaivc 
wdl into the autumn months (lar.c April), while adults arc 
rardyseen by lace summer (mid-Fcbnwy). Adula have been 
uuintained in labomoi:y torpor conditions fur six months 
ac 5'C - indicating that arousal from torpor co furagc is 
not ncassary, but during this time they have been obscrvcd 
drinking water occasionally. 

Field observations reveal that males emerge in early 
spring (early September) at least two weeks before 
females. They spend considerable cimc perched on l~ 
or roda (ac heights up co I m), which is atypical of tbcir 
normal ayptic behaviour. It is unclear whether either sex 
maintains a territory; but there is ccctainly no obvious 
tcrricorial behaviour. Females emerge later in spring. and 
arc able co lay a clutch by early-mid summer (November 
to mid-D=mber). Females prefer relatively open sites co 
lay tbeir eggs - disturbed soil is often favoured and the 
sides of quarries and edges of diet roads arc often used as 
nest sites. 

Early in summer, and once the breeding season has finished, 
both males and females moult. Activity then undergoes one 
further peak of reduced intensity (lace December co mid
Januai:y) when second ducching may oocur. From tbis 
point on, adula arc rarely seen. Immature lizards (including 
hacchlings from the previous year) arc active tbroughouc the 
season. Hacchlings emerge in March/April, and arc active 
as long as the warmer weather lases. Although batchlings 
arc commonly sighted, older juveniles are rarely seen at 
any cime. This may be due to high mortality over the fuse 
winter season, consequent on tbc long incubation period 
and cmcrgcncc dose co the onset of winter, bur it may also 

rdlcct the cxucmdy cryptic behaviour typical of adults 
ouaidc the breeding season. 

Displays and communication 
Communication is visual among R. tlinnnuis, as in agamids 
generally (Greet 1989, Witten 1993, Ord & Evans 2003), 
but hissing has been heard at capture U.S-S. unpuhl. data,) . 
This behaviour is noc unheard of in dragons, although ic is 
rare (Greer 1989) . .Ag2.mids typically produce discrete visual 
displays co mcdlace social behaviour (Wan & Joss 2003), 
and some of tbese are uciliscd by R. tlinnnuis, including 
arm-waving, head-bobbing. and call lashing. Typically 
these displays denote aggressive or submissive behaviour. 
The suucru.rc or function of these displays has nor been 
determined for R dinnmsis and are tbc subjccc of a cucrcnt 
study Q. S-S). 

Reproduction 

Reproductive cycles 
Environmencal conditions, particularl.y climatic, can have a 
strong influence on rcproduccivccydes. Oviparous lizards arc 
not common in areas of cold, variabkcooditions because they 
do nor have control over the conditions experienced duting 
egg incubation (Heatwole & Taylor 1987). When seasonal 
ccmpcracurcs are highlyvariablc, as in Tasmania's climate, there 
is only a short summer period fur rcproduaion, cmbi:yonic 
dcvclopmenc and offspring dispersal to oocur. Enminarion 
of museum specimens indicarcd that spcrmatogenesis occucs 
from early September to early November (n= 15) with resccs 
siz.c reaching a maximum in lace September. Testes have 
rcgrcsscd co one quarter of cheir maximum volume by lace 
Oaobcr,andrcmaincdrcgrcsscdthcrcafccruntillaccFcbruary. 
Rccrudcsccncebcgios in March (fig. 2). LaccOaobertocarly 
November appcan co be the main macing period, duting 
which time males score sperm in their cpididymidcs. 

Females emerge from winter torpor lacer than males {late 
September), with vitdlogcnesis occurring from Scpcember
Dcccmbcr, and gravid females recorded from lace Oaobcc 
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MALE 
Testes active Testes regressed I Recrudescent I 

SPERMATOGENESIS 

Sept. I Oct. I Nov. Dec. I Jan. Feb. March I April 

VITELLOGENESIS 
FEMALE I Vitellogenic Non-vitellogenic Recrudescent 

Gravid 

Ewtaid 

Eggs hatch 

FIG. 2- Caknk of m4jf1T' reproductitN! tvtnts in ma/a (wp) and fonu:ks (bdaw) ofRankinia dicmensis. 

' to January. Females arc non-vitdlogcnic from late Dc:a:mbet 
to Man:h. when <=Udcscence begins (fig. 2). 

Nesting behaviour and ovipositioning 
Females produce first clutches between October and 
December in Tasmania. Gravid females usually c:xcnarc a 
series of'tcsi burrows prior to digging the final nest; these 
an: more shallow ihan the linal nest, and remain uncovcted. 
Females mainwned in artificial outdoor enclosures (n=23) 
avcragcdtwotcstburrowspriorrooviposition,andtheavcragc 
time bctw=i the fust test burrow and oviposition w:as five 
days. Test burrows sunounding narural nests (verified by 
uncovering nests) have also been observed in the wild. and 
on dm:c oocasions burrows have been filled in on a different 
dayrowbichthcyw=excavatcd. Tcstbwrowsarcofienquitc 
dose to the final nest site, and females have been observed 
digging bwrows within 1.5 m of cadi other, at the same 
timc,andinfullvicwofcachothcr.Obsenationsofatcnsive 
'tongue-lliddng' fin enclosures) prior to oviposition suggest 
thar chemical cues may be an important determinant in nest 
site selection. Nests arc usually located in tdatively open 
areas -with no direct shading. hue still in dose proximity 
to some furm of aivcr. 

Fmal burrow =avation and ovipositlng l2hs most of 
a day and, if started late, may spill over to a second day. 
Before starting females exhibit heightened alertness fur as 
long as two hours, usually petthed on a vantage point about 
30 an :above ground at the edge of an open patch. Digging 
involves excavating soil with the furclimbs and Oiddng it 
backwatds with the larger hind limbs. Digging l2hs place 
at an angle, creating a burrow 60-85 mm deep (n=23). 
During laying. the female n:verscs her position so thar her 
head and furdimbs protrude liom the nest, as docs her 
rail {bent around to one side). When laying is finished she 
cxirs fiom the burrow; and may rum and move the cw 
about with her snout bcfure covering them. Digging and 
oviposidon talces scvcral hours. When finished the female 
oovctS the cw by Hiddng soil back into the nest with her 
furc- and hind- limbs, with intermittent bouts of rapid furc-

limb stamping and snout-pushing of the soil c:o.aing the 
tggs. prcswruibly to compact it. She may spend as much as 
two hours on this aaivicy; once completed it is impossible 
to locate of the nest visually. 

Clutch characteristics 
Outch size varies liom 2-11 eggs. with female size being 
posidvdycorrclarcd with clutch size. f.tlgmass aroviposidon 
is between 0.4 and 1.0 g (fur egg. thar hatch succcssfully), 
with dimensions averaging 110 x 70 mm (see table 2 fur egg 
mcasurcments).Ascconddutchcanbeproduccdfivcwccks 
after the fust, but almost invariably this will contain fcwa 
cw than the first. Reduced clutch size later in the season is 
typical of lizaids that produce multiple clutches in a single 
brccdingseason (Nussbaum 1981, Forsman2001).James & 
Whitfunl(1994)condudedthatprogrcssivdysmallcrdutchcs 
in the side-blotched iguanid Uta stanshuri4na (Baird & 
Giranl, l852)wasanadaptivcRSponsctopoorenvitonmentd 
condidons that occur late in the season; they aigti.d that 
smaller clutches lowu the risk of reproductive fuilurc fur the 

TABLE2 
Rqiroducthe in~t and egg dimensions 

at oviposicion 

Mean (~ s.e.1) R2ngc 

Rdativc dutdi mass' (%) 45 (2) 0.16--0.71 

Outchsii.c 6.0 2-11 

Ourdimass(g) 4.52(0.23) 1.82-7.01 

q;gmass (g) 0.69 (0.01) 0.43-1.01 

q;g length (mm) 11.0(0.07) 7.0-14.5 

q;g width (mm) 7.0(0.05) 5.Ch'!.O 

1 s.e. = standaid error)) 
• Rdativc dutcb mass = (mass of eggsl(mass of fan.le - mass of 
<m'))*IOO 
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funale. Similarly for R. dinnmsis, environmental conditions 
deterioi:atc later in the season, with cooler tempc:rarurcs. 
.educed photoperiod, and ofien increases in rainfall. In R. 
dimrmsis, however, individual eggs in the second ducch are 
larger.indkarlngibar,althoughfcwa-'llll'""'bcingproduccd, 
mote energy is being allocared to each egg. Picswnably this 
provides more energy for development if this is prolonged 
by poor incubation conditions and/or laigcr hatcblingswith 
agtearcrchanceofsurvivalwhenemcrgcnceoccwsvaylate 
in the season. Size at emergence has significant consequences 
for ahatchling's subsequent growth, survival (Sinervo 1993), 
and ability to foragedlCctivclyand escape predators (Phillips 
etall990). 

Females hdd in captivity from early spring. without access 
to males, are able to lay a second dutdi, clcadydemonsaatlng 
th~ ability to srorc spcnn. Among Australian agamids 
this has only been demonstrated for one other species: the 
bearded drngoo, Pogona baroata (OlVicr, 1829) (Amey & 
Whittier 2000), though it may be quite common. The 
advanrages a..ociatcd with spenn storage include improving 
oppomµUties fur spenn competition between spenn from 
diffctent males (Parlcer 1970) (assuming that females mare 
with mote than one male). It may also .educe competition 
hctween die s=:s for resources, thus fu:ilitatirig prodw:tion 
of a second clutch, and it also ensures that teprodw:tion 
is still possible if die potential of encountering males is 
low (Kwnari 1990) ot if male activity dccreascs later in 
the season. 

Incubation 
Incubation duration ranged from 72-106 days in these 
nests widi a hatching success of ;::s0%; duration strongly 
dependcdondietemper.tturcscxpcrienccdduringincubation. 
Warmer nest temperatures have strong implications for 
hatchling survival as they terult in shorter incubation times, 
meaning longer furaging and basking times prior to die first 
winter torpor (Guake & Pacbrd 1987, Paclanl. & Packard 
1988). 

Daia from temperarute loii&= in the live nests located in 
our outdoor enclosures R:Raled that eggs apericnccd average 
daily tempctaturcs of between 19° and 22"C, although 
die range W2S from 5°-39.5°C. As apccted, clutches that 
spent a gtearcr amount of time at lovier tcmpc:rarurcs. had 
longer incubation dwarions. Since the period awilable to 
hatchlinr;; fur foraging prior to winter is limited, earlier 
emergence, from nests located in warmer incubation sites 
will provide mote time fur basking and foraging. Marcroat 
nest site choice may thetefore be a key determinant of a 
funalc's teptoductive success. Unlike many odier ~ids, 
temperarurc-ielatcd sex dercnninarion docs not occulin R. 
dimrmsis O.S.S. unpubl. data). . 

CONCLUSIONS 

Rankinia diemmsis k a rdativdy small cryptic drngon lizard, 
although Tasmanian specimens reach a 1aigcr size than their 
mainland countcqiarts (Cogger 1992). In Tasmania, and 
probably elsewhere, its life history strategy k constrained 
by climate, which necessitates spending much ofits time in 
torpoi; sevcrdyr:cducingthe time available for rcprodw:tion 
and growth. F.ggincubation periods arc long. due to cool nest 
temperarurcs.andhatchlingsurvivalisendangcr:cdbytheshorr 
period of time prior to winter in which fat rcscm:s are built. 

TABLE3 
Dur.ation of incubation and nest temperaaues in fiw 

nests located in artificial eadoswes 

Duration of inculn.lion Ncsc ranpcrarute 

(days) Mean (Re.) Range 

72 19.7(0.09) 5.6-38.1 

78 20.3 (0.09) 8-39 

99 21.1 (0.10) 103-38.1 

106 17.3 (0.06) 8-37.S 

106 17.7 (0.12) 6-39.S 

The species presents an ideal opportunity fur examining the 
evolutionandadaptationoflifehistoryinoviparous lizards to 
cool climates. Aldiough we have provided the first extensive 
data on the teptoductivc ecology of die mountain drngon in 
Tasmania, many questions mnain. Regarding teptoduaioo, 
the existence of pronounced female-biased size dimorphism, 
very unusual for agamid lizards, rakes intriguing questions 
aboutsexualsdcctionsttategicsandthcirrcsponscstoclimaric 
constraints. Likewise, an undemanding of how conditions 
during and immediaely following torpor influence survival 
andteptoduaiveinvcsrmentwould yidd valuable insight into 
how this unusual drngon maintains suo:asful populations 
even on the exposed Ccnual Plateau ofTasmarUa. 
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