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Summary 
 

This study investigated spatial genetic structuring of two groups of Australian Ogyris 

butterflies (Lycaenidae).  Ogyris represents one of several Australian endemic butterfly 

radiations that is well characterised in terms of basic biology but lacking in data useful for 

discriminating among the potential factors promoting divergence and speciation.  A 

phylogeographic approach was used to document structuring in mitochondrial DNA 

markers (mtDNA) across the geographic range of two groups of closely related taxa.  These 

include a pair of sister species: Ogyris zosine and O. genoveva, and the polytypic species O. 

amaryllis which is comprised of four subspecies.  Topological relationships among 

recognised taxonomic units were tested and polyphyletic patterns investigated as a potential 

source of information relating to divergence and speciation.   

 

Sister species Ogyris zosine and O. genoveva were found to exhibit a polyphyletic 

relationship based on mtDNA.  The deepest divergence within the group separated 

allopatric populations of O. zosine in northern Australia which do not correspond to a 

recognised taxonomic entity.  The distribution of O. zosine and O. genoveva is parapatric 

along the east coast and additional sampling in this area along with evidence from allozyme 

markers revealed that the polyphyletic pattern can be explained by past mtDNA 

introgression at the current contact zone.  The two species engage in an obligate mutualistic 

association with different suites of Camponotus ant species.  It is hypothesised that this 

association may be involved in maintaining differentiation between the taxa through ant-

mediated selection against hybrids.  The distribution of a blue/purple wing colour 

polymorphism in female O. zosine is consistent with the role of wing colour as a prezygotic 

isolating mechanism in the contact zone although other explanations cannot be excluded. 

 

Genetic relationships were examined among four nominal taxa of the polytypic species 

Ogyris amaryllis which have a combined distribution spanning most of mainland Australia.  

Mitochondrial sequence data recovered a putatively ancestral and polyphyletic inland 

subspecies with several peripheral subspecies showing reduced variation within this 

topology.  Analysis of spatiotemporal patterns of variation for the inland subspecies 

indicated a recurrent history of restricted gene flow and range expansion through the 

Pleistocene, while peripheral subspecies are characterised by higher levels of population 
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structure and a history of population fragmentation.  High levels of variation and population 

differentiation observed for allozyme markers were not consistent with subspecies 

boundaries.  Partitioning of allozyme variation was explained better by arranging 

populations according to their larval host plant.  Genetic data, combined with information 

on distribution and ecology, are consistent with a pattern of peripheral isolation associated 

with host plant specialisation of coastal populations in the O. amaryllis complex.   
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Chapter 1 Introduction 
 

1.1 Overview 
Understanding the historical demography and geographical movement of organisms is an 

important component of the speciation problem, providing a context for other avenues of 

investigation including studies on the genetic and ecological basis of selection and 

reproductive isolation, as well as data on environmental change.  The study of spatial 

genetic patterns known as phylogeography is a discipline that deals primarily with 

historical components of the distribution of genetic lineages (Avise et al. 1987; Avise 

2000).  Phylogeography was heralded as a bridge between population genetics and 

systematics, although the recent explosion of the field has been dominated by intraspecific 

studies.  From a phylogeographic perspective, speciation has been viewed simply as a 

temporal extension of the patterns observed within species (Avise 2000).   

 

Recently the focus of phylogeographic studies has turned to evaluating patterns among taxa 

that are currently diverging, or have recently diverged.  The incorporation of sister species 

or multiple subspecies in a phylogeographic framework shifts focus to the area between 

intraspecific population genetics and interspecific systematics.  This is precisely where the 

problem of discerning species and the processes that give rise to them occurs (Templeton 

2001).  Funk and Omland (2003) refer to this change in direction as ‘congeneric 

phylogeography’ and provide a useful framework for interpreting patterns in gene tree data 

that are likely to occur among closely related taxa.   

 

The impetus of phylogeographic research on Australian fauna to date has been 

‘comparative phylogeography’ of the mesic east coast of the continent (e.g. Joseph and 

Moritz 1994; Joseph et al. 1995; Schneider et al. 1998; Schauble and Moritz 2001).  This 

work has examined multiple species distributed across similar geographic areas to 

determine the extent of spatiotemporal concordance in phylogeographic patterns and 

reconcile these with organismal biology and climate history.  Several important insights 

have been gained from this work leading to more recent studies that directly address the 

question of speciation (e.g. Hoskin et al. 2005).  Baseline phylogeographic data for the 

remainder of the continent is less advanced although this situation is likely to change with 
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renewed interest on the effect of aridification on diversification of Australian flora and 

fauna (Bowman and Yeates 2006).  The present study will contribute towards this research 

program and highlight potential insights into speciation of Australian butterflies through 

phylogeographic investigation of two groups of closely related Ogyris butterflies 

(Lycaenidae).  Both are widely distributed across the Australian continent and considered 

to comprise currently diverging or recently diverged forms displaying variation in 

morphology, ecology and geographic distribution.   

 

This chapter reviews issues relevant to the phylogeographic treatment of incipient 

speciation in Australian butterflies.  Processes of known importance to speciation in 

butterflies are covered, along with congeneric phylogeography, Australian biogeography 

and the biology of the study organisms.   

 

1.2 Genetic divergence and speciation in butterflies 
Speciation is generally regarded as a process that results from the formation of reproductive 

isolation between populations – a process that requires some level of genetic divergence to 

occur.  Consequently, the degree to which reproductive isolation and/or genetic divergence 

exist is incorporated into most ‘species’ definitions (Coyne and Orr 2004).  The biological 

species concept (BSC) states that species are groups of interbreeding natural populations 

exhibiting substantial, but not necessarily complete, reproductive isolation from other such 

groups (Coyne and Orr’s (2004) modification of Mayr’s (1942) definition).  This is perhaps 

the most popular and robust concept of species although it is not the most practical to apply 

in all circumstances.  In this work, the BSC is adopted in principle, although the degree of 

reproductive isolation separating the taxa under study was not directly evaluated.   

 

Molecular markers have been used to investigate many extrinsic aspects of the speciation 

process including allopatric divergence, ecological divergence, species delimitation and the 

role of past climate change (Coyne and Orr 2004; Avise 2000; Avise 2004).  These aspects 

of speciation have been made accessible because genetic data allows geographical and 

temporal patterns of divergence to be estimated and compared.  At a fine scale, 

geographical patterns of divergence have been examined using a ‘phylogeographic’ 

approach in which the spatial distribution of gene lineages is interpreted as the product of 

historical processes (Avise et al. 1987; Avise 2000).  The temporal aspect or timing of 
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divergence has been examined using a ‘summary statistics’ approach, which is based on 

traditional population genetics (Hey and Machado 2003).  This approach is model-based 

and attempts to understand historical relationships (including timing of divergence) by 

equating parameters estimated from variation in the data with expectations derived from 

theoretical models of population history (e.g. Nei and Li 1979; Wakeley and Hey 1997).  

These approaches are complimentary and are integrated to some extent in most modern 

studies of divergence between closely related taxa (e.g. Carstens et al. 2004).   

 

1.2.1 Allopatric divergence  
Reproductive isolation is thought to develop gradually as populations become 

geographically isolated and genetic exchange ceases.  Divergence may occur incidentally in 

allopatry as a result of mutation, genetic drift and local adaptation (Dobzhansky 1940; 

Mayr 1963; Coyne and Orr 2004).  Allopatric speciation is strongly supported by theory 

and empirical evidence for many organisms including butterflies (Coyne and Orr 2004).  

For example, in South America, closely related butterfly species often occur in allopatry or 

parapatry (e.g. Hall and Harvey 2002; Whinnett et al. 2005).  The biogeographic pattern of 

species-level diversification in the riodinid genus Charis is consistent with allopatric 

speciation and this pattern is shared with a variety of co-distributed vertebrate taxa.  Hall 

and Harvey (2002) suggest a common history of vicariant isolation events is likely to have 

produced this non-random pattern.   

 

Vicariant events may isolate populations into shared refugia (see section 1.4 below), 

resulting in geographically coincident species borders and contact zones.  However 

vicariance is not required to occur contemporaneously for all taxa involved.  Divergence 

time may vary considerably even within a clade of organisms with similar life history 

attributes.  Whinnett et al. (2005) showed a large degree of variation (10-fold) in genetic 

divergence between pairs of ithomiine butterfly subspecies sharing a common contact zone 

in Peru and concluded that subspecies diversification was not due to shared evolutionary 

history or simultaneous divergence times.  Instead they suggested that diversification has 

occurred through repeated and idiosyncratic parapatric or allopatric speciation, interspersed 

by rapid range changes (see also Knapp and Mallet 2003).  
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Similar genetic data are not yet available for Australian butterflies, but distribution data 

indicate that endemic radiations mostly involve species and subspecies with allopatric 

distributions (e.g. subfamilies Theclinae, Satyrinae and Trapezitinae; Braby 2000).  In some 

cases a common history of allopatric divergence is very likely.  For example, three Ogyris 

species (O. idmo, O. otanes and O. subterrestris), share disjunct, relictual distributions 

across southern Australia.  Subspecies within each of these taxa are separated by the arid 

Nullabor plateau, which has acted as a biogeographic barrier for Australian flora and fauna 

repeatedly over millions of years (Cracraft 1986; Crisp et al. 2004; Schodde and Mason 

1991).  

 

1.2.2 Ecological specialisation  
Ecological differences between populations may promote reproductive isolation regardless 

of the geographic setting (Coyne and Orr 2004).  Renewed interest in the influence of 

ecological factors in speciation (Orr and Smith 1998) has produced compelling new 

evidence for this association.  At a broad scale, Funk et al. (2006) demonstrated a 

correlation between ecological divergence and reproductive isolation in a number of 

independent organismal lineages.  Importantly, this analysis removed the confounding 

influence of divergence time, which co-varies with ecological divergence and reproductive 

isolation.  These results show that variation in basic life history traits such as diet may play 

a general role in ecological adaptation and speciation.   

 

On a fine scale, the underlying genetic architecture necessary for speciation by ecological 

specialisation is under investigation.  A genetic link between host plant specialisation and 

reproductive isolation was demonstrated in pea aphids by Hawthorne and Via (2001).  

Close physical linkage was found between quantitative trait loci (QTL) for performance on 

different host plants and QTL for mate choice.   

 

As a predominantly phytophagous group, butterflies tend towards specialisation on host 

plants and therefore represent a useful system for examining the potential role of host plant 

adaptation on speciation (Ehrlich and Raven 1964; Funk et al. 2002).  Work in this area has 

already uncovered several examples of host race formation leading to reproductive isolation 

in Lepidoptera (Nason et al. 2002; Emelianov et al. 2003; Groman and Pellmyr 2000).  

These studies demonstrate the utility of allozyme electrophoresis for identifying genetic 
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divergence associated with host shifts in Lepidoptera.  Evidence for host-race formation has 

also been found in lycaenid butterflies including Mitoura spp. (Nice and Shapiro 2001; 

Forister 2004) and Lycaeides spp. (Nice et al. 2002).  Evidence for host-associated 

oviposition preference and morphological differentiation exists in both of these groups.  

However genetic divergence among taxa is minimal, suggesting either separation is at an 

early stage, or that morphological and ecological divergence is occurring despite ongoing 

gene flow (e.g. Orr and Smith 1998). 

 

An additional source of life-history variation of particular relevance to the Lycaenidae is 

ant-association.  Juvenile stages associate with ants to some extent in the majority of the 

approximately 6000 species of lycaenid butterfly (Pierce et al. 2002).  The nature of these 

associations varies from facultative and obligate mutualisms to parasitism (see section 

1.6.2).  Phylogenetic studies of highly myrmecophilous lycaenid genera demonstrate that 

conservative relationships exist between lycaenid clades and their associated ant taxa 

(Pierce and Nash 1999; Rand et al. 2000; Eastwood and Hughes 2003a; Megens et al. 

2005), leading to the hypothesis that ants act as a template for lycaenid diversification 

(Pierce et al. 2002).  Under this hypothesis, a shift to a novel ant associate promotes species 

radiation in the butterflies, giving rise to the ant-lycaenid pattern observed in phylogenetic 

trees.  Eastwood et al. (2006) have suggested several population-level mechanisms that 

could result in a shift in ant association within a lycaenid genealogy.  These include 

associations that arise as a byproduct of population fragmentation, or through sharing of a 

common vicariant history.  Evidence for the direct involvement of ants in ecological 

diversification of lycaenids would be supported if genetic structuring of lycaenid 

populations were partitioned according to different ant associates in parapatry or sympatry 

(Eastwood et al. 2006).  However, studies to date have not found convincing evidence for 

this pattern (Costa et al. 1996; Eastwood et al. 2006; Als et al. 2004; Bereczki et al. 2005). 

 

1.2.3 Wing colour and mating behaviour   
The role of wing colour in promoting reproductive isolation in butterflies through sexual 

selection and mimicry was recognised by Darwin and contemporaries (Darwin 1871).  

Wing patterns provide information on species identity to other butterflies, and to butterfly 

taxonomists alike.  The importance of visual cues for sexual selection and speciation has 

been demonstrated experimentally in several taxa (Jiggins et al. 2001b; Fordyce et al. 2002; 
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Kronforst et al. 2006).  These studies show that assortative mating results from male 

preference for female wing colour pattern.  For example, hindwing spots are used as mate 

recognition cues in assortative mating of recently diverged lycaenid species Lycaeides idas 

and L. melissa which are broadly sympatric across North America (Fordyce et al. 2002).  

On the other hand, females appear to express mate preference behaviour in the diverse 

lycaenid genus Agrodiaetus and this preference has been linked to speciation (Lukhtanov et 

al. 2005).  Males show variability in wing colour relative to females and phylogenetic 

evidence combined with distribution data is consistent with reinforcement of reproductive 

isolation between closely related pairs of sympatric species by divergence in male wing 

colour pattern (Lukhtanov et al. 2005).  

 
Figure 1.1 Four categories that describe relationships between species A and B in 
relation to the genealogy of lineages sampled in each (from Rosenberg 2003).  (i) 

Monophyly of A and B. (ii) Paraphyly of B with respect to A. (iii) Paraphyly of A with 
respect to B.  (iv) Polyphyly of A and B. 

 

1.3 Gene trees, species trees and congeneric phylogeography 
Inclusion of two or more taxa in a phylogeographic study requires terminology to describe 

the shape of a gene tree with respect to the taxa.  The order in which sampled lineages 

coalesce between species is the basis of this description (Rosenberg 2003).  Monophyly 

refers to the case where all of the sampled lineages in a species share the same most recent 

common ancestor (MRCA) to the exclusion of other species.  Reciprocal monophyly 

between species occurs when the lineages of two species are separately monophyletic (Fig. 

1.2.i).  Paraphyly refers to the case where the sampled lineages of one species are 

monophyletic but those of the other species are not, such that lineages of the first species 
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appear nested within those of the second ‘paraphyletic’ species (Figs. 1.2.ii & 1.2.iii).  

Polyphyly occurs when neither species has monophyletic lineages (Fig. 1.2.iv).   

 

Gene trees reconstructed from mutational events at a locus may differ from the true 

genealogical history of species or populations (Pamilio and Nei 1988; Takahata 1989; 

Hudson 1992; Maddison 1997; Nichols 2001).  Jennings and Edwards (2005) provide a 

compelling illustration of this fact by showing that genealogies of 12 out of 30 loci sampled 

from three closely related grass finch species are incongruent with the presumed species 

tree.  It is interesting to note that mitochondrial data recovers the “correct” topology of the 

group (Schmidt and Hughes unpublished data).  Several factors can contribute to 

discordance among histories including the retention of ancestral gene lineages that coalesce 

prior to branching events between species or populations (Takahata 1989) and the 

occurrence of gene flow events that transfer some gene lineages between species or 

populations (Slatkin and Maddison 1997).   

 

The recovery of polyphyletic patterns from sequence data can be problematic in molecular 

systematics where gene trees are used to reconstruct the pattern of ancestry between taxa.  

Estimating gene trees from multiple unlinked loci can help overcome this problem if the 

most frequently observed gene tree topology is assumed to represent the species tree (e.g. 

Jennings and Edwards 2005).  Surprisingly however, Degnan and Rosenberg (2006) have 

demonstrated that the most frequently observed gene tree topology might not reflect the 

species tree, especially when internal branches of gene trees are short. 

 

In population genetics, polyphyly is usually not of concern because the focus is on a single 

species.  In this context, genealogies from multiple loci can be considered as nuisance 

parameters that collectively reflect on other important features including effective 

population size, timing of population divergence, and demographic history (Edwards and 

Beerli 2001; Hey and Machado 2003; Hey and Nielsen 2004). In other words, the 

topologies of individual gene trees are unimportant when the parameter of interest relates to 

a population-level phenomenon like effective population size or population divergence 

time.  Individual gene tree topologies (= nuisance parameters) can therefore be integrated 

out of the equation in statistical methods that attempt to estimate these population 

parameters.   The tradition of phylogeography is built on interpretation of single gene tree 
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estimates (primarily from the mitochondrial locus) and polyphyly can only be encountered 

when more than one taxon is included in an analysis (Avise 2000).  While the topology of a 

single gene tree is not guaranteed to reflect precise historical relationships among species or 

populations, it may nonetheless contain much information on population level events, 

demographic history and speciation (Avise 2000; Templeton 2001; Templeton 2004; Funk 

and Omland 2003).  The challenge is to extract and interpret this information within a 

framework that accounts for potential sources of error (Templeton 2001; Knowles and 

Maddison 2002; Funk and Omland 2003).   

 

Funk and Omland (2003) point out that polyphyletic patterns in phylogeographic studies of 

closely related taxa can reveal information on organismal biology with potentially 

important evolutionary implications.  These include the discovery of hybrid zones, insights 

into mechanisms of reproductive isolation and new species limits.  These authors set out a 

conceptual framework for rationalising polyphyletic patterns in gene tree data and call for a 

broadening of traditional phylogeographic studies to encompass multiple closely related 

taxa and to evaluate a wide range of potential causes of polyphyletic patterns – an approach 

they term “congeneric phylogeography”.   

 

1.3.1 Causes of polyphyly: Imperfect taxonomy  
In congeneric phylogeography, polyphyly may arise when nominal taxa do not represent 

genetic limits of separate evolutionary entities – or “true” species (Funk and Omland 2003; 

Coyne and Orr 2004).  This may occur because of “oversplitting”, where morphological 

forms of a polymorphic species are given species rank, or “overlumping” where species are 

not recognised because they do not possess morphological characters that appear discreet to 

the human observer.  In the latter scenario, taxa are referred to as “cryptic” or “sibling” 

species (Mayr 1963).  Butterflies are occasionally prone to this undetected variation 

(Jiggins and Davies 1998; Hebert et al. 2004).  Adoption of the subspecies concept and 

widespread use of trinomial nomenclature in butterfly taxonomy is an indication of the 

susceptibility of this group of animals to oversplitting (Isaac et al. 2004).  Polyphyly can be 

eliminated if taxonomy is changed so that monophyletic gene lineages are ranked as 

species.  The phylogenetic species concept is an example of this approach (de Queiroz and 

Donoghue 1988).  The possibility that taxonomy is incorrect and gene lineages represent 
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true evolutionary entities should be evaluated along with other possible explanations of 

polyphyly (Funk and Omland 2003). 

 

1.3.2 Causes of polyphyly: inadequate phylogenetic information 
To reconstruct gene trees molecular systematists make use of base substitutions in gene 

sequence data, which accumulate by mutation and genetic drift.  Substitution rates vary 

within and between genes and loci, but mitochondrial protein coding genes generally have a 

higher substitution rate than nuclear coding genes, making them more suitable for 

phylogeographic studies (Moriyama and Powell 1997; Avise 2000).  However, rapidly 

evolving genetic markers will fail to detect a recent speciation if substitutions have not 

accumulated to record the event (e.g lycaenid butterflies in the genus Mitouria; Nice and 

Shapiro 2001).   

 

Where sufficient substitutions have accumulated to estimate a gene tree, uncertainty in that 

tree must be taken into account when assessing topology (Felsenstein 2004).  This is 

because the data may be compatible with more than one tree and may therefore support 

more than one topological relationship between species or populations – including 

monophyly and polyphyly.  Probabilistic topology tests can be used to determine whether 

the area of uncertainty around a gene tree estimate includes or excludes specific hypotheses 

such as the monophyly of a species or group of individuals (Goldman et al. 2000; Buckley 

2002; Felsenstein 2004).  Likewise, hypotheses of population history such as fragmentation 

can be tested using a parametric bootstrap approach (Knowles and Maddison 2002; 

Carstens et al. 2005).   

 

Another factor that may obscure phylogenetic signal is homoplasy.  Homoplasy is 

generated by convergence due to multiple mutations, which may take the form of parallel 

or reverse substitutions at the same base position in unrelated individuals.  Homoplasious 

characters have the potential to obscure phylogenetic relationships between closely related 

taxa (Templeton et al. 2001; McCracken and Sorenson 2005).  Mitochondrial genes are 

especially prone to homoplasy due to the presence of hypermutable sites at third-codon 

positions (Galtier et al. 2006; Mueller 2006).  The amount of homoplasy in a dataset is 

expected to correlate with the proportion of polymorphic sites (Clark 1997; Templeton et 

al. 2001) and empirical data support this prediction (Galtier et al. 2006).  Under the null 
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hypothesis that all sites have the same mutation rate, Clark (1997) showed that the number 

of polymorphisms shared by two species by chance (i.e. homoplasious) is the expectation 

of the hypergeometric distribution whose parameters are the number of sites surveyed and 

the number of segregating sites.  This theory has been used to determine whether 

polyphyletic relationships recovered from mtDNA data can be attributed to homoplasious 

changes arising by chance (Bachtrog et al. 2006).  Another method of resolving homoplasy 

from other sources of gene tree incongruence is to increase the support for nodes in the tree 

by increasing the length of sequences analysed (McCracken and Sorenson 2005).  

 

1.3.3 Causes of polyphyly: incomplete lineage sorting  
Lineage sorting refers to the stochastic process of retention and extinction of alleles that 

may cause incongruence between a gene tree and its associated species tree.  The random 

nature of lineage sorting can be modeled within a coalescent framework where effective 

population size (Ne) governs the rate at which lineages coalesce back through time and the 

waiting time until coalescence can be expressed as a multiple of Ne generations (Pamilio 

and Nei 1988; Hudson 1990; Maddison 1997; Edwards and Beerli 2000).  Two species that 

recently diverged from a common ancestor with large Ne are very likely to inherit the same 

diverse set of lineages, resulting in a polyphyletic gene tree (Avise 2000).  Rosenberg 

(2003) calculated the exact probability of different gene tree shapes following the 

divergence of two species.  The number of Ne generations required to elapse before a 

paraphyletic relationship is most likely is ~1.3, and reciprocal monophyly is the most likely 

gene tree shape after ~1.67 Ne generations.  In a simulation-based approach to the same 

question, Hudson and Coyne (2002) showed that reciprocal monophyly between two 

species will be observed with a probability of 0.95 after 2.2 Ne generations of isolation.   

 

These predictions are based on a neutral coalescent model, but biological factors will alter 

these times in real populations.  For example, the effective population size of the mtDNA 

locus is four times lower than that of an autosomal diploid locus (Birky et al. 1989), 

meaning mtDNA will achieve paraphyly and reciprocal monophyly faster in absolute time.  

Population structure is also influential because an increase in population subdivision will 

increase Ne above that of an undivided species, consequently increasing the waiting time to 

coalescence (Wakeley 2000).   
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1.3.4 Causes of polyphyly: introgression 
Introgression refers to the exchange of alleles between taxa that occurs as a consequence of 

interspecific hybridisation (e.g. Maddison 1997).  Theoretical and empirical evidence 

indicates that introgression of mtDNA occurs commonly between animal species (Avise 

2004; Chan and Levin 2005; Ballard and Whitlock 2004).  Several studies have shown that 

mtDNA tends to introgress more readily than nuclear DNA (Powell 1983; Sota and Vogler 

2001; Shaw 2002; Roca et al. 2005; Bachtrog et al. 2006).  This is a reflection of the 

mitochondrial genome, which acts as a collection of linked “housekeeping genes” able to 

function independently of external selection pressures in the genetic background of a 

related species  (Coyne and Orr 2004).  Chan and Levin (2005) show that prezygotic 

isolating barriers offer relatively little resistance to introgression of maternally inherited 

DNA in situations where females occasionally migrate into the native range of a closely 

related species.  

 

Hybridisation is common in butterflies.  Approximately 12% of European butterfly species, 

14% of swallowtail butterflies, and over 30% of Heliconius species are known to hybridise 

in the wild (Mallet 2005).  Hybrid individuals occur at low frequency but may be detected 

using codominant markers such as allozymes (e.g. Cianchi et al. 2003).  Despite the 

prevalence of hybridisation in butterflies there is an expectation that introgression of 

mitochondrial alleles should be impeded due to Haldane’s rule (Funk and Omland 2003; 

Mallet 2005).  Haldane’s rule predicts that the heterogametic sex (= female in butterflies) 

will be preferentially affected by hybrid incompatibilities - a prediction that is well 

supported by data (Coyne and Orr 2004; Presgraves 2002).  Observations of high rates of 

introgression at autosomal loci relative to mtDNA in butterfly hybrid zones are consistent 

with this prediction (Jiggins et al. 1997; Cianchi et al. 2003).  However, even if some level 

of hybrid inviability is suffered by female offspring of heterospecific matings, a number of 

studies attest to the fact that mtDNA lineages can be successfully exchanged between 

closely related butterfly taxa (Sperling 1993, Jiggins et al. 1997; Kronforst et al. 2006; 

Gompert et al. 2006).  Butterflies are therefore not immune to introgression of mtDNA and 

this phenomenon may give rise to polyphyly in mtDNA gene trees. 

 

Introgression may have significant effects on the shape of a gene tree and consequently 

historical relationships among taxa that are currently in the process of divergence or have 
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recently diverged must be carefully assessed.  Phylogeographic studies of the butterfly 

genus Lycaeides in North America illustrate the potential effects of mtDNA introgression.  

Two closely related subspecies Lycaeides melissa melissa and L. m. samuelis are 

morphologically and ecologically differentiated and phylogeographic evidence indicates 

they experienced secondary contact following range expansion from separate glacial 

refugia (Nice et al. 2005).  Mitochondrial haplotypes common to the western subspecies (L. 

m. melissa) were fixed in adjacent populations of L. m. samuelis.  This pattern could result 

from two scenarios with different historical implications for speciation in these butterflies.  

The melissa mtDNA genome may have introgressed into samuelis populations at the point 

of secondary contact, or the mtDNA genealogy may correctly reflect history implying that 

the taxonomic division between subspecies is misplaced and morphological similarities 

between ‘samuelis’ populations are due to natural selection acting on ecological traits.  In 

fact AFLP markers indicate that genetic variation in the nuclear genome is consistent with 

taxonomy and that shared mtDNA between subspecies at their likely point of secondary 

contact is a consequence of introgression (Gompert et al. 2006).   

 

Distinguishing mtDNA introgression from incomplete lineage sorting is a difficult task.  

The study of Lycaeides butterflies illustrates the benefits that multiple markers offer 

towards achieving this goal.  Independent genetic markers or other biological data are often 

used for comparison against the mtDNA pattern (Ballard 2000; Redenbach and Taylor 

2002; Machado et al. 2002; Weisrock et al. 2005; Buckley et al. 2006; Bachtrog et al. 

2006).  The geographic pattern of mtDNA variation may also provide useful clues because 

recently introgressed alleles may show a spatial bias (Templeton 2001).  Introgressed 

alleles are expected to be more common in areas of current or recent contact, while 

ancestral polymorphisms should be sampled more evenly throughout a species distribution 

(Barbujani et al. 1994; Masta et al. 2002; Good et al. 2003; Babik et al. 2005). 

 

1.4 Biogeography and climatic history of the Australian continent 
Most of the fourteen currently recognised Ogyris species have distributions that are limited 

to mainland Australia (including near-shore islands), and the genus almost certainly 

represents an endemic Australian radiation.  Interpretation of phylogeographic patterns of 

Ogyris butterflies can therefore be related to biogeography of the Australian continent.  The 

distribution of Australia’s diverse vertebrate fauna and vascular flora in common areas of 
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endemism indicate that geographic isolation and climatic history are important influences 

that have shaped the current biota (Cracraft 1991; Crisp et al. 2001).   

 

Australia has experienced a progressive and intensifying aridification during the Tertiary 

and a large central desert has expanded greatly during the Pleistocene (Bowler 1982; Nix 

1982; Hill 2004).  During the Pleistocene (~0.01 – 2 Ma), Australia experienced climatic 

oscillations of dry glacial maxima alternating with warm-wet interglacials.  Increasing 

aridity and Pleistocene climate cycles are predicted to have strongly influenced the history 

of organisms through vicariance events (Keast 1981; Bowler 1982; Cracraft 1991; 

Markgraf et al. 1995).  Range movement is expected to have occurred as mesic-adapted 

organisms tracked the expansion and contraction of their peripheral habitats, resulting in 

fragmentation and disjunctions of species (Keast 1981; Ford 1987; Markgraf et al. 1995).  

Biogeographical barriers such as mountain ranges (e.g. Great Dividing Range, GDR, Fig 

1.1A) are presumed to have facilitated vicariance by isolating mesic-adapted fauna into 

refugial coastal areas (Keast, 1981; Markgraf et al. 1995; Schneider et al. 1998).  Spiny 

mountain crayfish (Euastacus) illustrate this effect and offer a striking example of 

diversification through climate-induced vicariance throughout the highlands of eastern 

Australia (Ponniah and Hughes 2004; Ponniah and Hughes 2006).   

 

Comparative data from numerous phylogeographic studies in Europe and North America 

show that Pleistocene climatic changes have modified the genetic structure of many 

unrelated species in similar ways (Hewitt 2004).  A common theme in co-distributed taxa is 

the presence of divergent clades that are parapatric in the same area – known as suture 

zones.  This pattern is likely to result from the isolation of many organisms in the same 

adjacent refugia followed by recent expansion and secondary contact (Hewitt 2000; Hewitt 

2004).   
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Figure 1.2  Areas of endemism based on distribution patterns of birds (modified from 

Cracraft 1991).  Position of Great Dividing Range shown in grey. 
 

Biogeographical treatments of Australia’s endemic terrestrial fauna and flora are largely 

consistent (Cracraft 1986; Cracraft 1991; Crisp et al. 2001; Ladiges et al. 2005).  These 

studies highlight historical relationships shared by the arid zone biota and the biota that 

occupies areas of endemism around the mesic periphery of the continent.  In particular, 

Cracraft (1986; 1991) showed that vertebrate taxa distributed in arid areas of endemism 

(i.e. Western Desert, Eastern Desert, Pilbara, Northern Desert, Fig. 1.2) are each other’s 

closest relatives and taxa confined to peripheral mesic areas (see Fig. 1.2) are closely 

related to one another relative to arid zone taxa.  The division between arid-zone and 

peripheral groups is exemplified by Egernia skinks, which have radiated in parallel within 

each biome (Chapple and Keogh 2004).  Plants show a pattern analogous to that of 

vertebrates among peripheral areas of endemism (Ladiges et al. 2005).  However major 

areas of floral endemism are not present in inland regions - possibly due to harsh conditions 

experienced throughout the expanded arid zone at the last glacial maximum (Crisp et al. 

2001)  

 

Unlike other landmasses, Australia has relatively few species-level taxa that are widespread 

across the continent.  This holds for most plant and animal groups although birds provide 

some exceptions.  Phylogeographic analyses are available for several widespread bird taxa 

and these reveal two dominant patterns.  Firstly, several taxa show clades with significant 

levels of divergence distributed along an east-west axis (Australian magpie: Toon et al. 
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2003; ringneck parrots: Joseph and Wilke 2006; grey-crowned babbler: Edwards and 

Wilson 1990; white-eyes: Degnan and Moritz 1992).  Secondly, several widespread birds 

have genealogies consistent with recent population expansion (Horsfield’s bronze-cuckoo: 

Joseph et al. 2002; white-bellied sea eagle: Shephard et al. 2005; white-winged fairy-wren: 

Driskell et al. 2002).  These results indicate that Pleistocene climatic cycles may have 

modified ranges and hence genetic structuring of Australian fauna in ways similar to that 

observed on other continents.   

 

Lepidoptera are ideal candidates for phylogeographic investigations aimed at exploring the 

effects of Pleistocene climate change on historical demography and evaluating its potential 

role in facilitating speciation.  However terrestrial insects are poorly represented by 

phylogeographic studies in Australia.  Two widespread arid-adapted species complexes 

have been examined including a grasshopper (Kearney et al. 2006) and a lycaenid butterfly 

(Eastwood et al. in press).  Both studies found significant spatial patterns of divergence 

(although on vastly different timescales) and evidence for east–west range movement.  

Butterflies are capable of rapid range movement in response to climate change as 

demonstrated by recent range expansion of several British species over the last twenty 

years in response to a warmer environment (Thomas et al. 2001).  Indeed, phylogeographic 

studies of several widespread butterflies in Europe and North America have found patterns 

consistent with refugial fragmentation and expansion as expected for a group of animals 

that have responded to climate change during the Pleistocene (Schmitt and Seitz 2001; 

Fordyce and Nice 2003; DeChaine and Martin 2004; Nice et al. 2005; Schmitt et al. 2006). 

 

1.5 Taxonomy and conservation status of Ogyris species. 
In the Australian butterfly fauna, three subfamilies contain genera with significant endemic 

species radiations.  The nymphalid subfamily Satyrinae (commonly known as ‘browns’) 

includes several endemic genera that are mostly restricted to southern temperate regions of 

the continent; the hesperiid subfamily Trapezitinae (skippers) includes several species-rich 

endemic genera that have diversified primarily along the east coast; and the lycaenid 

subfamily Theclinae (coppers, ant-blues, jewels, azures and hairstreaks) contains nine 

genera that are almost entirely restricted to Australia (Braby 2000) which have diversified 

throughout all major biomes and biogeographic regions.  The genus Ogyris Angas 

represents one of these continent-wide radiations.  The group is known collectively as the 
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‘azures’ in reference to the iridescent upperside wing colouration of most taxa.  Fourteen 

species are recognised of which 12 are restricted to Australia.  One of these (O. zosine) 

occurs in both New Guinea and Australia; and one (O. meeki) is restricted to New Guinea 

but doubtfully placed in this genus (Braby 2000).  In general, species are well defined by 

adult morphology including wing colour pattern, wing shape, size, structure of antennae, 

genitalia; and by numerous morphological characters in the larvae (Common and 

Waterhouse 1981; Braby 2000).  A comprehensive molecular phylogeny of the genus 

Ogyris is currently in preparation at the Pierce Laboratory, Harvard University (R. 

Eastwood pers. com).   

 

Many Ogyris species are polytypic with several currently recognised subspecies, or have 

been considered polytypic at some point in their taxonomic history (Edwards 1996).  The 

status of these infraspecific categories is the subject of ongoing review (Common and 

Waterhouse 1981; Field 1999; Braby 2000; Williams and Hay 2001; Braby pers. com.) and 

it is anticipated that molecular studies will assist in resolving some of these issues (New 

1999).  The taxonomic arrangement of Braby (2000) is used throughout this work.  

 

Perhaps owing to the localised nature of populations and general scarcity, several Ogyris 

species and subspecies are the subject of conservation concern (Sands and New 2002).  One 

group referred to here as the O. idmo group consists of three polytypic species, all of which 

face immediate threat to the long-term viability of populations across part or all of their 

respective ranges.  Ogyris subterrestris petrina Field is known from a single locality and 

has not been observed in the wild since 1993.  It is listed nationally as critically endangered 

(Sands and New 2002).  Ogyris s. subterrestris Field is known from less than ten localities 

and listed nationally as vulnerable (Sands and New 2002).  Ogyris idmo halmaturia 

(Tepper) is believed to be extinct across most of its historical range, it is now only known 

from three localities in South Australia and listed nationally as Endangered (Sands and new 

2002).  Ogyris otanes otanes (C. and R. Felder) has suffered a similar range reduction and 

stable populations are now confined to Kangaroo Island. In South Australia this taxon is 

considered vulnerable (Grund 2004), but elsewhere is listed as endangered (Sands and New 

2002).  Assessment of several other Ogyris taxa including those with widespread 

distributions (O. genoveva, O. zosine  (Chapter 2) and O. amaryllis (Chapter 3) have found 

no cause for national conservation concern (Sands and New 2002).   
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1.6 Biology of the genus Ogyris 
 
1.6.1 Larval host plants  
Larvae of most Ogyris species feed exclusively on foliage of mistletoes (Loranthaceae and 

Viscaceae) that parasitise dominant native flora including Eucalyptus, Acacia and 

Casuarina (Downey 1998).  There are 90 species of mistletoe in Australia including many 

endemic taxa (Barlow 1996).  Interestingly, both mistletoes and Ogyris butterflies are 

absent from Tasmania.  Larvae of O. otanes feed on root parasitic sandalwoods 

(Santalaceae) which are closely related to the Loranthaceae, while two remaining species 

O. idmo and O. otanes are myrmecophagous and believed to complete larval development 

via trophallaxis (ant regurgitations) and/or myrmecophagy (consumption of ant brood) 

(Braby 2000).   

 

1.6.2 Association with ants 
Apart from the aforementioned myrmecophagous taxa, Ogyris species are myrmecophilous 

and engage in mutualistic associations with ants (Eastwood and Fraser 1999).  The degree 

of ant association varies among species.  Associations may be classed as either obligate 

(juvenile stages always found with a particular ant taxon), or facultative (associations 

transient and may involve a range of potential ants) (Eastwood and Fraser 1999; Pierce et 

al. 2002).  Facultative myrmecophiles have a range of ant associates because of their ability 

to appease potentially aggressive foraging ants using nutritious secretions from the larval 

dorsal nectary organ (Malicky 1970).  These associations are non-specific and contingent 

on the assemblage of ant species whose foraging ranges overlap with the larval host plant 

(Peterson 1995).  In contrast, the larvae of obligate myrmecophiles are dependent on their 

attendant ants for survival, which may take the form of active protection of larvae by ants 

against potential predators and parasites (e.g. Pierce et al. 1987) and/or provision of shelter 

(e.g. Eastwood 1997).   

 

A preliminary molecular phylogeny for Ogyris indicates that closely related species share 

similar host ant affiliations (Pierce et al. 2002).  For example, all five species obligately 

associated with Camponotus ants form a monophyletic group (viz. otanes, idmo, 

subterrestris, zosine, genoveva).  Given the importance of chemical communication in ant 
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society, it is possible that lycaenid larvae suppress ant aggression or maintain a guard of 

ants by mimicking pheromones of ant brood (Pierce et al. 2002).  Supporting evidence for 

this hypothesis has been collected for a range of lycaenids (Akino et al. 1999; Lohman 

2004) but Ogyris appears to be an exception as the cuticular hydrocarbon profiles of species 

were not consistent with chemical mimicry of their ant partners (Lohman 2004).  

 

1.6.3 Oviposition cues 
Little is known about oviposition cues used by Ogyris butterflies.  Atsatt (1981) found a 

strong correlation between the presence of O. amaryllis eggs and ants on mistletoes 

surveyed in central Australia.  Atsatt (1981) also proposed that contact with ants elicited an 

elevated oviposition response in captive O. amaryllis females although this observation has 

not been confirmed in the field.  Larvae of obligately ant-associated Ogyris are rarely found 

without attendant ants and it appears likely that some form of ant-mediated oviposition cues 

are used by the butterflies (Eastwood and Fraser 1999).  Selection of ant-occupied host 

plants by the obligate myrmecophile Jalmenus evagoras is achieved using visual and/or 

chemical cues that are detected during a pre-alighting phase (Pierce and Elgar 1985).  

Remarkably, this species is able to discriminate between attendant and non-attendant ants 

and between geographic populations of the same ant species (Fraser et al. 2002).  

Oviposition behaviour is a diurnal activity and visual cues are therefore unlikely to be 

important for Ogyris species that associate with Camponotus ants (which are nocturnal or 

crepuscular).  Females are regularly observed to spend considerable time walking over 

mistletoes – presumably searching for oviposition sites – and it is possible that chemical 

traces of Camponotus activity (e.g. trail pheromones) are detected during this process 

(Braby 2000; Grund 2004; D. Schmidt pers. obs.).     

 

1.6.4 Host plant specialisation 
Several Ogyris species and subspecies are specialised on a limited range of larval host 

plants (viz. O. oroetes, O. barnardi, O. amaryllis amaryllis, O. a. hewitsoni, O. a. amata, O 

otanes) and it is likely that oviposition preferences of females are involved in the evolution 

of specialisation in these cases.  For example the polytypic species O. amaryllis includes 

several subspecies that utilise a restricted range of larval host plants despite the fact that 

other hosts suitable for larval development are commonly available (Schmidt and Rice 

2002a).    
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1.6.5 Larval development and generation times 
Ogyris species are not known to possess a true diapausing stage and the number of 

generations completed annually is therefore largely governed by temperature and the 

threshold developmental constraints of each species (Gilbert and Raworth 1996).  Species 

occurring in southern temperate areas typically complete one or two generations annually 

(Braby 2000; Grund 2004) while at subtropical and tropical latitudes three or more 

generations are completed (Braby 2000; Schmidt and Rice 2002a).  The adult life-span has 

not been documented for any Ogyris species in the wild although McCubbin (1971) reports 

keeping a female O. olane alive for 30 days in captivity.   

 

1.7 Outline of the thesis 
The following two chapters present the first phylogeographic treatment of Ogyris 

butterflies.  Two complexes of closely related taxa were chosen for detailed analysis 

because they have widespread distributions across the continent and exhibit a range of 

biological features that may be involved in promoting divergence and speciation.  The two 

groups of taxa (sister species O. zosine and O. genoveva and subspecies in the O. amaryllis 

complex) are distantly related members of the genus Ogyris based on morphology, life 

history, ecology and genetic data (Braby 2000; R. Eastwood pers. com; D. Schmidt 

unpublished data).  The two groups are treated independently as there is no evidence of a 

polyphyletic relationship between them and likewise there is no evidence of polyphyly 

between them and any other members of the genus Ogyris.  In short, the process of 

speciation is considered to be unambiguously complete between each of these groups and 

other congeneric Ogyris taxa.     

 

Within each of the species groups, monophyly of nominal taxa is tested using mtDNA 

sequence data.  The potential cause/s of polyphyly are then rigorously evaluated according 

to the congeneric phylogeography framework of Funk and Omland (2003).  Four potential 

causes of polyphyly are considered including imperfect taxonomy, introgression, 

incomplete lineage sorting, and inadequate phylogenetic information.  Chapter 2 examines 

phylogeography of two nominal species – O. zosine and O. genoveva – that share an 

obligate mutualistic relationship with Camponotus ants.  Chapter 3 examines 

phylogeography of subspecies in the O. amaryllis complex.  Members of this group have a 
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combined distribution that span the entire continent and occur in a remarkable diversity of 

habitat types across this range.  Chapter 4 concludes with an interpretation of the main 

findings, including a discussion of polyphyletic patterns and an assessment of how the 

documented phylogeographic patterns may inform our understanding of speciation in these 

butterflies.  The biology of the butterflies is reviewed in light of the overall 

phylogeographic analysis.  Major phylogeographic patterns are also reconciled with those 

of other studies on the biogeography of Australia’s terrestrial fauna.  
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Chapter 2  Phylogeography of sister species Ogyris zosine 
and O. genoveva: divergence and introgression in highly 

myrmecophilous lycaenid butterflies 
 

2.1 Introduction 
 

2.1.1 Biology of O. genoveva and O. zosine. 
Ogyris genoveva (Hewitson) and O. zosine (Hewitson) are closely related species.  They 

share a striking pattern of sexual dimorphism, which was the source of considerable 

taxonomic confusion for more than 70 years following their original description by 

Hewitson (1853).  Hewitson himself misinterpreted this variation, considering the males of 

both taxa to be one species (zosine) and the females to be the other (genoveva).  The 

situation was clarified by Waterhouse (1941) who found wing characters that could be used 

to separate the species independently of colour and reported diagnostic differences in the 

male genitalia.   

 

The two species share similar morphological features in the adult and larval stages, utilise a 

similar array of mistletoe host plants and share an obligate myrmecophilous relationship 

with ants in the genus Camponotus Mayr (Braby 2000).  The male upperside of O. zosine is 

dark purple while O. genoveva is a rich violet-purple (Plate 1A, B).  The female in both 

species has black wing margins featuring a prominent yellow or cream postmedian patch on 

the forewing (Plate 1A, B).  The basal wing colour of females is iridescent blue in O. 

genoveva and either iridescent blue or purple in O. zosine. Females from the southern part 

of the range of O. zosine (southeast Qld and northeast NSW) are exclusively purple forms, 

while in northeast Qld they are polymorphic with purple and blue forms present 

(Waterhouse 1941; Braby 2000).  Female O. zosine from central and northern Australia are 

mostly of the blue form (Plate 1C), although rare purple females do exist (ANIC collection, 

D. Schmidt pers. obs.; C. E. Meyer pers com.).   

 

Six subspecies have been recognised within O. genoveva and four within O. zosine 

although many authors have expressed doubts about the validity of these distinctions (e.g. 

Braby 2000; Common and Waterhouse 1981; New 1999).  Like most trinomial 

classifications concerning butterflies, this arrangement is based on the geographic 
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delineation of phenotypic differences in wing colour pattern (New 1999).  In the most 

recent treatment of the group, Braby (2000) synonymised all Australian subspecies within 

both O. genoveva and O. zosine.  The most compelling evidence for this synonymy is that 

there is no evidence for geographic discontinuity between the subspecific taxa and variation 

in females is extensive.  It is possible that much of this variation is clinal in nature as 

documented for other Australian butterflies distributed across steep climatic gradients from 

coastal to inland areas (Pearse and Murray 1981, 1982).  I follow Braby’s (2000) 

classification by treating O. genoveva as a monotypic taxon and refer to the Australian 

subspecies O. z. zosine as O. zosine throughout.   

 

Life history of the early stages is very similar in O. genoveva and O. zosine.  Female 

butterflies oviposit on host plants belonging to four mistletoe genera (Loranthaceae) 

including Amyema, Dendropthoe, Muellerina, and Decaisnina (Braby 2000).  Eggs may 

also be deposited directly on to the mistletoe host tree.  Of the 16 larval host plants listed by 

Braby (2000), eight are shared by the two species (Table 3.1).  The widespread mistletoe 

Amyema miquelii which parasitises Eucalyptus trees throughout Australia is used by both 

species across most of their respective ranges.  Host plants not shared by the two butterflies 

either occur within the range of only one species or are uncommonly utilised.   

 

Larvae and pupae are almost invariably attended by large “sugar ants” in the cosmopolitan 

genus Camponotus (Plate 1D, E and F; Eastwood and Fraser 1999).  This mutualistic ant-

lycaenid association is well characterised and involves a number of morphological and 

behavioural adaptations in the butterfly larvae (Eastwood 1997).  Larvae are pale with 

cryptic brown or reddish colouration and possess the full suite of myrmecophilous organs 

known to occur in lycaenid butterflies including a median slit-like dorsal nectary organ 

(DNO) on the seventh abdominal segment; a pair of prominent lateral eversible tentacular 

organs (TO) on the eighth abdominal segment (Plate 1E); and minute pore cupola organs 

(PCO) scattered over all segments but concentrated around the DNO.  Larvae produce a 

substrate-borne vibratory communication signal or “call” which sounds like irregular 

“chirping” or “yapping” when amplified (D. Schmidt pers. obs.).  These calls are 

qualitatively similar to those produced by other myrmecophilous lycaenid larvae (DeVries 

1991).  Experimental work on myrmecophilous lycaenid and riodinid larvae and pupae has 
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Plate 1 Ogyris zosine and O. genoveva.  A. O. genoveva adult (male left, female right); B. 

O. zosine (male left, female of purple form right); C. O. zosine blue form female; D.  Pupae 

of O. genoveva with Camponotus consobrinus ants; E. Posterior view of O. genoveva larva 

on mistletoe flower buds with C. consobrinus ant.  White dorso-lateral tentacular organs 

everted; F. O. zosine larva with ants (Camponotus novaehollandae).  Images: A, B, C: R. 

Grund; D, E: R. Fisher (http://users.sa.chariot.net.au/~rbg); F. D. Lohman 

(http://www.oeb.harvard.edu/faculty/pierce/people/lohman).   
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shown that call production is attractive to attendant ants and may therefore be involved in 

maintaining a constant ant guard (Devries 1990; Travassos and Pierce 2000).  Pupae of O. 

genoveva and O. zosine produce audible clicks and grating sounds (Plate 1D; D. Schmidt 

pers. obs.).  Pupal stridulation occurs widely throughout the Lycaenidae and is likewise 

attractive to attending ants (Hinton 1948; Travassos and Pierce 2000).   

 
Table 2.1  Larval host plants and ant-associations of Ogyris zosine and O. genoveva.  

Those shared by the two species are shaded.  Host plant records are from Braby 
(2000) and ants from Eastwood and Fraser 1999 with additional records from Grund 
and Hunt 2001 and Williams et al. 2006.  Ant associations regarded as incorrect or 

aberrant by Eastwood and Fraser (1999) are excluded. 
  

Host mistletoe Ogyris zosine Ogyris genoveva 
Amyema bifurcata + + 
A. cambagei + + 
A. congener  + 
A. conspicua + + 
A. maidenii +  
A. miquelii + + 
A. miraculosa  + 
A. pendula + + 
A. quandang + + 
A. sanguinea +  
Decaisnina signata +  
Dendropthoe curvata +  
D. glabrescens + + 
D. vitellina + + 
Muellerina celastroides +  
M. eucalyptoides  + 
   
Attendant ant   
Camponotus consobrinus  + 
C. claripes +  
C. extensus grp. +  
C. eastwoodi  + 
C. intrepidus  + 
C. loweryi  + 
C. maculatus humilior +  
C. nigriceps + + 
C. novaehollandiae grp. +  
C. oetkeri +  
C. rufus grp. +  
C. spenseri +  
C. subnitidus grp. + + 
C. terebrans  + 

 

Mature larvae are large (3-4cm in length) and defenseless against predators, so the 

provision of shelter by Camponotus ants where none other is available is probably 

important for their survival.  Camponotus ants construct a specialised “gallery” separate 
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from their own nest to provide shelter for larvae and pupae of the butterflies (Eastwood 

1997).  The gallery consists of several chambers that extend up to 30cm into the soil at the 

base of the mistletoe host tree or within leaf litter or other concealed locations.  Pupation 

occurs inside the gallery and freshly eclosed adults crawl out of the chamber before 

expanding their wings.  Larvae emerge from the gallery after sunset and are accompanied 

by the ants as they travel to the mistletoe (Plate 1F).  Larvae are constantly attended by up 

to 20 ants while feeding on mistletoe foliage (D. Schmidt pers. obs.).  Camponotus ants 

actively defend the butterfly larvae against a variety of potential predators and herd the 

larvae deep into the gallery when disturbance occurs (Eastwood 1997).  Larvae and pupae 

of both species make use of other sheltering positions when these are available – including 

large slabs of flaking bark and hollows in tree branches or trunks.  Attending ants are 

always present in these situations.   

 

Larvae regularly evert their TO’s while travelling and feeding and this behaviour elicits an 

excited response from nearby ants (Plate 1E).  Tentacular organs are thought to release 

chemicals that mimic ant alarm pheromones (Ballmer and Pratt 1991).  Ants also palpate 

the larval DNO with their antennae and the larvae respond by producing a droplet of clear 

fluid that is quickly imbibed.  Secretions from the DNO are nutritious for ants and play a 

critical role in maintaining lycaenid-ant mutualisms (Pierce et al. 2002).   

 

The intimate mutualistic association between Ogyris larvae and Camponotus ants suggests 

that the larvae might employ some form of chemical mimicry of ant workers or brood.  

However Lohman (2004) showed that cuticular hydrocarcon (CHC) profiles of Ogyris 

species including O. genoveva and O. zosine play little role in defining these specific 

associations.  Lohman (2004) instead suggested that chemical components of exocrine 

gland secretions (e.g. DNO droplets) combined with ant-mediated oviposition cues used by 

female butterflies might be more important to the specificity of the association.  At least 14 

species of Camponotus ants have been recorded in association with O. genoveva and O. 

zosine (Table 3.1).  Literature records indicate the butterfly species share only two 

attendant ant taxa in common.  One of these – C. nigriceps – is commonly associated with 

O. genoveva but was also reported in association with O. zosine by Edwards (1948) before 

the taxonomy of Australian Camponotus was well established (McArthur and Adams 

1996).  The identity of the other shared ant associate – C. subnitidus grp. – is also uncertain 
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as the ants were only placed to a provisional species group (Eastwood and Fraser 1999).  

Available data therefore suggests that O. genoveva and O. zosine are attended by a mostly 

(or completely) non-overlapping suite of Camponotus ants.  Indeed, where the two species 

are known to occur at the same site, larvae are attended by different Camponotus species 

(Waterhouse 1941; this study). 

 

2.1.2 Distribution of Ogyris genoveva and O. zosine 
Ogyris genoveva and O. zosine usually occur in highly localised colonies where host 

mistletoe and attendant ants co-occur (Braby 2000).  This narrow ecological niche makes 

the colonies spatially unpredictable and difficult to find.  The scarcity of these butterflies, 

combined with their attractiveness and interesting life history, means they are desirable to 

butterfly collectors and as a result their respective geographic distributions are relatively 

well documented (Braby 2000).   

 

Ogyris zosine

Ogyris genoveva

Parapatric 
overlap zone

 
Figure 2.1  Map showing Australian distribution of O. zosine and O. genoveva.  

Modified from Braby (2000).   
 

Ogyris genoveva is distributed in the mesic south-east of the continent (Figure 2.1), a range 

that is roughly coincident with the eastern element of the temperate Bassian fauna but also 

includes the western plains of NSW.  Within this area O. genoveva primarily occurs along 

the slopes and tablelands of the Great Dividing Range (GDR) as well as in low rainfall 

areas west of the GDR through the Murray-Darling basin (Braby 2000).  Ogyris zosine 

occupies a more tropical northerly distribution with a range that spans the entire breadth of 
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the Australian continent from Byron Bay (NSW) in the east to Cape Range (WA) in the 

west (Fig. 2.1).  It is also known from several offshore islands and two male specimens 

collected in Papua New Guinea (Braby 2000).  The species has a continuous distribution 

along the east coast from Cooktown (Qld) to Yamba (NSW) where it occurs in coastal 

habitats and in open forest along the GDR.  O. zosine and O. genoveva are parapatrically 

distributed with a zone of overlap in coastal southeastern Qld and northeastern NSW (Fig. 

2.1, Fig. 2.2).  The two species are known to occasionally occur together at some sites 

(Braby 2000).  One of these rare sites (Boonah, Qld) is represented in the present study 

(Fig. 2.2).   

 

It is unknown whether O. zosine has a continuous or disjunct distribution throughout 

northern, central and western Australia as relatively few collections are known from these 

remote areas.  An individual male collected near Zanthus in southern WA by M. Golding 

(over 1000 km from the nearest known locality record) and referred to as O. genoveva in 

Braby (2000) is now placed with O. zosine along with other specimens recently taken at 

Bartlett Bluff in this remote arid region (M. Braby pers. com.; site 1, Fig. 2.2).  

 

2.1.3 Aim of study  
The aim of this study was to investigate the demographic and historical processes that may 

have shaped the history of divergence between Ogyris zosine and O. genoveva.  In order to 

achieve this goal, the taxa were integrated into a single phylogeographic analysis.  The 

study does not attempt to demarcate taxa but to establish whether spatial patterns of genetic 

structure are consistent with divergence and to present a comprehensive picture of these 

patterns.  This is the first phylogeographic investigation into the group, so an effort was 

made to sample populations across the full geographic range and develop hypotheses that 

might guide future studies on speciation in these highly specialised Australian butterflies.   

 

2.2 Materials and Methods 
 

2.2.1 Sampling 
Samples were obtained from 29 populations of O. zosine and 15 of O. genoveva (Fig 2.2; 

Table 2.4).  Colonies of both species were located by trial and error as adults are rarely seen 

and difficult to catch.  Evidence was sought for the presence of Camponotus galleries near 
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the base of mistletoe-bearing trees.  Advice from a number of collectors (including A. 

Atkins, P. Wilson, R. Eastwood, T. Lambkin, K. Beattie) was valuable in helping to locate 

butterfly colonies.  Additionally, several collectors generously provided material in the 

form of live samples (J. Olive) and preserved tissue (N. Pierce, R. Grund, R. Kendall, R. 

Weir).  Samples were also obtained in the form of dried legs from pinned specimens and I 

thank the following for assistance in this regard: M. Williams (CALM, Perth); T. 

Tomlinson, M. Braby, C. Meyer, T. Edwards (ANIC, Canberra).  Appendix 1 provides 

information on all voucher material.   

 

When galleries were found with Ogyris juvenile stages present, larvae and pupae were 

carefully extracted and housed individually in small plastic boxes.  Larvae were fed on 

fresh mistletoe foliage and reared to the adult stage in captivity before being frozen at –

80°C until required.  Adult tissue was preferred over larval tissue because it produced better 

resolution in allozyme electrophoresis.  Larvae are difficult to rear in captivity (Common 

and Waterhouse 1981; Braby 2000) so several steps were taken to enhance survival to the 

adult stage.  Firstly, larvae were kept individually to reduce transfer of disease; secondly 

mistletoe foliage was washed in bleach solution (~4%) and rinsed to reduce the impact of 

viruses; thirdly, posterior segments of larvae are susceptible to fungal attack due to the 

accumulation of DNO secretions in the absence of attending ants.  This area was cleaned 

periodically using a cotton-tip soaked in mild detergent.   

 

Camponotus ants found with larvae and pupae of O. zosine and O. genoveva were collected 

and preserved in 70% ethanol.  Ants were identified by Archie McArthur (South Australian 

Museum, Adelaide).   

 

Data on the distribution of female forms of O. zosine (blue/purple polymorphism) were 

taken from large collections in the Australian Museum (AMS, Sydney), Australian National 

Insect Collection, (ANIC, Canberra), and from samples collected for the present study.  

 

2.2.2 DNA extraction and polymerase chain reaction 
DNA was isolated from adult tissue following the hexadecyl-trimethyl-ammoniumbromide 

(CTAB) mini-prep format of Doyle and Doyle (1987).  A single leg was ground and 

incubated overnight at 52°C in 700 µL 2 × CTAB buffer and 0.1mg proteinase K.  
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Homogenates were extracted once with phenol:chloroform:isoamyl (24:24:1), DNA was 

precipitated with isopropanol and washed with 70% ethanol prior to precipitation and 

resuspension in 80 µL H2O.  Samples of dry legs from museum specimens were soaked in 

100 µL of lysis buffer (5mM Tris-HCl pH 8.0, 25mM NaCl, 25mM EDTA and 0.1% SDS 

(sodium dodecyl sulphate) (Zimmermann et al. 2000) for at least two weeks at room 

temperature before proceeding with the extraction as outlined above.  Polymerase chain 

reaction (PCR) was used to amplify mitochondrial gene regions.  Individual reactions 

included 1× reaction buffer (Bioline), 2 mM MgCl2, 0.4 mM of each primer, 1 mM dNTP, 

1.25 units Taq Polymerase (Bioline) and ~0.5 µL of template DNA in a total volume of 

12.5 µL.  PCR cycling conditions were 94°C denaturation, 52°C annealing and 72°C 

extension for 40 cycles.  Purification of PCR products was achieved with Exonuclease I 

(Fermentas) and Shrimp Alkaline Phosphatase (Promega) according to the manufacturers’ 

directions and sequencing of both strands was conducted using Big Dye v.3.1 (Perkin 

Elmer) terminator sequencing chemistry.  Sequences were read using an ABI 377 

Automatic sequencer at the Griffith University DNA sequencing facility (GUDSF). 

 
Table 2.2  Primers for amplification of COI and cytb regions in O. zosine and O. 

genoveva 
Primer name 5'- posn* Sequence (5'to 3') Reference 
LCO 1491   1491 GGTCAACAAATCATAAAGATATTGG Folmer et al. 1994 
Nancy 2191 GGWGGATTTGGAAATTGATTAG Simon et al. 1994 
OgyF   1840 GGATGAACAGTTTACCCCCCACTTTCATC this study 
OgyR   1917 TGCTCCTAAAATAGATGAGATTCC this study 
newNora   1736 TCGTGGAAATGCTATATCTG this study1

JOT-F   1693 GGWGGATTTGGAAATTGATTAG this study1

REVCB2H 10934 TGAGGACAAATATCATTTTGAGGW Simmons and Weller 
2001 

REVCB2J 11545 ACTGGTCGAGCTCCAATTCATGT Simmons and Weller 
2001 

* relative to the Drosophila mitochondrial genome (Clary and Wolstenholme 1985) 
1 designed in collaboration with R. Eastwood  
T = thymine, A = adenine, G = guanine, C = cytosine, K = G+T, W = A+T, M = A+C, Y = C+T, R = A+G, S 
= G+C, V = G+A+C, I = Inosine, N = A+C+G+T 
 

2.2.3 Mitochondrial gene regions 
Two mitochondrial gene regions were examined including cytochrome oxidase I (COI) and 

cytochrome-b (cytb).  These are known to have a similar high rate of substitution in 

Lepidoptera and have great utility in phylogeographic studies (Simmons and Weller 2001).  

The COI region used here has been informative in several phylogeographic studies of 

butterflies (DeChaine et al. 2005; Vila et al. 2005; Eastwood et al. 2006), while cytb has 
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been underutilised by comparison (Simmons and Weller 2001).  A 726 bp fragment at the 

5' end of the COI gene was amplified using forward and reverse primers LCO 1490 and 

Nancy, while a 611 bp fragment of the cytb gene was amplified using primers REVCB2H 

and REVCB2J (Table 2.2). 

 

Amplification of the full 726 bp COI fragment from dried leg samples obtained from 

pinned specimens was unsuccessful.  For these, it proved necessary to amplify and 

sequence three smaller overlapping fragments.  Primer combinations for the three 

fragments were LCO1490 and newNora (246 bp); JOT-F and Ogy-R (224 bp); Ogy-F and 

Nancy (376 bp) (Table 2.2).  The only modification to PCR conditions for amplification of 

small fragments involved changing the annealing temperature to 44°C for the first 20 

cycles.  Sequences were obtained using this method from 26 of a total of 52 dry leg samples 

including a 36-year-old O. zosine specimen from Elliot, NT (site 7).  Appendix 1 provides 

details on the dry leg samples from which the COI fragment was amplified in three 

fragments.  Samples that did not produce strong PCR bands and clear, unambiguous 

chromatograms were excluded from the analysis.   

 

2.2.4 Mitochondrial DNA data analysis 
Sequences were aligned and edited with Sequencher v4.1.1 (Gene Codes Corporation).  

Estimates of genetic diversity in the data set (= theta or population mutation parameter) 

were calculated using DnaSP v4.10 (Rozas et al. 2003).  Theta was estimated based on its 

equilibrium relationship with mean pairwise differences (θπ, Tajima 1983), and with 

segregating sites (θS, Watterson 1975).  Uncorrected and model-corrected pairwise distance 

matrices were calculated using PAUP* (Swofford 2000) using models selected with 

MODELTEST version 3.06 (Posada & Crandall, 1998).  The pairwise distance matrices 

were used to calculate mean divergence and net-divergence between clades (Nei and Li 

1979).  Mean net-divergence between clades was converted to time in years using mtDNA 

molecular clock calibrations based on arthropods (2.3% per million years, Brower 1994); 

and on Papilio butterflies (0.78 – 1.1%, Zakharov et al. 2004). 

 

2.2.5 Haplotype networks and Nested Clade Analysis 
The complete 162-sequence COI data set was analysed by statistical parsimony (Templeton 

et al. 1992) using the program TCS, version 1.21 (Clement et al. 2000).  Due to uncertainty 
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in network topology, clades were defined in two ways.  Firstly, clades were identified as 

groups of haplotypes connected at the 99% parsimony connection limit.  Secondly, clades 

were defined in a hierarchical nesting arrangement according to protocols of Templeton et 

al. (1987) and Templeton and Sing (1993).  Nesting was applied to the network recovered 

at the 95% connection limit and was restricted to 142 samples of both species from eastern 

Australia where they have a parapatric distribution.  The nesting arrangement infers 

temporal information from the haplotype network by grouping clades in a hierarchy from 

tip to interior i.e. youngest to oldest.   

 

Nested-clade analysis (NCA) was used for phylogeographic tests of association between 

geography and eastern Australian haplotype groups (Templeton et al. 1995; Templeton 

1998).  The NCA was performed using GeoDis, version 2.0 (Posada et al. 2000).  GeoDis 

permutes clades among geographic locations to determine whether a non-random 

association exists, then quantifies the geographic spread of each clade (Dc), and the 

distances between a clade and the other clades that occupy the same nesting level in the 

hierarchy (Dn).  Permutation tests are used to assess the geographic spread of clades (Dc) 

and their displacement from other clades (Dn) and these were interpreted using the 

inference key of Templeton (2004).  This approach contrasts the relationships among 

interior and tip clades in which significantly large or small geographic distances are 

recorded.  The interpretation is based on the assumption that older haplotypes (or clades) 

have a wider distribution than younger ones, and that older haplotypes have more 

descendants and are placed internally on the network.  For example, a significantly large 

interior clade distance (Dc) in contrast with significantly small tip clade distances is 

interpreted as evidence of restricted gene flow.  Significantly large Dn distances indicate 

that a clade is spatially displaced from others of similar age and may contribute to an 

inference of allopatric fragmentation or range expansion depending whether the clade is in 

an internal or tip position on the network.      

 

2.2.6 Phylogenetic trees 
Phylogenetic trees were used to examine the relationships of exemplar individuals 

representing clades recovered using statistical parsimony of the COI data set.  Two 

outgroup individuals (Ogyris otanes and O. idmo) were included that are likely sister taxa 

to O. zosine and O. genoveva based on morphology and life history characters (Braby 2000) 
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and based on molecular evidence (Eastwood and Pierce pers. com.).  The COI and cytb data 

were combined.  The partition homogeneity test (Farris et al. 1994) was used to determine 

whether COI and cytb partitions differed significantly from the combined data set in terms 

of tree length.  Congruence between the partitions was assessed using branch and bound 

searches with 1000 homogeneity replicates in PAUP* (Swofford 2000).   

 

Criteria used to search for trees that best fit the mtDNA data included parsimony (MP), 

maximum likelihood (ML) and bayesian inference (BI).  For the ML and Bayesian 

analyses, the best-fit substitution model was calculated using MODELTEST version 3.06 

(Posada & Crandall, 1998), as selected using the Akaike information criterion (AIC) 

(Akaike, 1973).  A heuristic search with 100 random-addition sequence replicates (RAS) 

using tree-bisection-reconnection (TBR) branch swapping was used to find the best ML 

tree under the chosen substitution model in the program PAUP*.  Support for clades was 

assessed using a 50% strict-consensus of 1000 nonparametric bootstrap pseudoreplicates of 

the data set.  To save computing time, the number of RAS was reduced to 10 for the 

bootstrap analysis.   

 

Bayesian analysis was performed using MrBayes, version 3.1.2 (Huelsenbeck and Ronquist 

2001; Ronquist and Huelsenbeck 2003).  Separate substitution models were selected for the 

COI and cytb partitions using MODELTEST and the closest available model implemented 

by MrBayes was used to assess posterior probabilities of model parameters, topology and 

branch lengths.  The Markov Chain Monte Carlo (MCMC) settings included the default 

number of chains, swap frequency and temperature.  Two simultaneous runs were used to 

assess convergence of parameter estimates on the stationary distribution using run 

diagnostics in the MrBayes output (average standard deviation of split frequencies).  Each 

run was monitored to ensure that convergence was achieved within the first 25% of 

generations and parameter estimates made during this period were not used (burn-in).  

Default priors were used for all model parameter estimates, and random trees were used to 

start each MCMC run.  Runs consisted of two million MCMC generations with a tree 

sampled every 100 generations.    

 

Parsimony analyses were conducted on the data set with all sites equally weighted.  The 

branch and bound search algorithm with 1000 random-addition sequence replicates (RAS) 
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was implimented in PAUP*.  Support for clades was assessed using a 50% strict-consensus 

of 1000 nonparametric bootstrap pseudoreplicates of the data set.  The number of RAS in 

each replicate was limited to 100 for the bootstrap analysis.   

 

2.2.7 Bayesian topology testing 
Two alternate topological constraints were compared with the unconstrained topology to 

determine the level of support for the unconstrained topology (or the level of support 

against the constrained topologies).  The first constraint was reciprocal monophyly of O. 

zosine and O. genoveva and the second was paraphyly of O. zosine – that is monophyly of 

the three O. genoveva samples nested within paraphyletic O. zosine samples.  The Bayes 

factor was used to assess the level of support for and against these hypotheses (Kass and 

Raftery 1995).  Bayes factor is calculated as the ratio of the marginal likelihoods of two 

models being compared: Bayes factor = f(X|Mconstrained)/f(X|Munconstrained).  The marginal 

likelihood of the two models was estimated by the harmonic mean of the likelihood values 

of the (post-burnin) MCMC samples from the MrBayes run (Ronquist et al. 2005).  The 

recommendations of Kass and Raftery (1995) were used to interpret Bayes factors.  

Additionally, I searched for the constrained topologies in all of the trees sampled by 

MCMC during a MrBayes run (after the burnin period).  If a reciprocally monophyletic or a 

paraphyletic topology was found in this sample, and its posterior probability fell within the 

0.95 credible interval of trees, then these constraints were not rejected.  However if 

monophyletic or paraphyletic trees are never sampled, or, if they are sampled and have 

posterior probabilities which lie outside the 0.95 credible interval of trees, then the 

constraints can be rejected (T. Buckley pers. com.).  The filter function in PAUP* was used 

to search for trees that complied with the two constraints.   

 

2.2.8 Shimodaira-Hasegawa test  
The Shimodaira-Hasegawa (SH) test was used to determine if the data contained sufficient 

phylogenetic signal to reject topologies of reciprocal monophyly and paraphyly under the 

likelihood criterion (Shimodaira and Hasegawa 1999; Buckley 2002; Felsenstein 2004).  

Maximum likelihood tree searches were conducted as described above but with topological 

constraints of reciprocal monophyly and paraphyly imposed in separate runs.  Variation in 

log-likelihood values around the best ML tree found under each constraint was generated 

non-parametrically using 1000 RELL bootstraps of the data set (Kishino and Hasegawa 
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1989).  Deviation of these estimates from expected values generated around the 

unconstrained topology was assessed with the SH test implemented in PAUP* (Swofford 

2000).   

 

2.2.9 Time to most recent common ancestor of O. zosine and O. 

genoveva in eastern Australia 
COI data representing 142 samples of both species from eastern Australia were fitted to a 

two-population isolation model (Wakeley and Hey 1997) to estimate the time to most 

recent common ancestor of gene lineages (TMRCA).  The model was implemented in the 

software package IM (update 17 Feb. 2005) (Hey and Neilsen 2004).  IM estimates 

parameters from a posterior distribution created by integrating over all possible genealogies 

using a Markov chain Monte Carlo (MCMC) approach.  The HKY model of substitution 

was used (Hasegawa et al. 1985) and the peak of the posterior distribution was taken as the 

maximum likelihood estimate of TMRCA.  Each Markov chain consisted of >5 million 

updates including 100,000 initial updates that did not inform the posterior distribution.  

Other parameters of interest are jointly estimated by IM.  These include the time of 

population splitting (t) between the two populations, and population mutation rate (θ) for 

the ancestral and derived populations.  In the two-population isolation model, the parameter 

t is an estimate of the time of population divergence that takes into account the size of the 

ancestral population.  The time of population divergence (t) is normally less (i.e. more 

recent) than TMRCA because some extant gene lineages may have been present in the 

ancestral population before the split occurred.  Estimates of t and θ were not used because 

successive runs using different random number seeds and different heating schemes gave 

unstable estimates indicating unreliability of the values.  Estimates of TMRCA were stable 

across all runs.     

 

2.2.10 Nested contingency analysis of ant association   
Significant associations between Camponotus ant taxa and COI hierarchical clade levels (as 

described in section 2.2.5) were assessed using contingency table tests.  A χ2 test statistic 

was calculated from a table of categorical data (rows = nested clades; columns = ant taxa).  

To avoid pseudoreplication Ogyris COI haplotypes that were sampled from several 

individuals in the same ant colony were counted only once. 
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2.2.11 Neutrality tests and mismatch distribution analyses 
The McDonald-Kreitman (1991) (MK) test compares the ratio of polymorphic 

nonsynonymous to synonymous substitutions within a species relative to the same ratio of 

substitutions that are fixed in relation to a closely related outgroup species.  Under 

neutrality these ratios should be equal because under neutrality, the same process (drift) 

determines both levels of poymorphism (an intermediate state) and fixation (an ultimate 

state).  The hypothesis that the ratios are not significantly different was tested using 

contingency table tests in DnaSP v4.10 (Rozas et al. 2003).  Because a polyphyletic 

relationship was found between O. genoveva and O. zosine for COI and cytb data, these 

taxa were combined and O. amaryllis (Chapter 3) was used as the outgroup to test for 

neutrality.  The MK test is independent of genealogy and does not assume that individuals 

are from a panmictic population (Nielsen 2001).   

 

From a sample of 17 different neutrality tests, Ramos-Onsins and Rozas (2002) identified 

two that were most useful for detecting population growth.  The R2 test (Ramos-Onsins and 

Rozas 2002) and Fu’s (1997) Fs test most frequently reject the null hypothesis that a sample 

is drawn from a constant population size model when it was actually taken from a growing 

population.  The R2 statistic is sensitive to the relationship between the number of singleton 

mutations and the number of pairwise differences in a sample (Ramos-Onsins and Rozas 

2002).  An excess of singletons is expected to occur at the tips of a genealogy after 

population growth.  This reaction to population growth simply reflects the general 

relationship between genetic diversity (θ) and population size (N).  For a haploid locus this 

relationship is θ = 2Nµ, where µ is the mutation rate, which remains constant.   

 

The Fs test (Fu 1997) is sensitive to the relationship between the number of haplotypes in a 

sample and the expected number at equilibrium based on Ewens’ sampling distribution, 

which is conditional on θ (Ewens 1972).  An excess of haplotypes is expected to result 

from population growth as above.  Neutrality statistics Fs and R2 were calculated using 

DnaSP v4.10 (Rozas et al. 2003) and observed values were tested for significance against a 

null distribution created from 1000 datasets simulated under a constant sized coalescent 

model conditioned on the observed number of segregating sites. 
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Where a history of sudden population expansion was indicated by Fs and R2, the frequency 

distribution of the number of pairwise differences among haplotypes (the mismatch 

distribution) was calculated with DnaSP v4.10 (Rozas et al. 2003) and used to estimate 

timing of population expansion, τ, scaled in mutational units.  The relationship of τ = 2ut, 

where t is time in generations and u = µk, where µ is the mutation rate per million years and 

k is the sequence length, was used to rescale the estimate to absolute time (Rogers 1995).  

When a population expansion from a small initial size occurs, the genealogy becomes star-

like because mutations accumulate on external branches and a unimodal wave is produced 

in the mismatch distribution (Slatkin and Hudson 1991; Rogers and Harpending 1992).  

The smoothness of this distribution was evaluated against the null distribution of a 

constant-sized population using the raggedness statistic (rg, Harpending et al. 1993) which 

was calculated in DnaSP v4.10 (Rozas et al. 2003). 

 

2.2.12 Allozyme electrophoresis 
Genotypic variation of 25 enzyme systems commonly used for insect studies was 

investigated using cellulose acetate electrophoresis.  A total of 18 presumptive allozyme 

loci were well resolved using conditions given in Table 2.3.  A total of 60 O. zosine 

individuals from 5 populations and 54 O. genoveva individuals from 5 populations were 

scored for the 17 loci.  Alleles were classified according to their relative mobility and 

included on each plate were representatives of both species and a reference standard.  

Polymorphic loci that satisfied the <99% frequency criterion for the most common allele 

were identified, then all available individuals (genoveva n=100, zosine n= 145) were run (or 

re-run) using optimised electrophoresis conditions for these loci.  Electrophoretic mobility 

of alleles was assessed using internal controls on each gel and alleles of similar mobility in 

different populations were compared in side-by-side comparisons.   
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Table 2.3  Enzymes and electrophoresis conditions. 

 
Enzyme Locus Enzyme 

Commission 
number 

Running 
Buffer* 

Applic.‡ Migration 

Fumarate hydratase Fum 4.2.1.2 TC 7.0 1 Anodal 
Glucose-phosphate 
isomerase 

Pgi 5.3.1.9 TG 7.8 1 Anodal/Cathodal†

Phosphoglucomutase Pgm 5.4.2.2 TG 7.8 1 Anodal 
Lactate dehydrogenase Ldh 1.1.1.27 TM 7.8 4 Anodal 
6-Phosphogluconate 
dehydrogenase 

Pgd 1.1.1.44 TC 7.0 4 Anodal 

Isocitrate 
dehydrogenase 

Idh-1 1.1.1.42 TC 6.5 4 Anodal 

Fructose-1, 6-
diphosphatase 

F 1,6pdh 3.1.3.11 TM 7.8 2 Anodal 

Malate Dehydrogenase Mdh-1 1.1.1.37 TC 7.0 1 Anodal 
 Mdh-2 1.1.1.37 TC 7.0 1 Anodal 
Malic enzyme Me 1.1.1.40 TM 7.8 2 Anodal 
Glucose-6-phosphate 
dehydrogenase 

G6pdh 1.1.1.49 TM 7.8 4 Anodal 

Glycerol-3-phosphate 
dehydrogenase 

G3pdh 1.1.1.8 TM 7.8 1 Anodal 

Triose-phosphate 
isomerase 

Tpi 5.3.1.1 TM 7.8 1 Anodal 

Adenylate kinase Adk 2.7.4.3 TM 7.8 1 Anodal 
Aconitate hydratase Acon 4.2.1.3 TM 7.8 4 Anodal 
Aspartate 
aminotransferase 

Aat-1 2.6.1.1 TG100 1 Cathodal 

 Aat-2 2.6.1.1 TG100 1 Anodal 
*From Richardson et al. (1986) TG 8.5 = Tris-Glycine 50mM, pH 8.5; TC 7.0 = Tris-Citrate 75mM, pH 7.5; 
TG 100 8.5 = Tris-Glycine 100mM, pH 8.5; TM 7.8 = Tris-Maleate 50mM, pH 7.8. † Alleles 1-4 run cathodal, 
alleles 5-6 run anodal.  ‡ Applic. = number of applications of the homogenate to the gel. 
 

2.2.13 Allozyme data analysis 
Departures from Hardy-Weinberg equilibrium (HWE) were examined using exact tests 

(Guo and Thompson 1992) using a Markov chain as implemented by GENEPOP v3.3 

(Raymond and Rousset 1995).  Populations of O. zosine and O. genoveva are highly 

localised due to the requirement for resource patches that contain both suitable mistletoe 

and attendant ants.  It is possible that colonies are founded by a limited number of 

individuals (even a single female) so that sampling juvenile stages may bias estimates of 

genetic diversity.  Randomisation tests were used to determine whether populations 

suffered from a heterozygote deficit that would be expected to result from a limited number 

of population founders.  Observed FIS values were compared to a null distribution for each 

population created by randomising alleles within individuals 1200 times using FSTAT 

v2.9.3 (Goudet 2001).   
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Analysis of molecular variance (AMOVA, Excoffier et al. 1992) was used to partition the 

population-level allozyme variation into covariance components attributable to nominal 

species using ARLEQUIN v3.0 (Excoffier et al. 2005).  Additionally, variation in the data 

was analysed using a model-based bayesian clustering method.  The individual admixture 

model implemented in STRUCTURE v2.0 (Pritchard et al. 2000) was used to cluster the 

entire data set of individual genotypes into K partitions independent of populations.  Five 

replicates of an initial search were conducted using a burn-in of 20,000 steps and Markov 

chain of 200,000 steps to find the likelihood of K clusters given the data for K between one 

and 10.  The most probable number of partitions was taken using the highest posterior 

probability of the data for a given K (Ln P(D)).  Admixture proportions representing the 

fraction of ancestry attributed to each cluster were averaged over individuals within each of 

the 10 population samples and visualised using pie charts on a map of the sampling area.   

 
Table 2.4  Locality information for O. genoveva and O. zosine specimens sequenced 

for phylogeographic analysis.   
 

Site 
No. 

Species Locality Geographical 
Coordinates 

N COI haplotype code (no. 
individuals with 
haplotype) 
 

1 O. zosine Bartlett Bluff, WA 29.05 124.36 1 z30(1) 
2 O. zosine Cape Range, WA 22.14 113.51 3 z33(3) 
3 O. zosine Alice Springs, NT 23.46 133.47 2 z31(1); z32(1) 
4 O. zosine Balgo Hill, WA 20.07 127.48 1 z40(1) 
5 O. zosine Oscar Rg., WA 18.01 125.30 2 z34(1); z40(1) 
6 O. zosine Ellenbrae, WA 15.57 127.03 1 z38(1) 
7 O. zosine Elliot, NT 17.33 133.32 1 z37(1) 
8 O. zosine Robin Falls, NT 13.21 131.07 1 z39(1) 
9 O. zosine Adelaide R., NT 13.10 131.10 1 z36(1) 
10 O.  zosine Darwin, NT 12.27 130.50 6 z35(2); z40(4) 
11 O. zosine Mt Isa, Qld 20.32 139.28 1 z19(1) 
12 O. zosine Cairns, Qld 16.47 145.41 6 z1(6) 
13 O. zosine Charters Towers, Qld 20.04 146.15 1 z23(1) 
14 O. zosine Townsville, Qld 19.15 146.49 2 z1(1); z25(1) 
15 O. zosine S. Townsville, Qld 19.42 146.50 1 z1(1) 
16 O. zosine W. Paluma, Qld 19.10 146.23 1 z1(1) 
17 O. zosine Mackay, Qld 21.08 149.11 3 z21(3) 
18 O. zosine Yeppoon, Qld 23.23 150.47  6 z1(2); z5(1); z6(2); z24(1) 
19 O. zosine N. Rockhampton, Qld 23.11 150.27 6 z1(6) 
20 O. zosine Capella, Qld 23.05 148.01  6 z20(3); z18(2); z22(1) 
21 O. zosine Banana, Qld 24.28 150.07 7 z1(5); z4(2) 
22 O. zosine Munduberra, Qld 25.35 151.17  8 z1(4); z2(1) z8(1); z26(1); 

z7(1) 
23 O. zosine Maryborough, Qld 25.32 152.42 1 z1(1) 
24 O. zosine Bli Bli, Qld 26.37 153.02 1 z27(1) 
25 O. zosine Tewantin, Qld 26.23 153.02 8 z3(8) 
26 O. zosine Brisbane, Qld 27.31 152.59 6 z12(1); z14(1); z16(1); 

z28(3) 
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27 O. zosine Boonah, Qld 27.49 152.49 8 z10(1); z11(1); z13(2); 

z15(1); z29(1) 
28 O. zosine Ballina, NSW 28.51 153.31 6 z17(2); z27(4) 
29 O. zosine Yamba, NSW 29.27 153.21 8 z9(8) 
30 O. genoveva  Maidenwell, Qld 26.50 151.47 7 g1(1); g6(2); g7(1); g8(3) 
31 O. genoveva  Boonah, Qld 27.49 152.49 6 g1(6) 
32 O. genoveva  Warwick, Qld 28.15 151.53 8 g1(3); g4(2); g5(1); 

g14(2) 
33 O. genoveva  Grafton, NSW 29.40 152.56 3 g16(2); g9(1) 
34 O. genoveva  Gungal, NSW 32.16 150.29 8 g1(1); g3(1); g15(5); 

g17(1) 
35 O. genoveva  Barellan, NSW 34.18 146.43 1 g1(1) 
36 O. genoveva  Seymour, Vic 36.59 145.14 7 g1(3); g2(2); g11(2) 
37 O. genoveva  Werribee Gorge, Vic 37.39 144.21 3 g1(3) 
38 O. genoveva  Alpine NP, Vic 36.53 148.25 3 g1(3) 
39 O. genoveva  Waikerie, SA 34.10 139.59 4 g1(4) 
40 O. genoveva  Adelaide Hills, SA  35.05 138.41 1 g10(1) 
41 O. genoveva  Oodla Wirra, SA  32.52 139.03 1 g13(1) 
42 O. genoveva  Mookra Tower, SA 32.23 138.24 1 g12(1) 
43 O. genoveva  Blinman, SA 31.05 138.40 2 g1(2) 
44 O. genoveva East Maitland, NSW 32.44 151.34 1 g18(1) 
45 O. idmo 

idmo 
Perth, WA 31.57 115.51 1 - 

46 O. otanes 
arcana 

Stirling Range, WA 34.20 117.48 1 - 
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Figure 2.2  Map of sampling sites for O. genoveva and O. zosine including the 

approximate Australian distribution for both taxa modified from Braby (2000).  Site 
numbers correspond to Table 2.4.  The southeast Qld site labelled 27 and 31 marks the 

location (Boonah) where colonies of both species were found on the same ridgeline 
separated by less than 200m. 
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2.3 Results 
 

2.3.1 Characteristics of the COI data set  
A 637 bp edited alignment of the COI gene included 162 specimens covering most of the 

geographic range of O. genoveva and O. zosine (Fig. 2.2).  Sequencing of both strands 

revealed no ambiguities and the translated alignment was free of stop codons.  AT content 

was 70% (Table 2.5), which is typical for mtDNA of insects (Simon et al. 1994), and   

sequences were assumed to be of mitochondrial origin.  Variation was detected in ~10% of 

base positions and most segregating sites were parsimony informative (Table 2.5).  Fifty-

eight haplotypes were identified in the sample of 162 sequences, including 40 from O. 

zosine and 18 from O. genoveva; none were shared between species.   

 
Table 2.5  Sequence statistics and substitution model parameters for mitochondrial 

gene regions and combined data set. 
 

 COI 
ingroup 

only 

cytb 
exemplars including 

2 outgroups 

combined COI+cytb 
exemplars including 2 

outgroups 
Number of samples 162 15 15 
Number of sites 637 595 1211 
Number of variable sites 64 96 193 
Number of parsimony 
informative sites 

50 47 96 

%AT 70% 76% 73% 
α  0.623  equal 0.547   
Proportion invariable sites 0.779 0.804 0.797 
R(a) [A-C] 1.000 1.000 1.000 
R(b) [A-G] 11.940 51.605 24.010 
R(c) [A-T] 0.104 1.000 0.00001 
R(d) [C-G] 0.104 1.000 0.00001 
R(e) [C-T] 11.940 93.080 24.010 
R(f) [G-T] 1.000 1.000 1.000 
Best AIC model K81uf+I+G TrN+I K81uf+I+G 
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Figure 2.3  Haplotype network for the 637 bp COI data set at the 95% connection 
limit.  Dashed lines indicate equally parsimonious connections forming closed loops.  

Dotted boxes delimit eight clades recovered at the 99% connection limit.  Map shows 
sample sites and geographic limits of the eight clades. 
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2.3.2 COI haplotype network 
The 58 haplotypes were joined into two disconnected networks using statistical parsimony, 

which accepted connections of up to 10 steps in the 95% set of plausible cladograms 

(hereafter referred to as the 95% network) (Fig. 2.3).  Uncertainty in the topology is 

indicated by five closed loops within the larger network (Fig. 2.3).  There are indications 

that substantial levels of homoplasy are accepted by the 95% parsimony limit.  Most 

obviously, seven of the 64 variable sites are segregating for three bases.  Analysis of the 

number of changes across the network for each segregating site revealed 28 sites with non-

parsimonious changes that occur more than twice and divide the network into three or more 

parts.  A further 19 sites represent singleton changes that produced a unique haplotype and 

17 sites produced a bifurcation of the network.   

 

Accommodating non-parsimonious changes generated network distances between 

haplotypes greater than real pairwise distances.  For example, 19 base differences were 

observed between two O. zosine haplotypes sampled at Boonah (site 27; haplotypes z11 

and z29 Fig. 2.3), but these are separated by 46 steps on the 95% network – a difference of 

27 steps.  The total number of differences between the network distance matrix and data 

distance matrix for all pairwise combinations of haplotypes is 6698.  Homoplasies are 

expected to occur in parsimony networks constructed from data sets containing many 

mutations such as the present one (θS= 0.018, Table 2.10) (Templeton et al. 1992).   

 

Some of the non-parsimonious changes must result from recurrent mutations at the same 

site and these have the potential to distort inferred relationships between haplotypes, 

particularly in the way connections are made between clades separated by long branches 

(Templeton et al. 1992).  Because the probability of nonparsimonious relationships should 

decrease when attention is restricted to only those pairs of haplotypes that differ by a 

smaller number of changes (Templeton et al. 1992), a 99% parsimony connection limit was 

enforced, restricting the maximum number of mutational steps between haplotypes to four.  

This produced eight disconnected clades that were internally identical to connections 

observed in the 95% network.  All closed loops were eliminated under the 99% connection 

limit and the total number of pairwise positive differences between the network and 

distance matrix was reduced from 6698 to 85.  This indicated that most of the topological 

uncertainty and homoplasy in the 95% network was related to long-branch connections 
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between clades.  The geographic distribution of mtDNA variation was assessed for clades 

defined by the 99% connection limit and for nested clades in the 95% network.   

 

2.3.3 Geographic and taxonomic distribution of mtDNA variation 
Figure 2.3 shows eight clades defined by the 99% connection limit and the geographic 

distribution of each.  Sampling is limited in NT and WA, where relatively few localities are 

known, but all of the 19 sequences available from this region belong in three allopatric 

clades (I, II, III).  Model-corrected net divergence between these clades range from 0.98% 

between clades II and III, to 6.2% between Clades I and II (Table 2.6).  In eastern Australia 

the remaining five clades (IV, V, VI, VII, VIII) are parapatric or sympatric and have 

intermediate net divergences ranging from 1.01 – 3.37% (Table 2.6).  Under the 95% 

connection limit clades II-VIII were linked while clade I was disconnected (Fig. 2.3).  The 

model-corrected distance between Clade I and the remainder is 6.0±0.1%.  The highly 

divergent Clade I is comprised of O. zosine samples from the Kimberley and Arnhem Land 

zoogeographic regions.   

 
Table 2.6  Model-corrected net divergence between eight clades expressed as 

percentage and conversion to divergence time in years based on a molecular clock. 
 

 Clade I Clade II Clade III Clade IV Clade V Clade VI Clade VII Clade VIII 

I 
- 7.7×106 5.6×106 6.0×106 7.5×106 6.4×106 7.5×106 5.5×106

II 6.20 - 1.2×106 2.0×106 2.3×106 2.4×106 3.8×106 1.9×106

III 4.50 0.98 - 3.0×106 2.3×106 2.5×106 3.7×106 2.0×106

IV 4.77 1.61 2.41 - 2.6×106 1.3×106 3.0×106 2.7×106

V 5.97 1.86 1.83 2.08 - 2.7×106 1.6×106 2.0×106

VI 5.12 1.90 2.00 1.01 2.15 - 4.2×106 2.2×106

VII 5.98 3.05 2.99 2.42 1.26 3.37 - 3.5×106

VIII 4.39 1.52 1.60 2.15 1.57 1.77 2.83 - 
Above diagonal: divergence time in years based on molecular clock calibration of Zakharov et al. (2004).  
Below diagonal: net divergence (percentage) calculated from model corrected distances (K81uf+I+G) for the 
combined data set.    
 

The interconnected arrangement of clades II-VIII includes both O. zosine and O. genoveva 

samples from the remainder of their geographic range including Pilbara, Western Desert, 

Wet Tropics, Eastern Queensland, Southeastern Forest and Adelaide zoogeographic 

regions.  Only two haplotypes in the data set occur at a relatively high frequency and are 

geographically widespread.  Haplotype z1 is central to a star-like radiation of haplotypes in 

Clade V and was found in 27 O. zosine individuals from nine populations along the east 
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coast from Cairns (Site 12) to Maryborough (Site 23).  Haplotype g1 is likewise central to a 

star-like radiation in Clade IV, and was found in 27 O genoveva individuals from ten 

populations across all of the sampled distribution of this species from Maidenwell (Site 30) 

to the Flinders Ranges (Site 43).  No other haplotypes were found in more than two 

populations.  

 

The two species are polyphyletic according to the 95% network.  When the 99% connection 

limit is applied O. zosine and O. genoveva haplotypes are both present in Clade IV (Fig. 

2.3).  Across the whole network, nearest neighboring haplotypes are always of the same 

species but nearest clades are not.  For example, Clade VIII (genoveva) is closest to Clade 

VI (zosine), and Clade II (zosine) is closest to Clade IV (genoveva + zosine).  Given that 

uncertainty exists in the topology of the network, the possibility that poor phylogenetic 

resolution was the source of species-level polyphyly was investigated by obtaining 

additional sequence data and conducting topology tests to determine statistical support for 

rejection of monophyly of O. genoveva.   

 

2.3.4 Topology tests using combined mtDNA data. 
Sequence data from the cytb gene was obtained for 13 exemplar individuals (10 zosine, 3 

genoveva) representing the eight COI clades and two outgroup individuals (Ogyris idmo 

and O. otanes).  The alignment of 15 cytb sequences was 595 bp in length, free of stop 

codons and with an AT content of 76%.  Approximately 16% of sites were segregating and 

approximately half of these were parsimony informative (Table 2.5).  The partition-

homogeneity test for COI and cytb partitions was non-significant (P = 0.91) indicating 

signal from both genes was congruent and that combining the data would improve 

phylogenetic resolution for topology testing.  The concatenated COI + cytb data set (1211 

bp) was used for phylogenetic analysis using parsimony (MP), maximum likelihood (ML) 

and Bayesian criteria.  Substitution models with three substitution types (3st) were selected 

using AIC in MODELTEST for the COI partition (K81uf+I+G), cytb partition (TrN+I) and 

combined data (K81uf+I+G) and ML analysis was conducted with the model selected for 

the combined data set.  MrBayes does not allow 3st models but because Bayesian inference 

is relatively robust to slight model over-parametisation, I employed a GTR model with six 

substitution types (6st) and partitioned the COI and cytb data so that gamma-shaped rate 

variation was included as a model parameter for the COI partition but excluded from the 
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cytb partition.  Model parameters for the COI and cytb partition were unlinked and rates 

allowed to vary across partitions.   

 

A branch and bound search under the assumption of strict parsimony resulted in a single 

MP tree of 287 steps shown in Figure 2.4A.  Monophyly of the ingroup (O. genoveva+O. 

zosine) was supported in all bootstrap pseudoreplicates and two individuals from clade-I in 

the network analysis also formed a well-supported clade (96% bootstrap) separate from all 

other O. zosine and O. genoveva individuals.  As suggested in the network analysis, three 

individuals from clade-IV (including O. zosine and O. genoveva) were well supported 

(96%).  There was less support for deeper nodes in the tree although the topology reflects 

relationships observed in the network analysis.  There was no evidence for a strong 

relationship between O. genoveva from clade-VIII and other clades.  Clade-VIII (O. 

genoveva) occupies a fairly central position in the 95% COI network and was positioned 

basally to all samples from clades II to VII in the parsimony tree.  

 

Bayesian analysis yielded a tree with a very similar topology to the parsimony tree (Fig. 

2.4B). Posterior probabilities supported the same haplotype groupings seen in the 

parsimony analysis and there is less support to link the representative of O. genoveva clade-

VIII with other clades as it forms a polytomy including all representatives of O. zosine and 

O. genoveva clades.  The ML tree supported results of the parsimony and Bayesian analysis 

in most respects (tree not shown) but differed in the placement of individual zBa5 which 

was placed in a basal position outside all other O. zosine and O. genoveva haplotypes 

(including clade-I representatives) although this arrangement received only 63% bootstrap 

support.  Separate analyses of COI and cytb partitions suggest that the odd placement of 

zBa5 in the ML analysis may be caused by the cytb data.  Sample zBa5 is a representative 

of clade-V (haplotype z17) in the COI network.  

 

2.3.5 Bayesian test of reciprocal monophyly and paraphyly 
Enforcing the constraint of reciprocal monophyly of O. zosine and O. genoveva during a 

Bayesian tree search resulted in a reduction in marginal likelihood values relative to those 

obtained without topological constraints (Fig. 2.5A).  Forcing O. genoveva to be 

monophyletic (allowing paraphyly of O. zosine) had a very similar effect (Fig. 2.5B).  In 

both cases the distribution of constrained and unconstrained marginal likelihood scores 
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overlapped.  All 30,000 unconstrained trees were filtered using PAUP to determine if either 

of the constrained topologies were sampled during the run.  Topologies of reciprocal 

monophyly and paraphyly of O. zosine were never sampled indicating that both hypotheses 

should be rejected according to a frequentist interpretation of this test.  Comparing the 

merits of these hypotheses using Bayes factors according to criteria of Kass and Raftery 

(1995) suggests there is very strong evidence against both reciprocal monophyly and 

paraphyly (Table 2.7).      

 
Table 2.7  Results of Bayesian tests of reciprocal monophyly and paraphyly. 

 
Harmonic mean of marginal likelihood 
values 

Bayes factor  Evidence against 
hypothesis 

Hypothesis 

Constrained (C) Unconstrained (U) logeBCU 2logeBCU  
Reciprocal 
monophyly 

-3030.2 -3021.5 8.7 17.4 Very strong 

Paraphyly of O. 
zosine 

-3031.6 -3021.5 10.1 20.2 Very strong 
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Figure 2.4  A. Parsimony tree for combined COI+ cytb data found using branch and 

bound search.  50% consensus bootstrap support shown; B. Bayesian tree for 
combined COI+ cytb data.  Posterior probabilities calculated from 30,000 post-burnin 
trees.  Data for each terminal include: species, voucher code, site number, COI clade 

(see Fig. 2.3). 
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Figure 2.5  Results of Bayesian topology tests using combined COI + cytb data and 
partitioned GTR substitution models.  Histograms represent marginal likelihood scores 

for 60,000 trees with or without the topological constraint in bins of 1.5 likelihood 
units. A. Reciprocal monophyly of O. zosine and O. genoveva.,  B. Paraphyly of O. 

zosine with respect to O. genoveva. 
 

2.3.6 Shimodaira-Hasegawa test for reciprocal monophyly and 

paraphyly. 

Log-likelihood scores for the best ML tree found under the constraint of reciprocal 

monophyly (lnLmonophyly = -2991.197) and paraphyly of O. zosine (lnLparaphyly = -2988.786) 

were both lower than the score obtained without topological constraints enforced 

(lnLunconstrained = -2976.512).  Analysis of 1000 pseudoreplicates of the data set using RELL 

bootstrapping showed that difference in likelihoods between constrained and unconstrained 

topologies were significant and not due to poor signal (Pmonophyly = 0.025; Pparaphyly = 0.016).  

The SH test therefore rejects the hypothesis that the two species are reciprocally 

monophyletic and the hypothesis that O. zosine is paraphyletic relative to O. genoveva.   

 

2.3.7 Time to most recent common ancestor of mtDNA clades in 

eastern Australia 

Estimates of TMRCA were stable in successive runs using the two-population isolation 

model (Wakeley and Hey 1997).  The maximum likelihood estimate of TMRCA for the 

two species in eastern Australia is 8.8 mutational units in the past.  Conversion of this 
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parameter to years is achieved by dividing by the per-year substitution rate for the gene 

region.  Molecular clock calibrations of 2.3% (Brower 1994) convert the TMRCA to 3.5 

million years, while calibrations of 0.78 – 1.1% (Zakharov et al. 2004) convert to 1.2 – 2.5 

million years.       

 

2.3.8 Nested clade analysis of O. zosine and O. genoveva in eastern 

Australia. 
Five clades occur in eastern Australia where the distribution of O. zosine and O. genoveva 

is parapatric (clades IV, V, VI, VII, VIII; Fig. 2.3).  These clades are interconnected under 

the 95% connection limit.  Several equally parsimonious network topologies exist for this 

data (alternative connections indicated by dashed lines in Fig. 2.3), but these do not alter 

the order in which clades are connected – only the point through which connections are 

made.  Hierarchical nesting of clades renders these ambiguities trivial at higher nesting 

levels, so one topology was randomly selected for nested clade analysis (NCA).  As the 

focus was on relationships between the two species, attention was mostly restricted to 

spatiotemporal inferences at nesting levels in which both species occur.    

 

The nesting arrangement depicted in Figure 2.6 shows that O. zosine and O. genoveva are 

distinct at low nesting levels.  The two species do not share any haplotypes, nor do they 

occur together in 1- or 2-step clades.  Significantly non-random spatial associations were 

found between the taxa when they occur together within clades at higher nesting levels (3-, 

4- and 5-step clades; Table 2.8).  Repeated fragmentation events are inferred between the 

species at various nesting levels and in all cases fragmentation coincides with the area of 

parapatric distribution in south-eastern Qld and north-eastern NSW (Table 2.8).  Figure 2.7 

illustrates the distribution of clades involved in fragmentation events at different 

hierarchical levels.  Within nesting clades 3-8 and 4-2 the split is between clades comprised 

exclusively of each species and is located close to the area where their ranges meet (Fig. 

2.7).  Within higher (i.e. older) nesting clades 5-1 and 5-2, the split is in the same area but 

does not divide the species into two exclusive groups.  In both of these cases a northern 

zosine clade is separated from a southern clade comprised of genoveva and zosine 

individuals.  
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A close inspection of the frequency of 3-step clades in populations along the east coast 

indicates that only two clades are widespread and occur at relatively high frequency (Figure 

2.8).  The first of these is clade 3-2 which is found across most of the range of O. zosine but 

decreases in frequency towards the south where its distribution overlaps with genoveva.  

Secondly, clade 3-8 (black shading) is found across the entire range of O. genoveva and is 

also found within five southern populations of O. zosine located in the overlap zone (Fig. 

2.8).  Clade 3-8 is the only 3-step clade that includes both species.  The mean pairwise 

distance (±SE) between the two clades within this nesting clade (2-15genoveva and 2-16zosine) 

is 0.85 ± 0.28% and the corresponding mean net-divergence is 0.51 ± 0.25%.  Divergence 

between these clades occurred approximately 220,000 ± 109,000 years ago according to the 

standard insect molecular clock estimate of Brower (1994).   Within nesting clade 4-2 the 

fragmentation between the two species is estimated to have occurred approximately 

470,000 ± 170,000 years ago (mean net-divergence between clades 3-3 zosine and 3-4 genoveva 

= 1.07 ± 0.39%). 

 

An additional fragmentation event within nesting clade 4-1 is also centered on the 

parapatric zone in southeast Qld, but in this case the split is between two clades comprised 

only of O. zosine (3-1 and 3-2; Table 2.8).  This event roughly dates to the same time frame 

as the split between species observed in nesting clade 4-2, i.e. 470,000 years ago (mean net 

divergence between clades 3-1 and 3-2 = 1.08 ± 0.36%).       
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Figure 2.6  COI haplotype network (95% connection limit) for all eastern Australian 
samples.  A. Haplotypes shaded by species (corresponding clades defined by 99% 

connection limit are indicated by brackets on left).  B. Hierarchical nesting of clades 
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Table 2.8  Summary of nested clade results and biological inferences for NCA of 

eastern Australian clades. 
Clade χ2 (P) Nested 

clades 
(Position) 

Dc Dn Inference 
Chain 

Interpretation 

3-8* 38.35 
(0.000) 

2-15 (i) 776 L 750 L 1,2,3,4,9 Allopatric fragmentation 

  2-16 (t) 161 S 570   
  I-T 616 L 181 L   
4-1 46.47 

(0.000) 
3-1 (t) 84 S 517 1,2,3,4,9 Allopatric fragmentation 

  3-2 (i) 403 S 441   
  I-T 319 L -76   
4-2* 12.0 (0.003) 3-3 (i) 112 S 349 L 1,19 Allopatric fragmentation 
  3-4 (i) 223 S 315   
  I-T - -   
4-4* 33.37 (0.01) 3-7 (i) 906 851 L 1,2,3,4 Restricted gene flow with 

isolation by distance 
  3-8 (t) 715 S 734 S   
  I-T 191 L 117 L   
5-1* 55.26 

(0.000) 
4-1 (t) 456 S 492 1,2,3,4,9 Allopatric fragmentation 

  4-2 (i) 328 S 594 L   
  I-T -128 101   
5-2* 1.0 (0.000) 4-3 (i) 385 S 1031 

L
1,2,3,4,9 Allopatric fragmentation 

  4-4 (t) 756 S 831   
  I-T -370 S 200 L   
Total* 95.43 

(0.000) 
5-1 (i) 512 S 648 S 1,2 Inconclusive 

  5-2 (t) 868 L 818 L   
  I-T - -   

* denotes nesting clades that include both O. zosine and O. genoveva.   
Interior (i) and tip (t) indicates relative position of clades on haplotype network. 
Significantly large (L) or small (S) values for clade (Dc), nested clade (Dn) and interior to tip clade (I-T) 
distances are indicated in bold.  Inference chain corresponds to key of Templeton (2004). 
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Figure 2.7  Distribution of nested clades with inferred fragmentation events in eastern 
Australia.  The distribution of each pair of nested clades is highlighted using different 
shading and the labels in each panel correspond to clades summarized in Table 2.8.   
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Figure 2.8  Frequency of 3-step nested clades in populations of O. zosine and O. 
genoveva along the east coast.  Pies are arranged latitudinally for each species; O. 
zosine upper right, O. genoveva lower left.  Populations with sample sizes n ≥ 6 are 

included.  Pooled populations grouped with dotted line.  Numbers refer to site numbers 
given in Table 2.4.

 

2.3.9 McDonald-Kreitman test of neutrality for COI and cytb data sets  
The MK test of neutrality using O. amaryllis as outgroup was consistent with neutral 

evolution for the COI data set (Table 2.9).  Five nonsynonymous substitutions occur within 

species but none are fixed between the species (Table 2.9).  This result is similar to those 

observed in many comparable mtDNA data sets (Nielsen and Weinrich 1999) and is 

consistent with the hypothesis that most mtDNA protein polymorphisms are slightly 

deleterious and are removed by purifying selection before they become fixed in different 
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species (Ho et al. 2005).  The smaller cytb data set used in phylogenetic analyses showed 

the opposite pattern with an excessive number of fixed nonsynonymous substitutions 

between O. genoveva + O. zosine and O. amaryllis, resulting in a significant deviation from 

neutrality (Table 2.9).   This result could be caused by fixation of selectively advantageous 

mutations in the cytb gene within either species.  Because of evidence for non-neutrality, 

the cytb region was not used for demographic inference.  A second MK test between the O. 

zosine+O. genoveva cytb data set and 15 cytb sequences sampled from another outgroup 

species (O. otanes) was consistent with neutral evolution (P= 0.21 G-test with Yates’ 

correction; P = 0.09 Fisher’s exact test).  This non-significant result may be due to the 

presence of too few variable sites to detect significant deviations from neutrality.   

 
Table 2.9  McDonald-Kreitman test for COI and cytb data sets. The number of 
nonsynonymous and synonymous substitutions for fixed differences between O. 
genoveva + O. zosine and O. amaryllis; and polymorphism within each of these 

groups. 
 

COI (617bp) cytb (583bp)  
Fixed Polymorphic Fixed Polymorphic 

Nonsynonymous (N) 0 5 9 4 
Synonymous (S) 34 125 30 60 
Ratio (N/S) 0 0.04 0.3 0.06 
Fisher’s exact test (P=) 0.585 0.029 
G test with Yates’ correction - 4.635 (p = 0.031) 

 

 

2.3.10 Historical demography of eastern Australian clades  
Two clades defined by the 99% connection limit have a combined distribution that includes 

most of the range of O. zosine and O. genoveva in eastern Australia.  These clades – clade 

IV and V – correspond to nesting clades that experienced fragmentation events centered on 

the area of parapatry between O. zosine and O. genoveva.  Clade IV corresponds to nesting 

clades 3-7 and 3-8 while clade V corresponds to nesting clades 3-2 and 3-3 (Fig. 2.6; Table 

2.8).  Because subdivision is evident within these clades, additional neutrality tests and 

mismatch distribution analyses were conducted on sub-samples which exclude individuals 

from the subclade that is spatially restricted to the parapatric zone (Table 2.10).    

 

Estimates of genetic diversity based on segregating sites (θS) are higher than those from 

pairwise differences (θπ) in both clades (Table 2.10).  One potential cause of this pattern is 
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rapid demographic expansion, which allows an excessive number of recent mutations to 

persist in a population.  Clades IV and V are both comprised of a star-like radiation of 

singleton tip haplotypes and a high frequency internal haplotype (Fig. 2.6).  The observed 

R2 value for both clades is consistent with a recent history of rapid population growth, 

although in clade IV this applies only to the subsample comprised of O. genoveva 

individuals (Table 2.10).  Small R2 values reflect an excess of singleton substitutions 

compared to the expectation under a stable population (Ramos-Onsins and Rozas 2002; 

Table 2.10).  Additional evidence for recent population growth is provided by Fu’s (1997) 

FS statistic.  Significant negative FS values (Table 2.10), indicate that clades IV and V 

contain an excess number of haplotypes relative to expectation for a stable population.   

 
Table 2.10  Diversity statistics, results of neutrality tests, and results of mismatch 

distribution analyses for eastern Australian clades IV* and V*.   
 

Clade IV Clade V  
(A) 
genoveva + 
zosine 

(B)  
genoveva 
only 

(C) 
 north + south 

(D) 
 north only 

Number of samples 60 48 51 43 
Segregating sites 17 12 17 8 
θS (per site)  0.006 0.004 0.006 0.003 
θπ. (per site)  0.004 0.002 0.003 0.001 
Fu’s FS -8.03* -10.21*** -6.17** -4.71* 
R2 0.072 NS 0.049* 0.053* 0.057* 
Raggedness (rg) 0.023*  0.040* 0.058 NS 0.123 NS 
Mismatch distribution Bimodal Unimodal Bimodal Unimodal 
τ 1.080 0.951 0.345 0.724 
Time since expansion 
(year BP) 

- 2×105 - 1.6×105

* Samples analysed include (A) the entire clade IV sample; (B) a 
subsample of clade IV in which O. zosine individuals are excluded; (C) the 
entire Clade V sample; (D) a subsample of clade V in which individuals 
from the southern subclade are excluded. Significant results are indicated 
by asterisks: *** P < 0.0001, ** P < 0.001, *P < 0.05 NS not significant 

 

The distribution of pairwise differences (mismatch distribution) for clades IV and V are 

bimodal due to the presence of fragmented subclades in the parapatric zone (Fig. 2.9A, C).  

Exclusion of these subclades results in smooth, unimodal distributions as expected for 

exponentially growing populations (Fig. 2.9B, D) (Slatkin and Hudson 1991; Rogers and 

Harpending 1992).  The observed raggedness (rg) of these mismatch distributions is not 

significantly lower than that of a stable population (Table 2.10).  Ramos-Onsins and Rozas 

(2002) show that summary statistics based on pairwise differences - including rg - have a 
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relatively weak ability to reject the null hypothesis of stable population size compared to R2 

and FS.  The difference in power of these tests may therefore explain why R2 and FS 

provide concordant evidence for population growth in clades IV and V, while rg does not. 

 

Mismatch distribution-based estimates of time since population expansion for subsamples 

of clade IV and V, resulted in a τ of 0.95 for clade IV and 0.72 for clade V (Table 2.10).  

Assuming a yearly substitution rate of 1.2×10-8 per site (Brower 1994) and an average 

generation time of four months, yields a time since expansion of approximately 21000 

years for clade IV and 16000 years for clade V (Table 2.10).   
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Figure 2.9  Mismatch distributions for two widespread eastern Australian COI clades.  

A. Clade IV (O. genoveva and O. zosine); B. Clade IV (with O. zosine samples 
removed); C. Clade V (O. zosine northern and southern clades); D. Clade V (O. zosine 

with southern clade removed).  Expected distribution is based on a model of 
exponential population growth. 

 

2.3.11 Characteristics of Allozyme data 
Two-hundred and fifty individuals were analysed from ten populations, including 151 O. 

zosine from five populations and 99 O. genoveva from five populations.  A total of 46 

alleles were resolved from the sample of 17 loci.  Of these, 22 were shared between the two 
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species and 24 were not.  Twelve loci were monomorphic for the same allele across both 

species and seven loci were variable and consistent with known quaternary structure 

(Richardson et al. 1986).  Six variable loci satisfied the <99% frequency criterion and were 

used for further analysis (Pgi, Pgm, Aat-1, Aat-2, Idh, Fum; Table 2.11).   

 

Autosomal inheritance was confirmed for each of the polymorphic loci by observing 

heterozygous genotypes in at least some female individuals.  Exact tests for conformity to 

Hardy-Weinberg genotypic proportions within sites showed one significant (P<0.05) 

deviation among 33 locus-population combinations, caused by two individuals 

homozygous for uncommon alleles at the Pgm locus in the Tewantin population of O. 

zosine (site 25).   

 
Table 2.11  Allele frequency data for six polymorphic allozyme loci in five populations 

each of Ogyris zosine and O. genoveva.  Shading highlights the symmetrical 
displacement of alleles between the two species at the Pgi locus. 

 

 Ogyris zosine Ogyris genoveva 

Locus/Allele Cairns  Yeppoon  Tewantin  Brisbane Yamba  Maidenwell Warwick  Boonah  Gungal  Seymour 

N= 23 36 33 34 25 26 28 6 24 15 

Pgi      1 - - - - - - - - 0.021 - 

2 0.065 0.086 0.145 0.309 0.020 - - - - - 

3 - - - - - 0.019 0.036 - 0.271 - 

4 0.935 0.871 0.661 0.691 0.980 - - - - - 

5 - - - - - 0.692 0.929 1.000 0.542 1.000 

6 - 0.029 0.194 - - - - - - - 

7 - - - - - 0.288 0.036 - 0.167 - 

8 - 0.014 - - - - - - - - 

           

Pgm    1 - - - - - - 0.018 - - - 

2 - 0.056 - - - 0.154 0.107 0.083 0.229 0.577 

3 0.522 0.611 0.688 0.721 0.340 0.692 0.661 0.833 0.688 0.385 

4 0.043 0.014 - 0.029 - - - - - 0.038 

5 0.304 0.264 0.203 0.250 0.660 0.154 0.179 0.083 0.083 0.000 

6 0.13 0.056 0.016 - - - 0.036 - - - 

7 - - 0.094 - - - - - - - 

           

Aat-1  1 - - - - - - 0.018 0.000 - - 

2 - 0.015 - - - - - - - - 

3 0.913 0.971 0.955 1.000 1.000 1.000 0.964 1.000 1.000 1.000 

4 0.000 - - - - - 0.018 - - - 

5 0.087 0.015 - - - - - - - - 

6 - - 0.045 - - - - - - - 
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Aat-2   1 - 0.015 0.091 0.015 - 0.019 0.054 - 0.021 - 

2 1.000 0.941 0.909 0.985 1.000 0.769 0.946 1.000 0.979 0.893 

3 - 0.044 - - - - - - - - 

4 - - - - - 0.212 - - - 0.107 

           

Fum    1 - - - - - 0.019 0.036 - - 0.056 

2 - - - - - 0.904 0.946 1.000 1.000 0.944 

3 0.977 0.984 0.984 1.000 1.000 0.077 0.018 - - - 

4 0.023 - - - - - - - - - 

5 - 0.016 0.016 - - - - - - - 

           

Idh      1 - 0.014 0.106 - - - - - - - 

2 1.000 0.986 0.894 1.000 1.000 0.120 0.089 - 0.521 0.133 

3 - - - - - 0.880 0.911 1.000 0.458 0.867 

4 - - - - - - - - 0.021 - 

 

 

Randomisation tests indicated that none of the population samples suffer from inbreeding-

like effects in the form of a significant heterozygote deficit.  A deficit of heterozygotes 

might be expected to result from sampling juvenile stages from colonies that descend from 

a small number of founding individuals.  Moderately large FIS indices were detected in 

three populations (Tewantin, Yamba and Maidenwell; Table 2.12) indicating heterozygote 

deficit.  However, permutation of alleles among individuals within each population showed 

that values as large as these are expected by chance given variability within the data (Table 

2.12).   

 
Table 2.12  FIS values for each population averaged over six allozyme loci.  The null 
distribution of FIS for each population was constructed by randomising alleles within 
individuals 1200 times using FSTAT v2.9.3.  The proportion of the null distribution 

larger than the observed value is given. 
Population  Observed FIS Proportion of randomised FIS 

larger than the observed value 
O. zosine   
Cairns  -0.088 0.11 
Yeppoon  -0.034 0.23 
Tewantin  0.111 1.00 
Brisbane  -0.029 0.67 
Yamba  0.200 0.47 
O. genoveva   
Maidenwell  0.111 0.87 
Warwick  0.068 0.28 
Boonah  -0.053 0.08 
Gungal  -0.026 0.67 
Seymour  0.032 0.24 
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AMOVA indicated a high degree of structuring in the allozyme data at all hierarchical 

levels.  All six loci contributed significantly to differentiation among all populations (FST), 

and among the five populations within each species (FSC) (Table 2.13).  Despite relatively 

high levels of within-species variation, covariance among genotypes obtained by 

partitioning the data into nominal species (FCT) was significantly greater than the random 

expectation obtained by randomly partitioning genotypes into two groups (Table 2.13).  

Three loci (Pgi, Idh, Fum) show a particularly strong contribution to this result with FCT 

indices exceeding 0.6 in each case (Table 2.13).   

 
Table 2.13  Fixation indices for six allozyme loci.  Populations are grouped by nominal 
species for calculation of hierarchical indices using AMOVA.  Significance of F-statistics 
based on 10,000 permutations.  Significant results are indicated by asterisks: *** P < 

0.0001, ** P < 0.001, *P < 0.05 NS not significant 
 

Locus FST (among all pops.) FSC (among pops within 
species) 

FCT (among species) 

Pgi 0.702*** 0.139*** 0.654* 
Pgm 0.130*** 0.082*** 0.052 * 
Aat-1 0.024* 0.023* 0.0004 NS 
Aat-2 0.087*** 0.070*** 0.018 NS 
Fum 0.950*** 0.010*** 0.945 * 
Idh 0.825*** 0.207*** 0.779*  

 
Table 2.14  AMOVA results for six allozyme loci. 10,000 permutations 

 
Source SS Covariance 

component 
Variation(%) Fixation index P 

Among Species  260.48 1.10 63.4 FCT 0.634 <0.0001 
Populations within species 31.21 0.07 3.97 FSC 0.108 <0.0001 
Within populations 273.88 0.57 32.63 FST 0.674 <0.0001 

 

None of the eight alleles observed at the Pgi locus were shared between species as 

indicated by shading in Table 2.11.  This diagnostic difference was observed in populations 

sampled within the parapatric zone and in populations outside this zone (Fig. 2.10).  A 

similar difference was observed at the Fum locus although five individuals were found to 

be heterozygous for alleles common to both species.  These O. genoveva individuals were 

sampled from Maidenwell and Warwick in the parapatric zone (Table 2.11; Fig. 2.10).  

Mitochondrial sequences were obtained for three of these individuals and all were typical 

O. genoveva haplotypes from COI clade IV.  Very strong differentiation was also observed 

at the Idh locus, which showed a shift in the most common allele between species (Tables 

2.11, 2.13).  A moderate proportion of O. genoveva individuals were found to be 
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heterozygous for Idh alleles common to both species but these were not restricted to the 

parapatric zone (Table 2.11).   
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Figure 2.10  Allele frequency pies for allozyme loci Pgi and Fum in ten populations of 
O. zosine and O. genoveva from eastern Australia.  Right frame shows proportion of 

ancestry of each population in two clusters found using an individual admixture model 
in STRUCTURE 2.0 based on six loci. In each frame, pies are ordered latitudinally with 
O. zosine upper-right and O. genoveva lower left.  Colours represent the frequency of 

alleles detected at each locus and numbers refer to the site code for each locality. 
 

2.3.12 Individual admixture analysis of O. zosine and O. genoveva  
Admixture clustering of individual genotypes was used to investigate structuring in the 

total sample without prior information on species or populations.  Log-likelihood values for 

the data conditional on K improved dramatically between K =1 and K=2 and changed little 

thereafter (LnP(D) = -1234.1, Fig. 2.11).  This pattern indicates that two clusters best 

describe structuring among individuals in the data set.  These two groups correspond to the 

nominal species – zosine and genoveva -– and there is relatively little evidence for further 

subdivision within each species.  Figure 2.10 shows the proportion of ancestry of each 

population in the two clusters and demonstrates that there is little evidence for mixed 

ancestry within the parapatric zone (see right panel, populations in the parapatric zone are 

side-by-side).  All individuals were assigned to one of the two clusters with high 
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probability (q > 0.9) except two genoveva individuals that were heterozygous for alleles 

common to both species.  Assignment to the genoveva cluster was still high in both of these 

individuals (q = 

0.88).
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Figure 2.11  Log-likelihood values for allozyme data conditional on K clusters using 

the individual admixture model implemented in STRUCTURE 2.0.  Error bars represent 
variance of the log-likelihood estimate. 

 

2.3.13 Association of Ogyris mtDNA variation with Camponotus ant 

species 
The majority of O. zosine and O. genoveva populations were associated with Camponotus 

ants.  In some cases, information on attending ants was unavailable because adult 

specimens were collected or voucher ant specimens were not associated with the butterfly 

sample.  The population of O. zosine from Darwin (site 10) was the only possible exception 

to the pattern of obligate Camponotus association.  Larvae of O. zosine at this site were 

associated with Iridomyrmex sp. ants, although Camponotus sp. were in attendance prior to 

their collection for this project (R. Weir pers. com.).   

 

Six Camponotus species were identified in association with the two Ogyris species along 

the east coast of Australia.  These included three associated with O. zosine: C. 

novaehollandae Mayr; C. dorycus confusus Emery; C. humilior (Forel), and three with O. 

genoveva: C. nigriceps (Smith), C. consobrinus (Erichson) and C. eastwoodi McArthur and 
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Adams (Table 2.15).  The two butterfly species did not share the same attendant 

Camponotus species.  Colonies of the two butterflies co-exist within several hundred 

meters at Boonah (site 27, 31), yet different Camponotus species were attending larvae 

within each colony of the two butterfly species (Table 2.15). 

 
Table 2.15 Camponotus sp. ants found attending early stages of Ogyris butterflies in 

eastern Australia. 
Site 
No. 

Location Camponotus sp. Ogyris 
species 

Ogyris COI haplotype 
code 

12 Cairns novaehollandae zosine z1(2) 
15 Sth. Townsville dorycus confusus zosine z1(1) 
16 W. Paluma dorycus confusus zosine z1(1) 
18 Yeppoon dorycus confusus zosine z1(2); z5(1); z6(2); z24(1) 
19 Nth. Rockhampton novaehollandae zosine z1(6) 
21 Banana novaehollandae zosine z1(5); z4(2) 
22 Munduberra novaehollandae zosine z1(4); z2(1) z8(1); z26(1); 

z7(1) 
25 Tewantin novaehollandae; 

humilior 
zosine z3(8) 

26 Brisbane novaehollandae zosine z12(1); z14(1); z16(1); 
z28(2) 

27 Boonah novaehollandae zosine z10(1); z11(1); z13(2); 
z15(1); z29(1) 

28 Ballina humilior zosine z17(2); z27(4) 
29 Yamba novaehollandae; 

humilior 
zosine z9(8) 

30 Maidenwell nigriceps genoveva g1(1); g6(2); g7(1); g8(3) 
31 Boonah consobrinus genoveva g1(6) 
32 Warwick nigriceps; 

eastwoodi 
genoveva g1(3); g4(2); g5(1); 

g14(2) 
34 Gungal nigriceps genoveva g1(1); g3(1); g15(5); 

g17(1) 
36 Seymour nigriceps genoveva g1(3); g2(2); g11(2) 
38 Alpine NP. nigriceps genoveva g1(3) 
39 Waikerie nigriceps genoveva g1(4) 
40 Adelaide Hills consobrinus genoveva g10(1) 
41 Oodla Wirra  nigriceps genoveva g13(1) 
43 Blinman nigriceps genoveva g1(2) 

 

 

Nested contingency analysis was used to test the association between the series of nested 

COI clades found in eastern Australian populations of O. zosine and O. genoveva (see Fig. 

2.7), and the identity of their attendant Camponotus ants.  Significant associations were 

found in three nested clades including 3-8, 5-1, and the total cladogram (Table 2.16).  

These significant associations are due to the presence of both Ogyris species in different 

clades within the nesting clade and the fact that they associate with different ant species.  

For example, within nesting clade 3-8, clade 2-15 is comprised of O. genoveva attended 
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most commonly by C. nigriceps while clade 2-16 is comprised of O. zosine attended by C. 

novaehollandae.  These results therefore reflect polyphyly of the two species (i.e. their co-

occurrence within various nested clades) and the close association that each species has 

with different Camponotus ants.   

 
Table 2.16  Results of nested contingency analysis between Ogyris COI clades and 

Camponotus ants. 
Clade Nested Clades df Association with ant taxon χ2 (P) 
3-2 2-3 & 2-4 2 0.35 (0.838) 
3-8 2-15 & 2-16 3 21.0 (0.0001) 
4-1 3-1 & 3-2 2 2.51 (0.286) 
4-2 3-3 & 3-4 3 7.00 (0.072) 
4-4 3-7 & 3-8 3 1.66 (0.646) 
5-1 4-1 & 4-2 4 15.72 (0.0034) 
Total 5-1 & 5-2 4 22.42 (0.0002) 

 

 

2.4 Discussion 
 

Ogyris genoveva and O. zosine have always been regarded as closely related species based 

on morphology and life history.  Phylogenetic evidence from mtDNA data presented here 

supports their close affinity.  They form a monophyletic clade relative to species in the O. 

idmo complex, which has a relictual Bassian distribution across the southwest of the 

continent and is obligately associated with Camponotus ants.  A polyphyletic relationship 

between O. zosine and O. genoveva was recovered from mtDNA data.  Polyphyly (sensu 

Funk and Omland 2003) is commonly observed in mtDNA gene trees of closely related 

taxa (Funk 1999; Funk and Omland 2003; Joseph and Wilke 2006; Omland et al. 2006).  

Consideration of the cause of this pattern provides a useful heuristic approach to interpret 

the phylogeographic history of these species and provides some novel insights into their 

biology.   

 

2.4.1 Poor phylogenetic resolution 
Homoplasious characters are present in the COI data set in the form of recurrent and 

parallel mutations, but homoplasy alone could not generate the polyphyletic pattern 

observed in the data assuming neutrality.  For example, accounting for paraphyly of O. 

zosine individuals in clades IV and VI with respect to O. genoveva in clade IV would 

require at least six shared changes to occur by chance (Fig. 2.6).  The probability of 
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obtaining shared changes can be calculated from the hypergeometric distribution with 

parameters S, s1 and s2 (number of sites surveyed; sites segregating in each clade) (Clark 

1997).  These parameters can be estimated by selecting two individuals from each clade 

giving s1 = 6 (clade VI), s2 = 4 (clade IV) and S = 637.  The probability of observing a 

single homoplasious change in this case is 0.046 and the probability of observing six is 

<0.000001.  Given the large number of multiple hits required to account for polyphyly in 

the full data set, homoplasy is unlikely to be the source of this pattern.  

 

Uncertainty exists in the topology of the gene tree reconstructed from the mtDNA data as 

indicated by low non-parametric bootstrap values for several nodes.  However the species 

occur together in two well-supported clades (>90% support) and topology testing indicates 

that the area of uncertainty around the gene tree estimate does not include topologies where 

the species are reciprocally monophyletic or even paraphyletic.  Despite uncertainty in the 

gene tree, the cause of mtDNA polyphyly between O. zosine and O. genoveva is not due to 

data indecisiveness (i.e. poor signal).  An alternative explanation – that polyphyly of the 

butterfly taxa is due to their incorrect taxonomic designation – is evaluated below.   

 

2.4.2 Incomplete taxonomy 
Divergence in the COI gene sequence is promoted as a delimiter of species within 

complexes of cryptic taxa (Hebert et al. 2003).  The prescriptive use of DNA ‘barcodes’ to 

identify species in this way has numerous problems, although there is no doubt that mtDNA 

can be useful in the discovery of new taxa (Brower 2006; Brower 1996; Page et al. 2005).  

Sequence divergence between samples of O. zosine from northern Australia (i.e. clade-I, 

Top-End and Kimberley regions) and all other samples representing O. zosine and O. 

genoveva is relatively high and might reflect the presence of an unrecognised species.  

Historically, O. zosine from this area was assigned to subspecies typhon (Waterhouse and 

Lyell, 1914) which is distributed across most of the mainland range of O. zosine except 

southeast Qld (= nominal subspecies) (Common and Waterhouse 1981).  The type series of 

typhon comes from Townsville in northeast Qld, so an available name for Top End and 

Kimberley populations does not exist.  Quantification of variation in morphological, 

allozyme and nuclear sequence characters would assist in clarifying the status of these 

populations.  A more detailed study of the taxonomic status of northern O. zosine 

populations is justified based on the present results.   
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If clade-I populations represent an undetected species, the issue of polyphyly between O. 

zosine and O. genoveva remains unresolved.  Clades responsible for this pattern occur in 

eastern Australia where the range of the two species is parapatric.  Adult morphology, 

allozymes, and ant associates are all consistent with the presence of two distinct taxa in this 

area as reflected by the current taxonomy (Braby 2000).  Incongruence of the mitochondrial 

gene tree with independent data suggests that the mitochondrial locus does not accurately 

represent species relationships.  Two of the most commonly invoked reasons for this 

incongruence (incomplete lineage sorting, and introgression) are evaluated below. 

 

2.4.3 Incomplete Lineage Sorting 
Retention of ancestral lineages that share a common ancestor predating a speciation event is 

a potential cause of any polyphyletic pattern.  Effective population size (Ne) governs the 

rate that lineages coalesce back through time in the neutral coalescent model.  The waiting 

time to coalescence in this model can be expressed as a multiple of Ne generations (Hudson 

1990; Edwards and Beerli 2000).  Hudson and Coyne (2002) showed that reciprocal 

monophyly between two species will be observed with a probability of 0.95 after 2.2 Ne 

generations of isolation.  This information can be used to estimate the theoretical Ne that 

would be required to maintain polyphyletic lineages assuming that the interval between the 

time to most recent common ancestor (TMRCA) of mtDNA lineages and the divergence of 

the two species was relatively short. 

 

The TMRCA of eastern clades (clades IV – VIII) estimated from the two-population 

isolation model (Wakeley and Hey 1997) varied from 3.5 to 1.2 million years according to 

molecular clock estimates of Zakharov (2004) and Brower (1994) respectively.  Assuming 

an average generation time of four months (see Introduction), approximately 10.5 to 3.6 

million generations have elapsed since the mitochondrial ancestor of O. zosine and O. 

genoveva in eastern Australia.  To maintain the observed pattern of unsorted mtDNA 

lineages between O. zosine and O. genoveva would therefore require a female effective 

population size in excess of 1.6 to 4.8 million (depending on which molecular clock is 

applied).  Effective sizes of this magnitude seem biologically implausible for these rare 

butterflies and are inconsistent with the low level of genetic diversity observed at allozyme 

loci.   
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For comparison, an approximation of effective population size based on allozyme variation 

can be calculated from the relationship between expected heterozygosity and neutral 

variation under the infinite allele model: He = 4Neµ / (4Neµ + 1), where He is expected 

heterozygosity and µ is the mutation rate per gamete per generation (Kimura and Crow 

1964).  The mutation rate for a given allozyme locus is approximately 10-6 per gamete per 

generation based on Drosophila (Voelker et al. 1980).  The average heterozygosity over O. 

zosine and O. genoveva for 17 allozyme loci was 0.078.  This gives an effective size under 

the infinite allele model of approximately 21,000 which is orders of magnitude lower than 

the Ne required for the maintenance of unsorted mitochondrial lineages.  Expected 

heterozygosity of O. zosine + O. genoveva is lower than the mean for Lepidoptera of 0.105 

(Packer et al. 1998) and lower than values reported for other rare species of Lepidoptera 

(Gadeberg and Boomsma 1997; Packer et al. 1998; Brookes et a.l 1998; Clarke and 

O’Dwyer 2000).  Estimates of equilibrium diversity based on allozymes suggest that 

mtDNA polyphyly is not a consequence of incomplete lineage sorting due to large 

population size.   

 

The haploid nature and uniparental inheritance of mtDNA yields a smaller effective 

population size relative to nuclear loci (Birky et al. 1989) and consequently a shallower 

coalescence time.  For this reason mtDNA is less likely to experience incomplete lineage 

sorting (Moore 1995), although there are conditions that can slow the loss of ancestral 

polymorphisms.  Hoelzer (1997) pointed out that gender-biased dispersal and extremely 

polygynous breeding systems can increase the coalescence time of mtDNA to levels similar 

to that of nuclear DNA.  Biological reasoning and genetic data suggest that female 

philopatry is unlikely to occur in highly myrmecophilous butterflies such as O. genoveva 

and O. zosine.  Suitable oviposition sites are likely to have a high degree of spatial 

unpredictability because females must locate a suitable mistletoe host, alight and then 

detect cues from appropriate Camponotus ants before depositing eggs (see Introduction).  

These oviposition sites are also temporally unstable due to colony extinction caused by 

death of the host mistletoe, abandonment by ants and/or high rates of parasitism by 

braconid wasps (D. Schmidt pers. obs.).  Under these conditions female dispersal must be 

efficient in order to maintain widespread distributions despite highly localised and unstable 

populations at a smaller scale.  The biological argument against female philopatry is 
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supported by the presence of widespread east coast haplotypes in O. genoveva and O. 

zosine.  The only area where gene flow appears to be spatially restricted in these taxa 

corresponds to the parapatric zone.  In sum, several lines of evidence do not support 

incomplete sorting as an explanation of mtDNA polyphyly.  We now evaluate introgression 

as a possible cause of this pattern.  

 

2.4.4 Historical introgression of mtDNA between O. zosine and O. 

genoveva 
Mitochondrial polyphyly can result from transfer of mtDNA by hybridisation and is 

commonly invoked to explain sharing of identical or closely related haplotypes in areas of 

re-contact between recently isolated taxa (Masta et al. 2002; Redenbach and Taylor 2002; 

Good et al. 2003; Weisrock et al. 2005; Babik et al. 2005).  There is no evidence for recent 

or ongoing hybridisation between O. genoveva and O. zosine because haplotypes and low-

level nesting clades (1- and 2-step) were not shared between the species and there was no 

evidence of F1 hybrids in allozyme data.  However, there is a clear non-random association 

between COI clades and Ogyris species at higher nesting levels indicating that introgression 

of the mtDNA genome could have been a historical event that occurred on more than one 

occasion in the same geographical area.   

 

Inferences of fragmentation in nesting clade 3-8 suggest that mtDNA transfer occurred 

from O. genoveva to O. zosine approximately 220,000 years ago.  If the fragmentation 

between species in nesting clade 4-2 is also a result of past introgression, then mtDNA 

transfer occurred from O. zosine to O. genoveva approximately 470,000 years ago.  

Evidence for recent demographic expansion was found in widespread east-coast clades of 

both species.  The estimated timing of expansion in both cases (~16,000 – 21,000 years 

ago) is coincident with the peak of the last Pleistocene cycle of aridity (~17,000 years ago, 

Bowler 1982).  This suggests that both species are capable of population expansion in 

response to favourable interglacial conditions.  Similar expansions in previous Pleistocene 

interglacial periods may have enabled re-contact and putative mtDNA introgression to 

occur between the species.  

 

The hypothesis of introgression may be supported by the spatial distribution of putatively 

introgressed mtDNA clades in relation to the contact zone between taxa (Good et al. 2003; 
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Barbujani et al. 2004).  Fragmentation between putatively introgressed clades and their 

putative donors is coincident with the current zone of parapatry between O. zosine and O. 

genoveva.  This area may represent a recurrent meeting point between the species.  The 

area is a fundamental zone of intergradation in Australian biogeography (Crisp et al. 2004).  

In phytogeography the region is known as the McPherson-Macleay overlap zone, 

representing the intergradation of tropical and temperate floras of eastern Australia 

(Burbidge 1960).  In zoogeographic terms the region is the meeting point between tropical 

(Torresian) and temperate (Bassian) elements of the Australian fauna (Schodde 1989).  The 

Australian birds, Platycercus adscitus (pale-headed rosella) and P. eximius (eastern rosella) 

share a remarkably similar distribution to O. zosine and O. genoveva in eastern Australia 

and hybridise in an area of range overlap that is coincident with that of the butterfly species 

(Keast 1961).  Phylogeographic data for open-forest taxa distributed along Australia’s east 

coast show various levels of north-south divergence centered on or near the same region.  

Examples include the eastern grey kangaroo (Zenger et al. 2003); Stephens’ banded snake 

(Keogh et al. 2003); and the eastern sedge frog (James and Moritz 2000).   

 

Ongoing hybridisation between O. zosine and O. genoveva should not be discounted given 

that hybrids may occur at very low frequencies in nature and their detection may require 

larger sample sizes and more thorough population sampling than employed in the present 

study (Barton and Hewitt, 1985; Goodman et al. 1999; Hoskin et al. 2005; Mallet 2005).  

Although F1 hybrids were not detected in the allozyme data, sharing of alleles between 

species at the Fum locus could be a result of hybrid females backcrossing to their parental 

species.  Individuals with heterozygous Fum genotypes were O. genoveva sampled from 

within the parapatric zone.  Because these individuals possess typical O. genoveva mtDNA 

haplotypes, it is possible that ongoing hybridisation occurs between O. genoveva females 

and O. zosine males, but more sampling and additional loci would be required to 

investigate this further.  There is no published or anecdotal evidence of phenotypic hybrids 

between the species (M. Braby pers. com.) or of attempts to experimentally pair the species 

to determine the extent of postzygotic isolation.  This would be a valuable experiment to 

determine whether hybridisation is biologically possible.  If not it would suggest that 

postzygotic isolation has become fully established only recently - in the interval between 

the most recent introgression event (~22,000 years ago) and the present time.   
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2.4.5 Insights into biology and speciation: historical vs. adaptive 

origin of the blue/purple wing colour polymorphism in female O. 

zosine 
The presence of blue and purple female forms in O. zosine has long been recognised and 

was an initial source of taxonomic confusion with O. genoveva (Waterhouse 1941).  Blue 

and purple forms vary in shading from dull to bright so that some “intermediate” forms 

exist (Fig. 2.12B) but specimens can be categorised as either “blue” or “purple” and both 

may occur together in one colony (Common and Waterhouse 1981).  Subspecies 

designation reflects the distribution of female colour forms.  In the southeast of its range, O. 

zosine females are always purple (= subspecies zosine), while in the seasonal wet/dry 

tropics of central to northern Qld, blue and purple forms coexist (= subspecies typhon) (Fig. 

2.12).  One hypothesis to account for the distribution of blue and purple females is that the 

polymorphism represents a developmental response to humidity.  This suggestion was 

prompted by observations that blue forms are more common in dry areas; purple forms 

more common in wet localities; and in Townsville (which has pronounced wet/dry 

seasons), blue forms predominate in the dry season while purple forms increase in 

frequency during the wet season (Waterhouse 1941; P. Valentine pers. com.).  Many 

Australian butterflies exhibit seasonal polyphenism in wing pattern and colouration (Braby 

1994; Braby 1995; Braby 2000; Jones 1999; Rienks 1999).  This hypothesis is therefore 

valid and worthy of further investigation.  In light of the phylogeographic results presented 

here two additional hypotheses could account for the distribution of polymorphic forms.   

 

Firstly, a historical origin for female colour forms is consistent with the data.  The 

distribution of blue females coincides with the distribution of COI clade VI (compare Fig. 

2.3 and Fig. 2.12), while the distribution of purple females coincides with the distribution 

of COI clade V (compare Fig. 2.3 and Fig. 2.12).  Most populations are polymorphic in 

northern Qld where the two clades overlap (Fig. 2.12).  The split between clades V and VI 

dates to approximately 2.7 million years ago.  This duration is in excess of the estimated 

time necessary for development of wing pattern changes under both allopatric and 

sympatric modes of butterfly speciation (Kandul et al. 2004; Jiggins et al. 2006; Rubinoff 

and Sperling 2002).  According to the historical hypothesis, blue and purple female forms 

have an allopatric origin with ranges that now overlap due to subsequent range movement.  

Forms that appear intermediate between blue and purple (Fig. 2.12B) could represent 
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hybrid phenotypes.  If this were so, crossing experiments could reveal whether a simple 

Mendelian mechanism is responsible for maintenance of the polymorphism.   

O. zosine female colour form

blue only
purple only
polymorphic blue/purple

Range of O. genoveva (blue only)

A

B

C

D

 
Figure 2.12  Distribution of O. zosine female colour forms in eastern Australia and 

their relationship to the range of O. genoveva.  Based on collections held at the 
Australian Museum (Sydney); Australian National Insect Collection (Canberra); and the 

present study.  A. Purple form female; B. Intermediate form female; C. Blue form 
female; D. O. genoveva female. Images A, B, C: P. Valentine (all Townsville 

specimens); D: R. Grund. 
 

Secondly, an adaptive origin could account for the distribution of polymorphic females in 

O. zosine.  In this hypothesis (the adaptive hypothesis), female wing colour may act as a 

prezygotic isolating mechanism in the contact zone.  If so, the presence of purple-only 

zosine females in this zone could be a consequence of selection to avoid hybridisation with 

O. genoveva (= blue-only) (Fig. 2.12).  Colour pattern has a known role in reproductive 

isolation and mate choice in butterflies (Mallet et al. 1998; Jiggins et al. 2001; Fordyce et 

al. 2002).  Assortative mating in many butterflies is a result of male preference for female 

wing colour pattern (Jiggins et al. 2001; Fordyce et al. 2002; Kronforst et al. 2006).  If 

genetic incompatibilities exist between O. zosine and O. genoveva, then female wing colour 

is an obvious candidate for selection to enhance assortative mating, thereby limiting 
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hybridisation and promoting speciation through the process of reinforcement.  If speciation 

is already complete then this selection would be considered reproductive character 

displacement.  Either way, divergence in mate preference is expected to occur in male O. 

zosine.  Within the parapatric zone there should be a strong male preference for purple 

females, while north of the parapatric zone a strong preference for wing colour is predicted 

not to exist.   

 

According to the adaptive hypothesis, the blue/purple polymorphism should be ancestral 

while derived states include the fixation of blue (O. genoveva) or purple (southern O. 

zosine) female wing colour forms.  The distribution of colour morphs is consistent with this 

scenario because the deepest divergence in the mtDNA gene tree separates populations of 

O. zosine in northern Australia (clade I) from all remaining O. zosine and O. genoveva 

populations.  Clade I populations are comprised of mostly blue females but some purple 

individuals are also known (ANIC collection; C. E. Meyer pers com.).   

 

An additional requirement for the adaptive hypothesis is that genetic incompatibilities exist 

between O. zosine and O. genoveva.  There has been no known attempt to experimentally 

cross the species.  However, genetic data gathered in this project is consistent with the 

requirements for genetic incompatibility to exist.  The classic Dobzhansky-Muller model of 

genic incompatibilities requires differences to accumulate between allopatric populations at 

two or more loci that are functionally dependent (Coyne and Orr 2004).  Subsequent 

hybridisation causes interaction of alleles at one locus with potentially incompatible alleles 

at the other locus, resulting in deleterious effects.  The present survey of 17 allozyme loci 

revealed three that were strongly differentiated between species including one that was 

fixed (Pgi) and one that was nearly fixed (Fum).  Although only a small fraction of 

functional loci were surveyed, this is sufficient to demonstrate that raw material exists for 

genic incompatibility between O. zosine and O. genoveva.  However, it is not necessary that 

any putative incompatibility should directly (or indirectly) involve these loci.  Other 

complimentary genes (particularly sex-linked ones) could exist, as observed in Drosophila 

(Coyne and Orr 2004).   

 

The adaptive hypothesis is also supported by mitochondrial data which demonstrate that 

hybridisation probably occurred in the past but is not ongoing.  Strong selection on 
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prezygotic barriers (female wing colour) may have developed rapidly after initial contact to 

reduce further hybridisation.  Current interest in the role of hybridisation in speciation 

indicate that these hypotheses are worthy of further investigation (Mallet 2005).   

 

2.4.6 Myrmecophily and speciation 
Relationships between ants and butterflies in the family Lycaenidae are abundant and 

diverse.  Ants have been suggested to promote diversification of lycaenids both indirectly 

(by increasing their susceptibility to allopatric speciation) and directly (by acting as a 

template upon which butterfly radiation occurs) (Pierce 1984; Pierce et al. 2002; Fieldler 

1997; Eastwood et al. 2006).  There is no evidence to indicate that ants are responsible for 

enhancing population fragmentation in O. zosine and O. genoveva.  Inferred fragmentations 

within and between species coincide with the parapatric zone and are probably a 

consequence of past mtDNA introgression.  Allozyme data indicate that both species are 

genetically homogenous over most of their eastern range.  These results do not support the 

hypothesis (Pierce 1984) that diversification in highly ant-associated lycaenids is related to 

their susceptibility to population fragmentation.   

 

In fact, the opposite pattern appears more likely.  An organism that depends on spatially 

and temporally unpredictable resources must have an efficient means of dispersal in order 

to locate those resources (Johnston and Heed 1976; Coyne et al. 1987).  Absence of 

phylogeographic structure over large areas along the Australian east coast is consistent with 

efficient dispersal associated with the need to locate unpredictable resource patches.  This 

suggestion agrees with the findings of Peterson and Denno (1998) that showed no positive 

relationship between level of population subdivision and degree of specialisation in 

phytophagous insects.  Studies on another highly ant-associated lycaenid species, Jalmenus 

evagoras, also found population structuring consistent with high rather than low levels of 

dispersal (Costa et al 1996; Eastwood et al. 2006).   

 

In eastern Australia, different suites of Camponotus spp. are associated with O. genoveva 

and O. zosine respectively.  Ant species associated with O. zosine have geographic ranges 

in northeastern Australia, while those associated with O. genoveva are distributed in 

southeastern Australia (Shattuck and Barnett 2005).  Consequently, there appears to be an 

association between the geographic distribution of attending ants and the distribution of 
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butterfly species.  A mechanism that could account for this association is parallel 

cladogenesis of butterflies and ants resulting from co-fragmentation of the ancestral 

butterfly population and the ancestral ant population (Eastwood et al. 2006).  This 

hypothesis predicts that divergence time between the northern and southern groups of 

Camponotus species corresponds to the divergence time between O. zosine and O. 

genoveva in eastern Australia.  Neither of these times is known.  Based on the available 

data we cannot be certain that the common ancestor of eastern O. zosine and O. genoveva 

occurred in eastern Australia.  It is possible that clade/s in central, western or northern 

Australia (all nominally O. zosine) are ancestral to both of the eastern Australian species 

and that eastern species arose by independent colonisations from the west.  Phylogenetic 

relationships between the Camponotus species are unknown but based on morphology the 

taxa associated with O. zosine and O. genoveva fall into different species groups (Shattuck 

and Barnett 2005).  Another possible explanation for the observed “ant taxon-butterfly 

taxon” association is simply that the butterflies became associated with whatever ants 

already existed in the areas that they colonised and differences in the preferred habitat of 

each species is the cause of the observed difference in ant association. 

 

Origins of the different ant-associations maintained by O. zosine and O. genoveva cannot 

be resolved in the present study but further investigation into this system may be beneficial 

for understanding the evolution of ant-lycaenid mutualisms.  Phylogenetic studies on 

several genera of highly myrmecophilous lycaenids have demonstrated a correlation 

between ant taxa and higher clades of lycaenid species (see references in Pierce et al. 2002; 

Eastwood et al. 2006).  However studies at the intraspecific level have revealed little about 

how these relationships develop and whether ants play an active role in lycaenid speciation 

(Costa et al. 1996; Eastwood et al. 2006).  The present study indicates that a congeneric 

phylogeographic approach which examines phylogeographic histories of sister species that 

exhibit different ant associations may be a useful strategy to address these questions.  

Integration of population parameters over multiple loci would provide a more robust 

reconstruction of historical relationships between O. genoveva and O. zosine and also 

resolve the issue of mtDNA introgression.  A phylogenetic study of Australian Camponotus 

would be useful to test the hypothesis of parallel cladogenesis.  There is also scope for 

experiments addressing the possible roles of wing colour and ants on reinforcement of pre- 

and post-zygotic isolation.   
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Chapter 3 Phylogeography of subspecies in the widespread 
Australian endemic butterfly Ogyris amaryllis 

 

3.1 Introduction 
 

Butterfly taxonomists have traditionally adopted the use of trinomial nomenclature to 

delimit geographic variation within species.  Under the biological species concept (BSC), 

geographically isolated subspecies may be viewed as incipient species that in time, diverge 

sufficiently to function as separate species (Mayr 1942; Mayr 1963).  Zones of secondary 

contact where hybridisation occurs at the cost of some inviability, represent one possible 

realisation of the speciation process under this concept (Dobzhansky 1940; Barton and 

Hewitt 1985; Jiggins and Mallet 2000; Alexandrino et al. 2005).  In the absence of contact 

zones, phenotypic differences and geographical separation are used to infer isolation and 

independence of taxa (Mayr 1963).  There is an expectation that most subspecies will be 

monophyletic because of genetic differentiation accumulated in allopatric populations 

(O’Brien and Mayr 1991).  The validity of these assumptions has been criticised in light of 

genetic data, which show that historical divisions within species inferred from mtDNA data 

are often inconsistent with subspecies boundaries (e.g. Zink 2004; Burbrink et al. 2000; 

Demboski and Sullivan 2003; Ramey et al. 2005 Whinnett et al. 2005; Wahlberg et al. 

2003; Rubinoff and Sperling 2004; see Shaffer et al. 2004 and Luo et al. 2004 for 

exceptions).  The rank of subspecies has also been regarded as impractical from a 

taxonomic perspective because characters showing concordant patterns among subspecies 

are often limited and/or subjectively applied (Wilson and Brown 1953).   

 

Despite criticism leveled at the concept of subspecies, this classification is well developed 

for some groups (e.g. vertebrates and butterflies) and has provided a wealth of  hypotheses 

for testing whether geographical variation is consistent with a history of isolation or 

alternatively, with some form of selection (e.g. Burbrink et al. 2000; Hughes et al. 2001).  

Genetic data has been central to these investigations.  Genetic drift leads to detectable 

variation in gene frequencies among population isolates.  As a result, geographic subspecies 

may show measurable genetic divergence (Ayala et al. 1974; Coyne and Orr 2004).  

Alternatively, diagnosable subspecies can be maintained in the face of gene flow because of 
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selection on morphological and ecological traits in different parts of a species range (Orr 

and Smith 1998; Coyne and Orr 2004; Hughes et al. 2001).   

 

Most polytypic species in Australia’s butterfly fauna belong to endemic genera in the 

subfamilies Satyrinae (Nymphalidae), Theclinae (Lycaenidae) and Trapezitinae 

(Hesperiidae).  Detailed study of morphological variation in several endemic Australian 

satyrines has indicated that both selection along environmental gradients and presumed 

historical isolation are potential sources of geographic variation in these butterflies (New 

1999).  Population genetic studies of these and other polytypic taxa will help to further 

develop and refine our understanding of geographic speciation on the Australian continent.   

 

The lycaenid butterfly Ogyris amaryllis has an Australia-wide distribution spanning all of 

the major biogeographic regions of the continent.  Four allopatric subspecies are presently 

recognised including one which occurs over most of inland Australia, while three are 

peripherally distributed and found primarily to the east of the Great Dividing Range (GDR) 

(Fig. 3.1, Braby 2000).  Zones of parapatry between subspecies are not yet known for O. 

amaryllis although Braby (2000) noted that populations containing a mixture of inland and 

coastal forms occur near Toowoomba in southern Queensland.  Although four O. amaryllis 

subspecies are recognised, their status and relationships have long been debated and 

numerous calls have been made for further investigation into the complex (Common and 

Waterhouse 1981; New 1999; Braby 2000).   

 

Evidence for ecological differentiation among subspecies includes variation in larval host 

plant range and mutualistic associations between the juvenile stages of the butterfly and 

ants (myrmecophily).  Several studies suggest that lycaenid butterflies are capable of rapid 

diversification and respond to natural selection acting on these ecological traits (Nice and 

Shapiro 1999; Nice et al. 2002; Fraser et al. 2002).  Peripheral O. amaryllis subspecies are 

characterised by a restriction in larval host plant range and greater habitat specificity 

relative to the inland subspecies.  Host plant specialisation confers habitat specificity on the 

peripheral taxa because the host plants are themselves constrained to certain environments 

such as mangroves or riparian communities.  The highly myrmecophilous life history of 

many Ogyris species has led to suggestions that ants might play a role in differentiation of 
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O. amaryllis subspecies, but available data is insufficient to evaluate these suggestions 

(Eastwood and Fraser 1999; Braby 2000; Schmidt and Rice 2002b).   

 

A

B

G
C

D

E

F

H

 
 
Plate 2.  Ogyris amaryllis complex. Scanned images of right forewing illustrate variation 

in width of black wing margin in different subspecies (male left, female right, Scale bar = 

5mm.).  A. O. a. hewitsoni (Darwin, site 58); B. O. a. hewitsoni (Yeppoon, site 94); C. O. a. 

meridionalis (Narrabri, site 16); D.  O. a. amaryllis (Coopernook, site 84); E. O. a. amata 

(Canberra, site 92); F. O. a. meridionalis female; G. O. a. meridionalis female illustrating 

cryptic underside pattern; H. O. a. meridionalis larva on mistletoe flower buds.  Images: F: 

R. Grund; G: Museum Victoria; H: R. Fisher. (F, H: http://users.sa.chariot.net.au/~rbg; 

G: http://museum.vic.gov.au/bioinformatics/butter) 
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Morphologically, O. amaryllis subspecies are distinguished by a combination of variable 

characters including width of the black outer wing margins and wing colouration (Plate 1A-

E).  Structural variation in male genitalia is considered insufficient to warrant species 

designation (Common and Waterhouse 1981).  Ogyris amaryllis therefore satisfies 

traditional criteria used to define geographic subspecies including geographic exclusivity, 

phenotypic differences from conspecific populations and evidence of ecological  

differentiation (Mayr 1963).  Two subspecies that do not satisfy these criteria were 

synonymised in recent treatments of the group, viz. O. a. hopensis (Burns) by Common and 

Waterhouse (1981), and O. a. parsonsi (Angel) by Braby (2000).   

 

In inland Australia O. a . meridionalis (Bethune-Baker) is widespread throughout semiarid 

acacia shrublands and savannah woodlands where its larval diet includes at least 13 

mistletoe species in the genus Amyema (Tieghem).  The peripheral subspecies O. a. 

hewitsoni (Waterhouse) occupies mangrove habitats along the northeast coast (Fig. 3.1).  Its 

primary larval host plant is the mistletoe Amyema mackayense  (Blakely) Danser - which 

parasitises mangroves between Mackay and Tin Can Bay.  Peripheral populations from 

coastal localities in the Northern Territory are also assigned to O. a. hewitsoni although in 

this area the host mistletoe is Amyema thalassium Barlow (Braby 2000).  The two 

remaining peripheral subspecies’, O. a. amaryllis and O. a. amata (Waterhouse) are both 

monophagous on the mistletoe Amyema cambagei (Blakely) Danser.  Interestingly the 

distribution of this mistletoe extends to the east and west of the GDR (Fig. 3.1), but these 

subspecies are found only in riverine habitats east of the range.  In the east, A. cambagei is 

a parasite of Casuarina cunninghamia and C. glauca which are associated with riverine and 

estuarine habitats respectively.  On the western side of the GDR, A. cambagei parasitises 

Casuarina species that are adapted to semi-arid environments (e.g. C. cristata) and here it 

is utilised as a larval host plant by the polyphagous inland subspecies O. a. meridionalis.   

 

Eastwood and Fraser (1999) classed O. amaryllis as an obligate myrmecophile following 

the influential work of Atsatt (1981), who showed a strong correlation between O. 

amaryllis eggs and the presence of ants in central Australia.  In contrast, Schmidt and Rice 

(2002b) demonstrated that populations of the nominal subspecies are typical facultative 

myrmecophiles.  Ants are often implicated in diversification of highly myrmecophilous 

Lycaenidae (Pierce 1984; Pierce et al. 2002; Fiedler 1997; Eastwood et al. 2006).  It is 
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possible that a differential association with ants exists among O. amaryllis subspecies and 

that this could be involved in the origin and/or maintenance of subspecific differentiation.  

However there is insufficient information on the degree of ant-association for each 

subspecies to evaluate this possibility.   

 

3.1.1 Aim of study 
This chapter aims to explore the processes causing and maintaining the current distribution 

of taxa in the O. amaryllis complex.  To this end, genetic variation is assessed across the 

entire range of O. amaryllis and analysed in a phylogeographic framework.  An emphasis is 

placed on patterns of variation in eastern Australia where subspecies distributions are 

adjacent to one another.  The assumption that subspecies are monophyletic is tested and 

spatiotemporal patterns of genetic variation are interpreted in terms of historical and 

ecological factors that may be driving diversification.     

 

3.2 Materials and Methods 
 

3.2.1 Sampling for mitochondrial DNA phylogeography 
A total of 359 individuals were sampled from 96 populations covering most of the 

geographic range of O. amaryllis across Australia (Fig 3.1; Table 3.1).  All nominal 

subspecies are represented including 202 samples of inland meridionalis, 118 of the 

southern coastal amaryllis, 28 of north coastal hewitsoni and 11 of amata from the 

Australian Capital Territory (Table 3.1).  Tissue samples included ethanol preserved 

material, legs from pinned specimens and fresh samples.  A large amount of material was 

supplied by R. Grund who donated material from his own collection and obtained samples 

from collections of the South Australian Museum and the private collection of L. Hunt.  

Additional samples were provided by N. Pierce from the collection of the Museum of 

Comparative Zoology, Harvard University.  Dried leg samples were obtained from the 

Australian National Insect Collection (ANIC), Canberra.  Access to this valuable collection 

was made possible by T. Edwards and M. Horak.  Other dried material was obtained from 

M. Braby, C. E. Meyer, S. Brown, T. Tomlinson and M. Williams.   

 

Fresh material was obtained by netting adults and by searching for larvae and pupae on 

trees parasitised by Amyema mistletoes.  Ogyris amaryllis is widespread but has a patchy 
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local distribution and is generally only found in areas where mistletoe is abundant.  The 

presence of this butterfly at a site was determined by observing adults in flight.  In cases 

where larvae or pupae were collected, host plants were identified using keys in Barlow 

(1984).  Ants found in association with early stages were collected into 70% ethanol and 

later identified to generic level using keys in Shattuck (1999).  Additional data on ant 

associations for each subspecies were obtained from the literature.   

 
Table 3.1 Sample sites and COI haplotype codes for Ogyris amaryllis 

 
Site 
No. 

Site State* Geographical 
coordinates 

N= COI haplotype code (no. 
individuals with 
haplotype) 

 
O. a. meridionalis 
1 Fairview Qld S 15.30, E 144.17 1 c1 
2 Charters Towers Qld S 20.04, E 146.15 1 b2  
3 Townsville Qld S 19.16, E 146.47 3 clade b  
4 Burra Range Qld S 20.44, E 145.11 1 b1  
5 Mt Isa Qld S 20.32, E 139.28 3 c2, c3, b1  
6 Blackall  Qld S 24.25, E 145.27 9 c5(2), c2, c4, c6, c7, a1, 

c8, b3 
7 Taroom  Qld S 25.51, E 149.56 6 b4, a3, b5, a4, b6, a5 
8 Wandoan  Qld S 26.05, E 149.56 7 b4(6), a2 
9 W.Chinchilla  Qld S 26.41, E 150.27 8 b9, b10, a8, a9, a10, b11, 

b12, b8  
10 E. Chinchilla  Qld S 26.46, E 150.40 6 b7(2), b4, b8, a6, a7,  
11 Jondaryan  Qld S 27.23, E 151.34 8 b4(2), a11(2), b15(2), 

b13, b14  
12 Leyburn  Qld S 28.00, E 131.55 5 b4(3), d2(2) 
13 Warwick  Qld S 28.15, E 151.53 4 b12(2), b26, d2 
14 Inglewood  Qld S 28.24, E 151.07 3 b4, b27, a11 
15 Gurley  NSW S 29.41, E 149.48 3 b4, b28, b29 
16 Narrabri  NSW S 30.23, E 149.42 8 b4(3), a10, d1, b16, b17, 

b18  
17 Collie  NSW S 31.40, E 148.09 8 b4(3), b20, b22, b23, b24, 

b25 
18 Warren  NSW S 31.41, E 147.50 8 b4(4), b19, b20, b21, a12 
19 Euabalong West  NSW S 33.03, E 143.31 2 b4, a13 
20 Balranald  NSW S 34.08, E 146.23 2 b30, d3 
21 Coombah NSW S 32.57, E 141.36 4 a14, a10, a15, a16 
22 Broken Hill NSW S 31.57, E 141.27 1 b4 
23 Kiata Vic S 36.21, E 141.47 1 d4 
24 Big Desert Vic S 35.45, E 141.10 3 d4(2), d5 
25 Lake Hindmarsh Vic S 36.05, E 141.50 2 d4(2)  
26 Yanac Vic S 36.08, E 141.26 1 d4  
27 Millicent SA S 37.35, E 140.21 3 a17(3)  
28 Blackfellows Caves SA S 37.56, E 140.28 1 a17  
29 Carpenter Rocks SA S 37.54, E 140.24 1 a17  
30 Purnong SA S 34.51, E 139.37 1 a18  
31 Waikerie SA S 34.10, E 139.59 1 a10  
32 Currency Ck. SA S 35.26, E 138.46 1 a19  
33 Adelaide Hills SA S 35.07, E 138.42 2 a20(2)  
34 Port Wakefield SA S 34.11, E 138.09 1 a24  
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35 Port Augusta SA S 32.29, E 137.46 1 a18  
36 Nepabunna SA S 30.34, E 138.58 1 a11  
37 Munyaroo Cons. Park SA S 33.21, E 137.19 1 a21  
38 Moonabie Range SA S 33.18, E 137.12 3 a27(2), a21 
39 Botenella Hills SA S 32.56, E 136.30 2 a11(2)  
40 Yunta SA S 32.34, E 139.33 1 a26  
41 Gawler Range SA S 31.44, E 135.10 3 a18(3) 
42 Dutchman Sterns Cons. Park SA S 32.19, E 139.56 2 a18, a11  
43 Oladdie Hills SA S 32.28, E 138.38 1 a11  
44 Musgrave Range SA S 26.18, E 131.52 2 a22(2)  
45 Pootnoura SA S 28.17, E 134.43 1 a25  
46 Oodnadatta SA S 27.32, E 135.26 1 a22  
47 Vokes Hill SA S 28.29, E 130.34 1 a22  
48 Twins Homestead SA S 29.59, E 135.23 1 a11  
49 Innaminka SA S 27.44, E 140.44 3 a11(2), a10  
50 Tarcoonyinna Ck. SA S 26.44, E 133.31 5 b32(3), b31, b4  
51 Palmer River NT S 24.37, E 132.50 1 b31  
52 Alice Springs NT S 23.42, E 133.52 1 b4  
53 Victory Downs NT S 25.59, E 132.58 3 b4, a23, b19  
54 Erldunda NT S 25.09, E 132.27 4 a28(2), a29(2)  
55 Kings Canyon NT S 23.59, E 131.29 4 b33, b34, b35, b4  
56 McDonnell Range NT S 23.42, E 132.30 1 b36  
57 Cullen R. NT S 14.05, E 131.56 1 c12  
60 Kalgoorlie WA S 30.45, E 121.27 3 a30(2), a39  
61 Wagin WA S 33.18, E 117.19 2 a11, a31  
62 Pinjar WA S 34.09, E 139.51 1 a39  
63 Arthur River WA S 33.20, E 116.58 6 a31(4), a34, a35  
64 Perth WA S 32.01, E 115.51 4 a33(3), a31  
65 New Norcia WA S 30.56, E 116.13 4 a30, a31, a36, a37  
66 Northam WA S 31.43, E 116.39 5 a31(3), a11, a32  
67 Port Denison WA S 29.16, E 114.55 2 a30(2)  
68 Cape Range WA S 21.56, E 114.07 9 a30(4), a31(2), a22(2), e1 
69 Wittenoom WA S 22.14, E 118.20 3 a38(3)  
70 Broome WA S 17.58, E 122.14 2 c11, c12  
71 Ellenbrae Hstd. WA S 15.59, E 127.14 1 c10  

 
O. a. amaryllis 

72 Tewantin  Qld S 26.23, E 153.02 8 f1(8)  
73 Bli Bli  Qld S 26.23, E 153 02  8 f1(7), f2  
74 Pine River  Qld S 27.16, E 153.02 7 f1(3), f3(4)  
75 Oxley Ck  Qld S 27.33, E 152.58 3 f4(2), f3  
76 Steiglitz  Qld S 27.44, E 153.21 8 f3(4), f4(4)  
77 Tweed Heads  NSW S 28.10, E 153.32 7 f4(4), f3(3)  
78 Ballina  NSW S 28.51, E 153.31 6 e3(5), e2 
79 Wardell  NSW S 28.57, E 153.27 6 e3(4), e4(2)  
80 Iluka  NSW S 29.24, E 153.21 6 e3(4), e5, e6  
81 Yamba  NSW S 29.27, E 153.21 6 e3(5), e7  
82 Repton  NSW S 30.26, E 153.00 8 f5(7), f6  
83 Macksville  NSW S 30.42, E 152.58 8 f5(2), f6(5), f7 
84 Coopernook  NSW S 31.50, E 152.36 8 f5(4), f8(3), f6  
85 Moonan Brook  NSW S 31.56, E 150.47 4 f6(2), f8(2)  
86 Tamworth  NSW S 31.05, E 150.55 4 f8(2), f5, f10  
87 Cessnock  NSW S 32.49, E 151 21 1 f8  
88 Tea Gardens  NSW S 32.40, E 152.08 9 f9(9) 
89 Lake Macquarie  NSW S 33.05, E 151.31 7 f9(7)  
90 Woolongong  NSW S 34.25, E 150.53 2 f9(2)  
91 Moruya  NSW S 35.54, E 150.05  2 f11(2)  

 
O. a. amata 
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92 Canberra ACT S 35.17, E 149.02 9 f5(9) 
93 Jasper NSW S 35.06, E 148.42 2 f5(2)  

 
O. a. hewitsoni 

58 Darwin NT S 12.23, E 130.50 8 c9(8) 
59 Flinders Peninsula NT S 12.08, E 135.58 2 c2, c11  
94 Yeppoon Qld S 23.07, E 150.44 8 a7(7), a35  
95 Burnett Heads Qld S 24.46, E 152.25 4 a19(3), a41  
96 Maryborough Qld S 25.28, E 152.44 8 a19(6), a40, a41  

*Qld = Queensland; NSW = New South Wales; Vic = Victoria; SA = South Australia; WA = Western 
Australia; NT = Northern Territory; ACT = Australian Capital Territory. 
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Figure 3.1  Sampling sites for phylogeographic analysis of O. amaryllis and 

distribution of subspecies.  A.  Sample sites.  Inset shows sites in eastern Australia 
where the four subspecies have adjacent distributions.  Numbers refer to localities 

listed in Table 3.1.  B.  Distribution of nominal subspecies modified from Braby (2000). 
Dashed line delimits the distribution of mistletoe Amyema cambagei in southeastern 

Australia. 
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3.2.2 Mitochondrial DNA markers  
Three mitochondrial gene regions were used for phylogeographic and phylogenetic 

analyses, including cytochrome oxidase I (COI), cytochrome-b (cytb), and 16S ribosomal 

DNA (16S).  In Lepidoptera, COI and cytb are known to have similar rates of evolution 

(Simmons and Weller 2001), and in butterflies, COI has been a highly informative marker 

for phylogeographic studies (DeChaine et al. 2005; Vila et al. 2005; Eastwood et al. 2006).  

The non-coding 16S gene exhibits a low rate of substitution relative to COI in butterflies, 

although exceptions have been observed in some taxa (Wahlberg and Zimmerman 2000; 

Zimmerman et al. 2000).  Rapidly evolving markers such as COI and cytb provide useful 

variation for phylogeographic analyses but may be prone to high levels of among-site rate 

variation and homoplasy in comparison to 16S (Mueller 2006; Galtier et al. 2006).  A short 

fragment of the COI gene (primers LCO1490 to Nancy, Table 2.2) was used to conduct a 

continent-wide phylogeographic analysis of O. amaryllis.  Sequences of the complete COI 

gene were combined with a fragment of cytb (primers REVCB2H and REVCB2J, Table 

2.2) for phylogenetic inference and topology testing.  The potentially slower substitution 

rate of 16S (primers 16SaR to 16SbR, Table 3.2) was exploited to help identify ancestral 

COI clade/s.   

 
Table 3.2  Primers for amplification of mitochondrial regions in O. amaryllis.  See 

Table 2.2 for additional primers for COI and cytb regions. 
 

Primer name 5'- posn.* Sequence (5'- 3') Reference 
Hobbes  2756 AAATGTTGNGGRAAAAATGTTA Monteiro & Pierce 2001 
TN2126  2126 TTGAYCCTGCAGGTGGWGGAGA R. Eastwood (unpublished) 
JL2532 2532 ACAGTAGGAGGATTAACAGGAG R. Eastwood (unpublished) 
Phyllis 3296 GTAATAGCIGGTAARATAGTTCA Monteiro & Pierce 2001 
16SaR - CGCCTGTTTATCAAAAACAT Palumbi et al. 1991 
16SbR - CCGGTCTGAACTCAGATCACGT Palumbi et al. 1991 
* relative to the Drosophila mitochondrial genome (Clary and Wolstenholme 1985) 
T = thymine, A = adenine, G = guanine, C = cytosine, K = G+T, W = A+T, M = A+C, Y = C+T, R = A+G, S 
= G+C, V = G+A+C, I = Inosine, N = A+C+G+T 
 

 

DNA extraction, PCR and sequencing procedures were performed according to protocols 

given in Chapter 2.  The annealing temperature was modified to 56ºC for PCR 

amplification of the 16S region.  Forty-one COI sequences were obtained from dried leg 

samples by amplification of three overlapping fragments as described in Chapter 2.  In 

addition, six unpublished COI sequences were provided by R. Eastwood and N. Pierce 
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(Harvard University).  Complete COI sequences were obtained by sequencing two 

additional overlapping fragments downstream of the 726 bp 5' region used for 

phylogeographic analysis.  Primer combinations for these fragments were TN2126 and 

Hobbes (630 bp); JL2532 and Phyllis (764 bp) (Table 3.2) 

 

3.2.3 Analysis of mtDNA data 
With the exception of the AMOVA analysis and parametric bootstrap test described below, 

analytical procedures for mitochondrial data are described in Materials and Methods, 

Chapter 2.  These include sequence alignment and calculation of sequence diversity 

statistics (section 2.2.4); construction of haplotype networks and execution of nested clade 

analysis (section 2.2.5); construction of phylogenetic trees (section 2.2.6); performance of 

topology tests for monophyly of subspecies (section 2.2.7 & 2.2.8); and calculation of 

neutrality tests and mismatch distribution analyses (section 2.2.11).     

 

3.2.4 Population structuring of inland and peripheral subspecies using 

AMOVA and a parametric bootstrap test for panmixia  
Analysis of molecular variance (AMOVA, Excoffier et al. 1992) was used to compare the 

level of among-population COI variation exhibited by inland and peripheral subspecies in 

eastern Australia.  Samples were collected from two sets of similarly spaced populations 

located each side of the Great Dividing Range (Fig. 3.9).  Seventeen populations of 

amaryllis (site numbers 72 – 86, 88 – 89; Table 3.1; Fig 3.9) and 13 populations of 

meridionalis (site numbers 6 – 18; Table 3.1; Fig. 3.9) were included.  Sample sizes ranged 

between three and nine individuals per population for both subspecies.  Separate AMOVA 

analyses were conducted for amaryllis and meridionalis populations using ARLEQUIN 

ver. 3.0 (Excoffier 2005).  Among-population covariance in pairwise COI distance (FST) 

was reported for each subspecies.  Pairwise distances were corrected using Tamura and 

Nei’s (1993) three-parameter model, and gamma-distributed rate variation was incorporated 

using the shape parameter estimated from MODELTEST (Posada and Crandall (1998).  

Significance of each FST estimate was approximated by comparing observed FST to a null 

distribution obtained from 10,000 random permutations of haplotypes among populations. 

 

Because sample sizes were low and uneven across populations, a parametric bootstrap test 

was designed to assess whether observed values of the test statistic (i.e. FST) could be 



Chapter 3 100

obtained by chance in a panmictic population.  The program SIMCOAL ver. 1.0 (Excoffier  

et al. 2000) was used to simulate 1000 datasets that replicated the sampling configuration 

of my empirical data in terms of the number of populations and numbers of individuals in 

each population.  Simulated datasets incorporate the stochastic coalescent process, DNA 

mutation and panmictic migration among populations. Simulations were conditioned on the 

number of segregating sites observed in the empirical data.  FST values were calculated as 

described above for each simulated dataset using the batch file input option in ARLEQUIN.  

A computer program written in C# by Sylvain Arene (Griffith University, Australian Rivers 

Institute) was used to extract FST values from the ARLEQUIN output files (1000 files for 

each test) and assemble the values in spreadsheet format.  A summary feature for AMOVA 

batch file analysis results has been incorporated into the latest version of ARLEQUIN 

(version 3.0, Excoffier et al. 2005) which makes this test easier to perform.  Empirical 

estimates of FST for each subspecies were compared to the distribution of values simulated 

under the panmictic model.  This estimates the probability of obtaining FST as large as the 

observed value when populations are truly panmictic.  This test can be used to assess 

whether panmixia can be rejected for a given sampling design.  A similar parametric 

bootstrap procedure could be used to construct the null distribution of FST under any model 

of migration or population history because SIMCOAL allows both an arbitrary migration 

matrix and population history to be modelled by the user. 

 

3.2.4 Sampling for allozyme analysis 
Three hundred and twenty five individuals (larvae, pupae or adults) were collected from 11 

localities in eastern Australia, where subspecies distributions are adjacent (Fig. 3.11).  

Additional samples from Darwin (O. a. hewitsoni, n = 21) and Canberra (O. a. amata, n = 

26) were provided by R. Weir and M. Braby respectively (Table 3.3).  Larvae and pupae 

were reared to the adult stage and frozen at –80°C.  Comparison of electromorph resolution 

using larval, adult thoracic and adult abdominal tissues indicated that adult thoracic tissue 

performed best and this was used for all analyses.  
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Table 3.3  Populations sampled for allozyme analysis, their larval host plants and 

allozyme diversity statistics. Figures 3.1 and 3.11 show the position of populations.  Rs 

= allelic richness calculated across nine loci (S.E.); He = percent expected 
heterozygosity (S.D.) 

 

 

Site No. Location N= Larval host plant Rs  He 
hewitsoni      
58 Darwin  21 Amyema thalassium 1.78 (0.67)  0.153 (0.154) 
94 Yeppoon  31 A. mackayense 2.21 (1.06) 0.261 (0.264) 
95 Burnett Heads  33 A. mackayense 2.35 (1.26) 0.242 (0.169) 
96 Maryborough  29 A. mackayense 2.42 (0.88) 0.264 (0.249) 
meridionalis      
6 Blackall  34 A. miqueliii  2.68 (0.90) 0.282 (0.195) 
9, 10 Chinchilla  21 A. cambagei, A. maidenii 3.18 (2.10) 0.239 (0.235) 
11 Jondaryan  25 A. cambagei, A. quandang 3.14 (1.43) 0.239 (0.186) 
17 Collie  22 A. cambagei 2.70 (1.46) 0.227 (0.288) 
amaryllis      
72 Tewantin  26 A. cambagei 1.97 (1.07) 0.252 (0.268) 
80, 81 Yamba  35 A. cambagei 2.70 (1.48) 0.272 (0.257) 
82 Repton  36 A. cambagei 2.34 (1.18) 0.242 (0.201) 
88 Tea Gardens  35 A. cambagei 2.32 (1.05) 0.219 (0.188) 
amata      
92 Canberra  26 A. cambagei 1.86 (0.59) 0.242 (0.185) 
      
O. olane 
(outgroup) 

Armidale 12 A. miqueliii - - 

Total    3.45 (1.10) 0.241 (0.213) 

 

3.2.5 Allozyme electrophoresis and data analysis 
Allozyme electrophoresis of adult thorax homogenates was performed on cellulose acetate 

plates (Titan III, Helena Laboratories) modified from methods of Richardson et al. (1986).  

A survey of 27 enzyme systems commonly used in insect studies was conducted by 

screening 12 individuals from each population.  Polymorphic loci that satisfied the p < 99% 

frequency criterion for the most common allele were scored for all individuals using 

electrophoresis conditions in Table 3.4.  Electrophoretic mobility of alleles was assessed 

using internal controls on each gel and alleles of similar mobility in different populations 

were compared in side-by-side comparisons.  A sample of Ogyris olane (Hewitson) from 

Armidale, New South Wales (n = 12), was used as outgroup for distance-based population 

clustering analyses.  Outgroup individuals were scored only for loci polymorphic in O. 

amaryllis.    
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Table 3.4  Enzymes and electrophoresis conditions. 

*From Richardson et al. (1986) TG 8.5 = Tris-Glycine 50mM, pH 8.5; TC 7.0 = Tris-Citrate 75mM, pH 7.5; 
TG 100 8.5 = Tris-Glycine 100mM, pH 8.5; TM 6.5 = Tris-Maleate 50mM, pH 6.5.  

Enzyme  E.C.C Locus Buffer* Running 
time (min) 

Migration 

Glucose-phosphate isomerase  5.3.1.9 Pgi TG 8.5 70 Anodal/Cathodal†

Phosphoglucomutase 5.4.2.2 Pgm TG 8.5 90 Anodal 
Isocitrate dehydrogenase 1.1.1.42 Idh-1 TC 7.0 90 Anodal 
Malate Dehydrogenase 1.1.1.37 Mdh-1 TC 7.0 120 Anodal 
Aspartate aminotransferase 2.6.1.1 Aat-1 TG100 8.5 90 Anodal 
  Aat-2 TG100 8.5 90 Cathodal 
Mannose-phosphate isomerase 5.3.1.8 Mpi TG 8.5 70 Anodal 
Hexokinase 2.7.1.1 Hk TM 6.5 60 Anodal 
Adenylate kinase 2.7.4.3 Adk-1 TM 6.5 60 Anodal 

† Alleles 1-4 run cathodal, alleles 5-6 run anodal. 
 

Departures from Hardy-Weinberg equilibrium (HWE) were examined using exact tests 

(Guo and Thompson 1992) using a Markov chain as implemented by GENEPOP v.3.3 

(Raymond and Rousset 1995).  Comparisons of genetic diversity among subspecies were 

made using estimates of allelic richness (Rs) and expected heterozygosity (He) for each 

population.  Allelic richness uses a data rarefaction method to standardise allelic diversity 

across different sized population samples, while expected heterozygosity is the proportion 

of heterozygotes expected under Hardy-Weinberg equilibrium.  Population estimates of Rs 

were permuted among subspecies 1000 times using FSTAT version 2.9.3 (Goudet 2001) to 

determine whether estimates for the inland subspecies were significantly higher than for 

either of the peripheral subspecies.  The same procedure was conducted for population 

estimates of He using the “resample” and monte-carlo analysis” functions implemented in 

POPTOOLS (Hood 2005).  As O. a. amata was represented by a single population 

(Canberra), it was not included in the comparison of genetic diversity among subspecies.   

 

Analysis of molecular variance (AMOVA) was used to partition population-level allozyme 

variation into three alternative hierarchical arrangements in order to determine which of 

these biological and geographic groupings might account for most of the variation in the 

data.  The 13 populations were grouped into the following three arrangements: 

 

a) ‘subspecies’ = taxonomic designation (amaryllis, meridionalis, hewitsoni or amata);  

b) ‘host plant’ = primary larval host plant used by the population (A. thalassium, A. 

mackayense, A. miqueliii or A. cambagei).  Note that multiple host plants were utilised 

in two populations of the polyphagous inland subspecies (Table 3.3).  In both cases 
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these populations were included in the A. cambagei host plant group because over 90% 

of larvae and adults were collected in association with this host plant.  Larvae from the 

hewitsoni population at Maryborough (site 96) have recently been recorded feeding on 

Amyema cambagei (Moss 2006) however all larvae and adults collected for the present 

study were associated with A. mackayense and this population was analysed 

accordingly;  

c) ‘region’ = geographic position of population in relation to the Great Dividing Range 

(east of the GDR, or west of the GDR).  

 

Refer to Table 3.3 for configuration of arrangements a) and b), and to Figure 3.1 for 

configuration of arrangement c).  An arrangement according to ant-association could not be 

tested because I found no evidence for differential ant-associations among populations (see 

Results). 

 

Pairwise FST values among all populations were calculated using ARLEQUIN (Excoffier et 

al. 2005).  Nei’s (1978) unbiased genetic distance among subspecies was calculated using 

TFPGA (Miller 1997).  Relationships among populations were visualised via UPGMA 

clustering based on Nei’s (1972) genetic distance implemented in PHYLIP v.3.65 

(Felsenstein 2002).   

 

For comparison with distance-based analyses I assessed variation in the data using a model-

based bayesian clustering method.  The individual admixture model implemented in 

STRUCTURE v.2.0 (Pritchard et al. 2000) was used to cluster the entire dataset of 

individual genotypes into K partitions independently of populations.  Five replicates of an 

initial search were conducted using a burn-in of 20,000 steps and Markov chain of 200,000 

steps to find the likelihood of K clusters given the data for K between one and 20.  The 

most probable number of partitions was taken using the highest posterior probability of the 

data for a given K (Ln P(D)).  Likelihood values peaked at K = 5 in each replicate so a final 

analysis was conducted using a burn-in of 50,000 steps and Markov chain of 106 steps for K 

between 2 and 10.  Admixture proportions representing the fraction of ancestry attributed to 

each cluster were averaged over individuals within each of the 13 population samples and 

visualised using pie charts on a map of the sampling area.  To quantify the extent of 

differentiation of individual populations (and subspecies), the average maximum 
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assignment value of each individual to a given cluster (qMAX) was calculated along with the 

proportion of individuals that could be assigned with high confidence using the cut-off 

assignment value of q > 0.9 (Ramey et al. 2005).   

 

3.3 Results 
 

3.3.1 Characteristics of mtDNA data 
Alignments of COI and cytb genes were free of ambiguities, stop codons and indels.  The 

observed AT bias of 0.69 to 0.76 is typical for insect mtDNA (Table 3.5).  Alignment of the 

COI fragment comprised 617 characters including 80 (13%) that were variable and 54 

(8.8%) that were parsimony informative (Table 3.5).  Three nonsynonymous changes were 

observed – one each in three haplotypes representing subspecies meridionalis (haplotypes 

b2, b20 and b25).  Genetic diversity in the overall sample was high with 112 haplotypes 

and mean nucleotide diversity per site (π ± SD) of 0.015 ± 0.0002.  This highly variable 

region was primarily used for phylogeographic and demographic inferences. 

 

The full-length COI gene and a fragment of the cytb gene were sequenced in 20 exemplar 

individuals, giving 1704 and 594 characters respectively.  These regions contain a similar 

proportion of phylogenetic information.  For the COI gene, 4.9% of characters were 

variable and 3.1% were parsimony informative.  For cytb, 5.7% were variable and 3.7% 

parsimony informative (Table 3.5).   Twenty-two exemplars were sequenced for a fragment 

of the 16S gene.  As observed in other butterflies, this region exhibits less variation than 

mtDNA protein coding genes (Wahlberg and Zimmerman 2000).  Twelve segregating sites 

(three parsimony informative) and a single indel position were observed in a total of 426 

characters.  The indel was parsimony informative and treated as a fifth state in statistical 

parsimony analysis. 

 

At the 0.05 level, the MK test of neutrality for COI sequence variation was non-significant 

between O. amaryllis and O. zosine (Fisher’s Exact P = 0.585).  A significant result was 

obtained for the cytb region (Fisher’s exact P = 0.029).  Ratios of nonsynonymous and 

synonymous changes are given in Table 2.9 (Chapter 2).  The excessive number of fixed 

nonsynonymous substitutions between O. amaryllis and O. zosine could be caused by 

fixation of selectively advantageous mutations in the cytb gene within either (or both) 
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species.  Jukes-Cantor corrected divergence (± SD) between O. amaryllis and O. zosine is 

similar for both gene regions (COI = 11.88 ± 0.002% ; cytb = 12.3 ± 0.01%).  It therefore 

seems that a similar amount of variation is present in both data sets and that an unequal rate 

of divergence between COI and cytb regions not the source of the different MK test results.  

The use of cytb was confined to phylogenetic inference among O. amaryllis subspecies.  A 

partition-homogeneity test for the COI and cytb data was non-significant (P=0.97), 

indicating that signal from both genes was congruent and that combining the data would be 

likely to improve phylogenetic resolution.   

 
Table 3.5  Sequence statistics and substitution model parameters for mtDNA regions 

analysed in O. amaryllis. 
 COIfragment COIgene cytb COIgene+cytb 16S 
Number of samples 363 20 20 20 22 
Number of sites 617 1704 594 2298 426 
Number of variable sites 80 85 34 119 12 
Parsimony informative sites 54 53 22 76 3 
%AT 0.69 0.73 0.76 0.74 0.79 
TS/TV - 16.745 - - - 
Prop. invar. 0.742 0.892 0.763 0.865 - 
α 0.685 1.369 - 1.274 - 
R(a) [A-C] 9.4×106 - 1.0 6.5×106 - 
R(b) [A-G] 1.96×108 - 10.66 1.04×107 - 
R(c) [A-T] 5.7×106 - 1.0 2.3×106 - 
R(d) [C-G] 0.79 - 1.0 0.0003 - 
R(e) [C-T] 1.96×108 - 33.0 1.04×107 - 
R(f) [G-T] 1.0 - 1.0 1.0 - 
Best AIC model TVM+I+G HKY+I+G TrN+I TVM+I+G - 

 

3.3.2 Relationship between the mtDNA gene tree and O. amaryllis 

subspecies  
The combined COI + cytb dataset (2298 bp) was used for phylogenetic analysis using 

parsimony (MP), maximum likelihood (ML) and Bayesian criteria.  A substitution model 

with five substitution types (5st) was selected using AIC in MODELTEST and used in the 

ML analysis of combined data (Table 3.5).  Simpler models were selected when COI and 

cytb partitions were analysed separately.   These include a model with two substitution 

types (transitions and transversions) for the COI partition and a model with three 

substitution types (3st) for the cytb partition (Table 3.5).  For Bayesian analysis, the two 

partitions were analysed using MODELTEST-selected models except that a six-parameter 

GTR model was used in place of the three-parameter model for the cytb partition.  Default 
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priors were used and model parameters for both partitions were unlinked and rates allowed 

to vary across partitions.   
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Figure 3.2  Unrooted Bayesian phylogram based on combined dataset of COI and cytb 
gene regions (2298 bp).  Six clades identified using the COI fragment are labeled A-F 
and terminals are colour-coded by subspecies.  Support for clades refers to Bayesian 
posterior probabilities (bold font), unweighted parsimony bootstraps (italic font), and 

maximum likelihood bootstraps (regular font) respectively. 
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A branch and bound search under the assumption of strict parsimony resulted in two MP 

trees of 180 steps.  These differed only in the placement of one individual (voucher Co2) 

within clade-B (Fig 3.2).  Maximum likelihood and Bayesian inference produced 

topologies that were essentially identical to the MP trees.  The Bayesian tree is shown for 

illustration in Fig. 3.2 with posterior probabilities for major clades and bootstrap support 

from MP and ML analyses.  An outgroup was not incorporated into phylogenetic analysis 

of O. amaryllis subspecies because preliminary data from several candidate taxa (O. olane, 

O. oroetes, O. barnardi and O. abrota) provided little resolution of ancestral relationships 

within O. amaryllis clades.  Instead data from a linked region with a lower rate of 

substitution (16S) was used to infer these relationships.  

 

Exemplar individuals used in phylogenetic analysis were chosen to represent the four 

nominal O. amaryllis subspecies as well as six putative clades identified from analysis of 

range-wide variation in the COI fragment.  The six clades received high support in all 

analyses.  Clades A-F were supported with posterior probabilities of 1.00 using Bayesian 

inference and with bootstrap support of 90% or higher in the MP and ML analyses (Fig. 

3.2).  Two clades (D, E) were united with high support, although clade-E was represented 

by only one individual.  Individuals from clades D and E share the same 16S haplotype (see 

below), and both are geographically restricted to south-eastern Australia – further 

supporting their close relationship.  Clades A and B were united with moderate support in 

all analyses and individuals from these clades share two 16S haplotypes.  The two 

remaining clades (C and F) form a polytomy with clade A+B and clade D+E (Fig. 3.2).  

 

O. amaryllis subspecies do not form monophyletic mtDNA clades, and no subspecies was 

exclusively recovered by grouping together two or more clades.  The widespread 

subspecies meridionalis, is represented in four of the six clades, sharing two of these with 

subspecies hewitsoni (Fig. 3.2).  Eastern and northern isolates of hewitsoni are separated in 

two clades.  Another peripheral subspecies – amaryllis – is represented in two clades (E, F).  

It shares clade-F with subspecies amata.  Only two base differences separate amaryllis 

(voucher = Rp22) and amata (voucher = Cb27), and they share the same 16S haplotype 

(Fig. 3.6).   
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High support in the form of posterior probabilities and nonparametric bootstrap values 

indicate that the recovery of polyphyletic subspecies is unlikely to result from data 

indecisiveness.   Topology tests using Bayesian and maximum likelihood criteria were 

conducted to confirm this suggestion.   

 

3.3.3 Bayesian test of reciprocal monophyly for O. amaryllis 

subspecies 
Enforcing the constraint of reciprocal monophyly on O. amaryllis subspecies during a 

Bayesian tree search resulted in a large reduction in marginal likelihood values relative to 

those obtained without topological constraints (Fig. 3.3).  The distribution of constrained 

and unconstrained marginal likelihood scores did not overlap and a monophyletic topology 

was never sampled in the posterior distribution of trees (i.e. 30,000 post-burnin trees in the 

unconstrained run).  Kass and Raftery (1995) suggest that “very strong” evidence against 

the null hypothesis exists when the Bayes factor is greater than 10.  In this case the 

hypothesis of monophyletic subspecies is very strongly supported (2logeBconstrained-unconstrained 

= 240).   

 

3.3.4 Shimodaira-Hasegawa test for reciprocal monophyly of O. 

amaryllis subspecies and alternative taxonomic arrangements. 

Analysis of the difference in log-likelihood scores between unconstrained ML trees and 

trees constrained to be reciprocally monophyletic for O. amaryllis subspecies showed a 

highly significant difference (P = 0.000; lnLmonophyly = -4413.208; lnLunconstrained = -

4046.421).  The SH test therefore rejects the hypothesis that nominal O. amaryllis 

subspecies are monophyletic.   

 

An informal taxonomic arrangement attributed to W.N.B Quick (Braby 2000), and tacitly 

supported by Dunn and Dunn (1991), divides O. amaryllis into two species by grouping the 

current subspecies as follows: (amaryllis + amata), (hewitsoni + meridionalis).  

Interestingly, the SH test does not reject reciprocal monophyly of two putative species 

suggested by this arrangement (P = 0.356; lnLQuick = -4053.90).  A second informal 

arrangement attributed to J.F.R. Kerr (Braby 2000), divides O. amaryllis into two species 

but in this case, hewitsoni is distinct from the remaining three subspecies.  This 
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arrangement was not supported by the mtDNA data according to the SH test (P = 0.001; 

lnLKerr = -4094.969). 
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Figure 3.3 Results of Bayesian topology test using combined COI + cytb data and a 
partitioned substitution model.  Histogram represents marginal likelihood scores for 
60,000 trees with or without the topological constraint of monophyletic O. amaryllis 

subspecies in bins of 1.5 likelihood units. 
 

3.3.5 Estimates of divergence time among mtDNA clades 
Relative branch lengths of the best ML tree were consistent with clock-like evolution.  The 

difference in log-likelihood scores between the best tree found under the constraint of a 

molecular clock (lnLclock = -4057.348) and the best unconstrained tree (lnLno clock = -

4046.421) was not significant using a likelihood-ratio test (P = 0.76, df = 18).  Pairwise 

estimates of divergence time for the six mtDNA clades ranged from approximately 800 000 

years ago for the split between clades A and B, to 3.8 million years ago between clades D 

and F (Table 3.6).  Estimated mtDNA divergence times between most clades fall close to 

the Plio-Pleistocene boundary (~2 million years ago).  The rate of evolution calibrated for 

Papilio butterflies by Zakharov et al. (1994) is 0.78 – 1.02% per million years.  The 

standard rate of 2.3% (Brower 1994) is often applied to recently evolved insects separated 

by divergence of <5-7% (Harrison and Bogdanowicz 1995).  Application of the standard 

rate causes an approximate three-fold reduction to the divergence time estimates presented 

in Table 3.6.   

 
Table 3.6 Net divergence among six mtDNA clades based on 2298 bp mtDNA 

sequence data and estimates of divergence time (years) assuming a molecular clock. 
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Clade A B C D E F 
A - 8.2×105 1.5×106 2.0×106 1.9×106 3.0×106

B 0.65 - 1.4×106 1.6×106 1.6×106 2.6×106

C 1.20 1.10 - 1.8×10 6 1.6×106 3.2×106

D 1.57 1.26 1.42 - 1.5×106 3.8×106

E 1.49 1.31 1.29 1.20 - 3.3×106

F 2.40 2.11 2.53 3.06 2.61 - 
Above diagonal: divergence time in years based on clock calibration of Zakharov et al. (2004).  
Below diagonal: net divergence (percent) calculated from model corrected distances 
(TVM+I+G) for the combined dataset.    

 

 

3.3.6 COI haplotype network 
Assessment of geographic structuring of mtDNA variation across the full range of O. 

amaryllis (363 individuals) was achieved using a fragment of the COI gene.  The 112 COI 

haplotypes were joined into a single network using statistical parsimony, which accepted 

connections of up to 10 steps in the 95% set of plausible cladograms.  The topology of this 

network was poorly resolved as indicated by numerous closed loops (not shown).  A 

substantial amount of homoplasy appeared to be accommodated under the 95% connection 

limit (see also Chapter 3).  Of 80 segregating sites, 33 changed more than once across the 

network, dividing it into three or more parts.  Five sites were segregating for three different 

bases and one site segregated for all four bases.  A 99% connection limit was imposed to 

simplify network topology by focusing attention on groups of closely related haplotypes.  

Six clades were resolved under the 99% connection limit, which allowed for connections of 

up to 4 steps between haplotypes (Fig 3.4).  Four haplotypes were unconnected because 

they exceeded the new connection limit by one or two steps (Fig. 3.4, haplotypes c1, c6, d2, 

e4).  For simplification, these haplotypes were (unambiguously) connected to the 99% 

network rather than treated as separate clades. 
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Figure 3.4  Statistical parsimony network of COI haplotype variation colour-coded by 
subspecies.  Six clades designated A-F are recovered at the 99% connection limit.  
Haplotype with the highest outgroup weight (b4) is circled in bold.  Large circles 
represent haplotypes sampled in ten or more individuals.  Hierarchical nesting 

arrangement given for three clades (A, B, F) analysed using nested clade analysis. 
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3.3.7 Geographic structuring of COI clades. 
Permutation of 363 samples among 96 locations across the continent showed a clear non-

random association between the six clades and sampling locations (χ2 = 1580.55, P = 

0.0000).  Given the continent-wide distribution of O. amaryllis, it is not surprising that the 

geographical spread of each clade (Dc) is significantly smaller than the random expectation 

(Table 3.7).  The only exception to this pattern was clade-C, although the Dc for this clade 

was close to significantly small (P = 0.07).  As illustrated in Figure 3.5, clade-C is 

widespread across the north of the continent and is significantly displaced to the north of 

the geographic centre of all clades as indicated by its Dn value (Table 3.7).   

 
Table 3.7  Results of a permutation test to determine whether the geographical 

spread of each COI clade is larger or smaller than expected (Dc), and whether the 
distribution of each clade is significantly displaced from the geographical centre of all 

clades (Dn). 
 

Nested clade 
distance - Dn (km) 

Distribution 
summary 

Geographical centre of clade Clade Clade dist. - 
Dc (km) 

  Latitude (S) Longitude (E) 
A 994S 1119 Widespread, southern 30˚45' 134˚19' 
B 840 S 914 S Widespread, eastern 26˚29'  143˚37' 
C 824 1730L Widespread, northern 16˚13' 134˚08' 
D 352 S 832 Restricted, eastern 34˚46' 143˚28' 
E 30 S 1218 Restricted, eastern 29˚09' 153˚25' 
F 326 S 1142 Restricted, eastern 31˚02' 151˚50' 
Total    28˚55' 140˚52' 
Significantly large (L) or small (S) values for clade and nested clade distances are indicated in bold 
 

Two other clades were relatively widespread with distributions that include the 

geographical centre of all clades.  Clade-A occurs across the southern half of the continent, 

from Cape Range on the west-coast, throughout southern WA and SA to the east-coast of 

Qld (Fig 3.5).  It is the only clade found throughout a large portion of the west and south of 

the continent.  Clade-B occurs throughout eastern Australia from the western slopes of the 

Great Dividing Range to the Macdonnell Ranges in central Australia.  In eastern Australia, 

where clades A and B occur together, clade-B haplotypes occur at a higher frequency.  For 

example, in 15 populations sampled along the western slopes of the Great Dividing Range 

(sites 6 – 19), the overall proportion of clade-B and clade-A individuals were 0.68 and 0.18 

respectively (n = 87).   
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Figure 3.5  Geographic distribution of  six COI clades over the Australian continent.  
Ninety-six localities are labeled according to the clade/s sampled at each site.  Block 

arrow indicates the approximate position of the Richmond and Clarence Rivers. 
 

Three clades (D, E, F) have relatively restricted distributions in eastern Australia.  Clade D 

haplotypes were found at the south-eastern range limit of meridionalis, including 

populations from northwest Victoria to southern Qld (Fig. 3.5).  Clade-E was restricted to 

four closely situated populations along the Richmond and Clarence Rivers in coastal NSW, 

while clade-F occupies the east coast of NSW and southern Qld (Fig. 3.5).  Populations 

comprised of clade-E haplotypes divide the distribution of clade-F into two non-

overlapping sets of haplotypes, found to the north and south of the Richmond and Clarence 

Rivers respectively.  Clades-E and F belong to subspecies amaryllis.  Two populations 

representing subspecies amata from the ACT were comprised exclusively of haplotype f5, 

which occupies a central position in the clade-F network and was sampled in several 

populations of subspecies amaryllis from coastal NSW (Fig. 3.7).  

 

In summary, all COI clades have non-random geographic distributions.  Three clades are 

widespread.  These include clades A and B which have large central distributions that 

include the geographic centre of all clades.  Clade C is widespread but displaced to the 

north of other clades.  Three other clades (D, E, F) have relatively restricted distributions at 

the eastern periphery of the widespread central clades.    
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3.3.8 Ancestral relationships among mtDNA clades  
Haplotypes from three clades attained high outgroup weighting under the 95% connection 

limit.  These include haplotypes b4, f5 and a11, with root probabilities of 0.049, 0.049 and 

0.043 respectively.  Each of these haplotypes occupy a central position in their respective 

clade (Fig 3.4), and were sampled from a relatively large number of populations across a 

large area relative to other haplotypes within their clade.  Haplotype a11 occurs in localities 

up to ~3400 km apart covering the full latitudinal range of clade-A; haplotype b4 was 

found throughout the range of clade-B including localities from the Great Dividing range to 

central Australia (~2000 km); haplotype f5 was found across the southern half of the range 

of clade-F which corresponds to the combined ranges of subspecies’ amaryllis and amata 

(~650 km). 

 

Outgroup probabilities did not provide adequate resolution on the question of ancestral 

relationships among COI clades, so a fragment of the 16S gene was used to resolve this 

issue.  Twenty-two exemplar individuals were sequenced including representatives of six 

COI clades, three haplotypes with high out-group probabilities (b4, f5 and a11), and all 

subspecies.  Variation in the 16S fragment produced a single, fully resolved network (Fig 

3.6).  The central haplotype of this star-shaped genealogy corresponds to COI clades A and 

B.  These data provide support for the hypothesis that COI clade A+B is ancestral to the 

extant mitochondrial clades of O. amaryllis.  As outlined above, the COI data shows that 

clades A and B are widespread and include the geographic centre of all clades within their 

ranges.  The 16S data indicates that COI clade-F is in a derived position as all variants of 

clade-F (including subspecies amaryllis and amata) occupy a tip position in the 16S 

network.   
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Figure 3.6 Haplotype network for 16S . A:  16S network in relation to O. amaryllis 
subspecies. B: 16S network in relation to the six clades identified using the COI 

fragment.  Codes for COI haplotypes sequenced from the same individuals are given 
inside circles representing each 16S haplotype.

 

3.3.9 Nested clade analysis of ancestral clades A and B 
A recurrent history of restricted gene flow and range expansion appears to have shaped the 

spatiotemporal pattern of mtDNA variation in the two widespread ancestral lineages of O. 

amaryllis.  Analyses of clades A and B indicate that all significant spatial associations of 

nested clades are consistent with two related biological factors - range expansion and 

restricted gene flow (Table 3.8).  Results are explained below in a temporal progression 

from the highest (i.e. relatively old), through to the lowest (i.e. relatively young) nested 

clades.     

 

Tip-interior status could not be determined at the highest nesting level (i.e. between clades 

A (= nested clade 4-1) and B (= nested clade 4-2)), so separate analyses were conducted in 

which these clades were alternately designated with tip and interior status.  The outcome of 

this treatment was consistent with either restricted gene flow or range expansion.  

Restricted gene flow of clade-B was inferred when clade-A (nested clade 4-1) was 

designated interior because clade-B is confined to the eastern half of the continent which is 

within the range of clade-A (Table 3.8).  Conversely, range expansion was inferred when 

clade-A was designated as tip because of its large distribution relative to the putative 

interior clade-B (nested clade 4-2; Table 3.8).  Both of these scenarios are equally plausible 
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and both are concordant with the recurrent pattern of restricted gene flow and range 

expansion that are inferred at progressively lower (i.e. more recent) clades in the network.    

 
Table 3.8  Results of Nested Clade Analysis: COI clades A and B. 

Clade χ2 (P) Nested clades 
(Position) 

Dc Dn Inference 
Chain 

Interpretation 

3-1 1.00 (0.008) 2-1 (i) 405S 464 1, 2, 11, 12 Range Expansion 
(Contiguous) 

  2-2 (t) 326 693   
  I-T 79 -229   
3-2 44.06 

(0.004) 
2-3 (i) 607 704 1, 2, 3, 4 Restricted Gene flow with 

IBD 
  2-4 (t) 890 872   
  2-5 (t) 51S 471   
  I-T -73 -68   
3-3 36.29 

(0.000) 
2-6 (i) 783 827 1, 2 11, 17, 

4, 
Restricted Gene flow with 
IBD 

  2-7 (t) 677 695S   
  I-T 106 133L   
3-4 115.56 

(0.006) 
2-8 (i) 850 878L 1, 2, 3, 4 Restricted Gene flow with 

IBD 
  2-9 (t) 316 781   
  2-10 (t) 207 764   
  2-11 (t) 333S 734   

  I-T 556L 124L   
4-1 186.95 

(0.000) 
3-1 (t) 509S 563 S 1, 2, 11, 12 Range Expansion 

(Contiguous) 
  3-2 (i) 749S 1643L   
  3-3 (t) 785 S 1161   
  I-T 102 781L   
Total1 145.50 

(0.000) 
4-1 (i) 995 1015 1,2,3,4 Restricted Gene flow with 

IBD 
  4-2 (t) 824 S 1022   
  I-T 171 -7   
Total2 146.00 

(0.000) 
4-1 (t) 995 1015 1,2,11,12 Range Expansion 

(Contiguous) 
  4-2 (i) 824 S 1022   
  I-T -171 7   
Interior (i) and tip (t) indicates relative position of clades on haplotype network. 
Significantly large (L) or small (S) values for clade (Dc), nested clade (Dn) and interior to tip clade (I-T) 
distances are indicated in bold. 
Inference chain corresponds to key of Templeton (2004). 
1, 2 Alternate designation of interior and tip status at the highest nesting level: 1 = clade A (=4-1)  interior, 
clade B (=4-2) tip; 2 =  clade A (=4-1)  tip, clade B (=4-2) interior. 
 

 

Clade-A (nested clade 4-1) is comprised of three clades (3-1, 3-2, 3-3; Fig 3.4)).  Each of 

these 3-step clades has a significantly restricted geographic distribution (Table 3.8).  In this 

nested group a clear inference of eastward range expansion is a consequence of two factors.  

Firstly, interior clade 3-2 has a significantly restricted distribution that is centred in the 
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south-west of the continent.  Secondly, the tip clades (3-1 and 3-3) are both widespread but 

have their geographic centres much further to the east.  This west-east pattern is reflected in 

the significant displacement of the internal (older) clade 3-2 to the west of the younger tip 

clades (Table 3.8).  The tip clades 3-1 and 3-3 are therefore inferred to have expanded 

eastwards to occupy their present distributions.   

 

A significant non-random geographical association was not found between the 3-step 

clades that comprise clade-B (nested clades 3-4, 3-5; Fig 3.4).  This result is probably 

caused by the low sample size for nested clade 3-5 (n = 4).  Restricted gene flow was 

detected at a lower (more recent) nesting level within clade-B.  In this case a 2-step clade 

(2-11) is geographically restricted to the eastern margin of its more widespread nesting 

clade 3-4 (Table 3.8).  Further inferences regarding spatial associations within clade-B are 

unreliable because of inadequate geographic sampling throughout large areas of western 

Qld and western NSW.  

 

At a lower (more recent) nesting level within clade-A, gene flow is restricted along an 

approximate east-west axis in clades 3-2 and 3-3.  The distribution of tip clade 2-5 is 

restricted to three sites in the southwest of WA (sites 64, 65, 66), while the other two clades 

in this nesting group are more widely distributed throughout WA and extend across to 

central Australia and the eastern states (at much lower frequencies).  Range expansion is 

inferred to have occurred in an approximately north-western direction in clade 3-1.  This 

result is due to the restricted distribution of interior clade 2-1 (which has its geographic 

centre in the east of SA), relative to the tip clade 2-2 which has a distribution consistent 

with expansion into central Australia and across to the west-coast. 
 
In summary, O. amaryllis has two ancestral COI clades that are widespread.  These clades 

and the hierarchical series of clades nested within them have non-random patterns of spatial 

distribution that are consistent with cycles of restricted gene flow and range expansion.  

This spatiotemporal oscillation in mtDNA variation has occurred along an east-west axis.  

At several temporal levels in the nested series of clades there is evidence of restricted gene 

flow in either the eastern or western half of the continent.  There is evidence that these 

restrictions to gene flow are followed by westwards or eastwards expansion events.      
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3.3.10 Nested clade analysis of peripheral clade F. 
Clade-F is found along the south-eastern coast of Australia and is isolated from ancestral 

clades A and B by the GDR.  The distribution of clade-F corresponds very closely to that of 

subspecies amaryllis and amata (Fig 3.1).  Several populations comprised exclusively of 

clade-E haplotypes interrupt the coastal distribution of clade-F in northern NSW (Fig 3.7).  

Based on 16S data, clade-E is ancestral to clade-F (Fig 3.6), which means that two 

scenarios could possibly explain the peripheral distribution of clade-F.  Firstly, a single 

colonisation of the southeast coast may have been achieved by clade-E leading to the 

subsequent insitu spread of its descendant – clade-F – in this area.  Secondly, independent 

colonisation of the coast by each clade may have occurred.  The very restricted distribution 

of clade-E and the large mtDNA distance that separates the two clades (~2.6%, Table 3.6) 

suggests that the latter scenario is more likely.   
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Figure 3.7  Distribution of nested clades in Clade-F.  A. Geographic distribution of 1-
step clades along the south east coast of Australia.  Map shows exaggerated elevation 
of Great Dividing Range.  Triangles and diamonds represent subspecies amaryllis and 
amata respectively B.  Clade-F nesting arrangement.  Outgroup weight is highest for 

internal haplotype f5.  Map image: http://jaeger.earthsci.unimelb.edu.au 
 

The spatial distribution of clade-F COI variation is consistent with north-south 

fragmentation at two hierarchical nesting levels (Table 3.9).  Both of these inferences are 

explained by a significant displacement of tip clades at the northern range limit of clade-F.  

At the deepest level (i.e. the total cladogram, Table 3.9), nested clade 2-1 shows this 

displacement by its restriction to the three northernmost populations (Fig 3.7).  The same 
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pattern is repeated at a more recent temporal scale within clade 2-2, in which nested clade 

1-2 is displaced to the northern four populations of its nesting group (Fig 3.7).      

 
Table 3.9  Results of Nested Clade Analysis: O. a. amaryllis COI clade F. 

 
Clade χ2 (P) Nested clades 

(Position) 
Dc Dn Inference 

Chain 
Interpretation 

2-2 237.55 
(0.000) 

1-2 (t) 37S 477L 1,2,3,5,15 Past fragmentation or long 
distance colonisation 

  1-4 (i) 287 274   
  1-5 (t) 0 479   
  1-6 (t) 100S 145S   
  I-T 219 -28L   
Total 93.43 

(0.000) 
2-1 28S 517L 1,2,3,5,15 Past fragmentation or long 

distance colonisation 
  2-2 287S 300S   
  I-T 

259L
-217S   

Interior (i) and tip (t) indicates relative position of clades on haplotype network. 
Significantly large (L) or small (S) values for clade (Dc), nested clade (Dn) and interior to tip clade (I-T) 
distances are indicated in bold.  Inference chain corresponds to key of Templeton (2004). 
 

3.3.11 Summary statistics for population growth.  
Ancestral clades A and B both contain a high proportion of haplotypes relative to sample 

size (Table 3.10).  Comparison of estimates of genetic diversity made from segregating 

sites (θS) and pairwise differences (θπ), indicate a two to three-fold higher estimate from 

segregating sites (Table 3.10).  One cause of this pattern is rapid demographic expansion, 

which allows the maintenance of excessive numbers of recent mutations to persist in a 

population.   The R2 test developed by Ramos-Onsins and Rozas (2002) supports this 

interpretation.  R2 values for clade A and B are significantly smaller than those expected 

from a stable population, reflecting the excessive number of singleton substitutions that 

have accumulated in these clades (Table 3.10).  Additional evidence for recent population 

growth is provided by Fu’s (1997) FS statistic.  Significantly negative values observed for 

FS (Table 3.10) indicate that clades A and B contain an excess number of haplotypes 

relative to expectation for a stable population (Fu 1997).  The distribution of pairwise 

differences (mismatch distribution) for clades A and B appear to be unimodal and smooth 

(Fig. 3.8), as expected for exponentially growing populations (Slatkin and Hudson 1991; 

Rogers and Harpending 1992).  However, the observed raggedness (rg) of these mismatch 

distributions is not significantly lower than that of a stable population (Table 3.10).  

Ramos-Onsins and Rozas (2002) show that summary statistics based on pairwise 
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differences - including rg - have a relatively weak ability to reject the null hypothesis of 

stable population size compared to R2 and FS.  The difference in power of these tests may 

therefore explain why R2 and FS provide concordant evidence for population growth in 

clades A and B, while rg does not reject the hypothesis of stable population size.     

 
Table 3.10  Diversity statistics, results of neutrality tests, and results of mismatch 

distribution analyses for the six COI clades.  Significant results are indicated by 
asterisks: *** P < 0.0001, ** P < 0.001, *P < 0.05 NS not significant 

 

COI Clade  
A B C D E F 

Number of individuals 115 78 24 12 25 105 
Number of haplotypes 41 36 12 5 7 11 
θS (per site)  0.0119 0.0132 0.0087 0.0048 0.0043 0.0037 
θπ. (per site)  0.0053 0.0040 0.0074 0.0062 0.0019 0.0043 
Fu’s FS -34.53*** -38.86*** -2.17 NS 1.42 NS -2.52 NS -0.15 NS 
R2 0.039* 0.028** 0.102 NS 0.206 NS 0.055 *** 0.110 NS 
Raggedness (rg) 0.021 NS 0.013 NS 0.051 NS 0.230 NS 0.141 NS 0.017 NS 
Mismatch distribution Unimodal Unimodal Multimodal Multimodal Bimodal Bimodal 
τ 3.245 1.636 - - - - 
Time since expansion 
(year BP) 

2.3×105 1.2×105 - - - - 

 

 

Summary statistics were not consistent with rapid growth for the peripheral COI clades – C, 

D, E, F (Table 3.10).  For example, clade-F did not show evidence of excess singleton 

substitutions (R2) or excess haplotypes (FS) and had a bimodal mismatch distribution (Table 

3.10; Fig. 3.8).  Clade-E however, has an excess of singleton substitutions indicated by its 

R2 value.  This clade is restricted to four closely spaced populations (Fig 3.7) each of which 

contain one or two singletons.  Recent subdivision among the four populations is an equally 

plausible explanation for the significant R2 value in this case.     

 

Estimates of time since population expansion were taken from mismatch distribution 

analyses, resulting in a τ of 3.25 for clade-A and 1.64 for clade-B (Table 3.10).  Assuming 

a yearly substitution rate of 1.2×10-8 per site (Brower 1994), and an average generation 

time of four months yields a time since expansion of approximately 200,000 years for 

clade-A and 100,000 years for clade-B (Table 3.10).  Substitution rates calibrated for 

Papilio butterflies (Zakharov et al. 2004) yield estimates approximately three times older: 

660,000 years for clade-A and 330,000 years for clade-B.  
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Figure 3.8  Mismatch distribution for COI clades A, B and F.  A. Clade A (O. a. 

meridionalis); B. Clade B (O. a. meridionalis); C. Clade F (O. a. amaryllis).  Expected 
distribution is based on a model of exponential population growth. 

 

3.3.12 Comparative population structuring in O. a. meridionalis and 

O. a. amaryllis 
Comparative analysis of mtDNA structuring between populations of meridionalis and 

amaryllis sampled from similarly spaced sets of populations revealed a clear difference 

between the subspecies.  Seventeen populations of amaryllis showed a high FST index 

(0.91, Table 3.11), indicating high co-variation between population samples and pairwise 

differences in the COI fragment.  Four of the seventeen populations (sites 78-81, located 

along the Richmond and Clarence Rivers) were fixed for highly divergent clade-E 

haplotypes (Fig. 3.7.).  The AMOVA was repeated with these four populations excluded 
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but a highly significant FST was still obtained for the remaining 13 populations (0.80, Table 

3.11).  
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Figure 3.9  Sample sites for analysis of mtDNA population structure in eastern 

Australian populations of O. a. meridionalis (squares) and O. a. amaryllis (triangles).  
Numbers refer to site numbers (Table 3.1).  Dashed line approximates the course of 

the Great Dividing Range. 
 

Thirteen populations of meridionalis sampled from west of the GDR gave a lower FST 

index (0.135, Table 3.11).  Permutation tests show this value is significantly higher than the 

random expectation, indicating that significant structuring is present among these 

populations.  Examination of pairwise FST values (not shown), indicate that the northern-

most population (Blackall, site 6, Fig. 3.9) is significantly differentiated from all other 

meridionalis populations.  Most Blackall haplotypes are from the northern COI clade 

(clade-C) although clades A and B are also represented (Fig. 3.5; Table 3.1).  In contrast, 

12 other populations are comprised of haplotypes from clade-B with a small proportion 

from Clades A and D.  When the AMOVA was repeated with the Blackall population 

removed, FST was dramatically reduced to 0.008 (Table 3.11).  This result is not 

significantly different from the random expectation, indicating a lack of population 

structure in meridionalis populations from the south-eastern periphery of their range.  
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Table 3.11  AMOVA results for population structuring of mtDNA genetic variation 

among populations of O. a. amaryllis and O. a. meridionalis.  Arrangement of 
populations is depicted in Figure 3.9.  Coastal amaryllis was analysed with and without 
highly divergent populations located along the Richmond and Clarence Rivers (sites 78-

81). Inland meridionalis was analysed with and without the divergent Blackall 
population (site 6).  P-values were calculated from 10,000 permutations of haplotypes 

among populations. 
Subspecies Source d.f. SS Covariance 

component 
Variation(%) Fixation 

index 
P 

amaryllis Among pops. 16 358.92 3.34 90.54 FST 0.905 <0.0001 
(all 17 pops) Within pops. 96 33.47 0.35 9.46   
amaryllis Among pops. 12 103.68 1.22 80.06 FST 0.801 <0.0001 
(w/out pops 78-81) Within pops. 76 23.19 0.31 19.94   
meridionalis Among pops.  12 62.82 0.42 13.54 FST 0.135 <0.0001 
(all 13 pops) Within pops. 68 181.09 2.66 86.46   
meridionalis Among pops.  11 28.47 0.02 0.82 FST 0.008 0.37 
(w/out pop 6) Within pops. 60 148.05 2.47 99.18   
 

Population samples in the above AMOVA analyses include low and uneven sample sizes 

(between 3 and 9 individuals per site).  To investigate the possible influence of this 

sampling design on the outcome, a parametric-bootstrap test of population structure was 

designed.  A coalescent simulation was used to draw samples from a panmictic population 

in the same configuration as the observed sample (i.e. the same number of individuals from 

the same number of populations).  Analysis of FST on simulated datasets using AMOVA 

gave very similar results to those obtained by permutation testing in ARLEQUIN.  In the 

simulation of seventeen amaryllis populations the observed FST of 0.91 was never observed 

(P = <0.001), thus rejecting panmixia.  Likewise, panmixia was rejected in the simulation 

of 13 meridionalis populations (including Blackall) (P = 0.007).  When Blackall was 

removed, the distribution of FST values simulated under panmixia was not significantly 

different from the observed value (P = 0.367).  It therefore appears that panmixia is 

correctly rejected by AMOVA analysis of the observed data, even allowing for potentially 

inadequate sampling and coalescent stochasticity.  

 

The observed difference in FST between amaryllis and meridionalis was 0.77 (i.e. 0.905 – 

0.135, Table 3.11).  If the null hypothesis of panmixia were true for both subspecies, then 

this difference should be obtained by chance between pairs of simulated datasets at a 

frequency greater than 0.05.  However, the observed difference lies well outside the 

distribution of values obtained by simulation (Fig. 3.10).  Therefore, the difference in 

structuring observed between the two subspecies cannot be attributed to chance if both 

subspecies are assumed to be panmictic.   
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Figure 3.10  Results of parametric bootstrap to test the null hypothesis of no 

difference in population structuring of mtDNA variation between inland (meridionalis) 
and peripheral (amaryllis) subspecies.  Histogram represents the difference in FST 

between 1000 pairs of datasets simulated under the assumption of panmixia for each 
subspecies. 

 

 

In summary, coastal populations of O. a. amaryllis have high levels of population 

structuring compared to inland O. a. meridionalis populations. 

 

3.3.13 Genetic diversity inferred from allozymes 
Of the 27 enzyme systems screened, 25 loci were resolvable and 11 were polymorphic 

showing banding patterns consistent with known quaternary structures (Richardson et al. 

1986).  Heterozygous genotypes were observed in female individuals at each polymorphic 

locus indicating autosomal inheritance (females are heterogametic in Lepidoptera).  Nine 

polymorphic loci satisfied the p < 99% frequency criterion for the most common allele and 

were included in further analyses (Table 3.12).  Exact tests for conformity to Hardy-

Weinberg genotypic proportions within sites showed three significant deviations among 80 

locus-population combinations (P<0.05).  Two cases involved the most polymorphic locus 

Pgm (10 alleles), which showed an excess and deficit of heterozygotes in samples from 

Blackall (site 6) and Darwin (site 58) respectively.  The third significant deviation was due 

to an excess of homozygotes for an uncommon Mdh-1 allele in the Yamba sample (sites 

80,81).  These deviations do not suggest a systematic bias in sampling or marker loci and 

probably result from modest sample sizes (~20-30 individuals per sample) combined with 

the large number of tests performed.   
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In the sample of 372 O. amaryllis individuals 53 alleles were distinguished across nine 

polymorphic loci (Table 3.12).  Allelic richness among populations ranged from 1.78 in the 

isolated hewitsoni population from Darwin, to 3.18 in the meridionalis population from 

Chinchilla (sites 9, 10, Table 3.3).  Allelic richness was significantly higher in populations 

of the widespread central subspecies compared to those of peripheral subspecies’ 

(Rs(meridionalis) > Rs(amaryllis) p = 0.027; Rs(meridionalis) > Rs(hewitsoni) P = 0.006. One-sided tests, 

1000 permutations).  Heterozygosity levels (expected and observed) were also lowest in the 

Darwin population and highest in a population of the central subspecies (Table 3.3).  

Overall, the expected proportion of heterozygotes was not significantly higher in 

populations of meridionalis compared to either of the peripheral subspecies (He(meridionalis) > 

He(hewitsoni) P = 0.78; He(meridionalis) > He(amaryllis) P = 0.53. One-sided tests, 1000 

permutations).      
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Table 3.12  Allele frequency data for nine polymorphic allozyme loci in 13 populations of Ogyris amaryllis representing four nominal 
subspecies in eastern Australia.  Shading indicates dramatic shift in common allele between populations. 

 hewitsoni meridionalis amaryllis amata Locus/Allel
e Darwin         Yeppoon Burnett

Heads 
Maryborough Blackall Chinchilla Jondaryan Collie Tewantin Yamba Repton Tea

Gardens 
Canberra 

Pgi 1            - - - - - - - - - 0.043 0.014 0.016 0.038

 2              0.095 0.323 0.661 0.362 0.091 0.143 0.125 0.159 0.423 0.071 0.167 0.188 0.154
 3              0.905 0.403 0.143 0.362 0.848 0.619 0.812 0.682 0.538 0.657 0.722 0.688 0.808
 4   - - - - 0.015 - - 0.023 - - - - - 
 5            - - - - - - 0.021 - - - 0.014 0.062 -
 6             - 0.032 0.179 0.241 0.030 0.119 0.021 0.068 0.038 0.157 0.083 - -
 7           - - 0.018 0.017 0.015 0.119 0.021 0.068 - 0.071 - 0.047 -
 8       - 0.062 - 0.017 - - - - - - - - -
               
Pgm 1              0.048 - - - - 0.024 - - - 0.014 - - -
 2            - - - - - - - 0.023 - 0.057 - - -
 3              - - - - 0.067 0.024 0.100 0.227 0.360 0.014 - - -
 4         - - 0.052 - - 0.048 - - - - 0.014 - -
 5              0.643 0.790 0.655 0.783 0.600 0.619 0.620 0.500 0.100 0.557 0.444 0.812 0.420
 6              0.310 0.210 0.293 0.200 0.267 0.214 0.260 0.227 0.540 0.343 0.486 0.109 0.580
 7   - - - 0.017 - 0.024 - - - - - - - 
 8             - - - - 0.067 0.024 0.020 - - - 0.056 0.078 -
 9          - - - - - 0.024 - - - - - - -
 10             - - - - - - - 0.023 - - - - -
               
Idh 1              - - - - - 0.095 0.040 0.023 - 0.221 0.167 - -
 2              0.929 1.000 1.000 1.000 0.956 0.881 0.900 0.977 1.000 0.691 0.833 0.943 0.750
 3        0.071 - - - 0.044 0.024 0.060 - - 0.088 - 0.057 0.250
               
Mdh 1              - 0.150 0.100 0.304 - - - - - - - - -
 2  - 0.550 0.750 0.625 0.015         - - - - - - - -
 3          - - - - - 0.071 0.100 0.023 - 0.329 0.271 0.147 0.250
 4 1.000 0.267   0.150 0.071 0.985 0.929 0.860 0.977 1.000 0.629 0.729 0.853 0.750 
 5    - 0.033 - - - - 0.020 - - 0.043 - - - 
 6            - - - - - - 0.020 - - - - - -
               
Aatf               1 - 0.018 0.129 0.034 - - - - - - - - -
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 2 1.000 0.964 0.823 0.845 0.588 -        - - - - - - -
 3         - - - - - - 0.040 - - - - - -
 4             - - 0.016 0.034 0.103 - - - - 0.014 - - -
 5          - - - - - - - - 0.135 - - - -
 6      - 0.018 0.032 0.086 0.309 1.000 0.960 1.000 0.865 0.986 1.000 0.946 1.000 
 7   - - - - - - - - - - - 0.054 - 
               
Aats 1              - - - - - 0.024 - - - - 0.069 0.015 -
 2              0.929 1.000 0.968 1.000 0.926 0.976 1.000 1.000 1.000 1.000 0.931 0.985 0.904
 3    0.071 - 0.032 - 0.074 - - - - - - - - 
 4           - - - - - - - - - - - - 0.096
               
Mpi 1              - - - - 0.409 - 0.021 0.091 - - - - -
 2            - - - - - 0.024 0.021 - 0.340 - 0.028 - -
 3              1.000 0.887 0.935 0.914 0.515 0.667 0.521 0.477 0.500 0.470 0.569 0.691 0.326
 4             - 0.113 0.065 0.086 0.076 0.214 0.292 0.364 0.140 0.439 0.333 0.250 0.674
 5       - - - - - 0.048 0.083 0.068 - 0.015 - 0.059 - 
 6          - - - - - - - - - 0.015 - - -
 7              - - - - - 0.048 0.062 - 0.020 0.061 0.069 - -
 8           - - - - - - 0.020 0.023 - - 0.016 - -
               
Hk 1              - - - - - - 0.020 0.023 - - 0.016 - -
 2      - - - - 0.309 0.950 0.900 0.977 0.769 0.986 0.984 1.000 0.981 
 3 0.881 0.823 0.774 0.759 0.691 0.050     0.080 - 0.231 0.014 - - 0.019
 4        0.119 0.177 0.226 0.241 - - - - - - - - - 
               
Adk 1              - - - - 0.015 - - - - - - - -
 2              0.786 0.984 0.935 1.000 0.926 0.975 0.940 0.977 1.000 1.000 1.000 0.971 1.000
 3         0.214 0.016 0.065 - 0.059 0.025 0.060 0.023 - - - 0.029 - 
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Figure 3.11  Genetic relationship among O. amaryllis subspecies in eastern 
Australia based on allozyme allele frequency data. A The proportion of ancestry of 
each population in each of the five clusters found using an individual admixture 

model in STRUCTURE 2.0.  Numbers in parentheses refer to site number of sampled 
populations; B UPGMA tree calculated using allozyme allele frequencies for the 13 

populations and O. olane as outgroup. Larval host plants given at right 
 

3.3.14  Population structure inferred from allozymes 
The genetic distance (Nei 1978) between nominal subspecies was highest in 

comparisons involving O. a. hewitsoni (Table 3.13).  Distances across the nine 
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polymorphic loci ranged from 0.023 to 0.489 (Table 3.13) and reduce to 0.006 – 0.12 

when data from 16 additional non-polymorphic loci are included in the calculation.  

 
Table 3.13  Allozyme genetic distance between O. amaryllis subspecies  (Nei’s 
unbiased (1978) genetic distance (mean (SD)) based on nine polymorphic loci 

 
 hewitsoni meridionalis amaryllis amata 
hewitsoni -    
meridionalis 0.264 (0.124) -   
amaryllis 0.377 (0.051) 0.023 (0.074) -  
amata 0.489 (0.065) 0.062 (0.092) 0.025 (0.033) - 

 

Pairwise FST estimates for 13 O. amaryllis populations indicate a high degree of genetic 

heterogeneity within and among subspecies with 72 significant results (P < 0.05) 

obtained from 78 comparisons.   Of six non-significant comparisons, one involved 

populations of different subspecies and five involved populations within subspecies.  

All of the nine polymorphic loci contributed significantly to total genetic differentiation 

among populations and among populations within subspecies (Table 3.14).  Four loci 

were significantly differentiated among subspecies (Mdh-1, Aat-1, Hk and Mpi, Table 

3.14).  Inspection of allele frequencies for Mdh-1, Aat-1 and Hk reveal a shift in identity 

of the most common allele between O. a. hewitsoni and other subspecies (Table 3.12).  

Two loci (Aat-1 and Hk) showed fixed allelic differences between two or more 

populations but none showed fixed differences between any pair of subspecies (Table 

3.12). 

 
Table 3.14  Fixation indices for nine allozyme loci.  Populations are grouped by 
subspecies for calculation of hierarchical indices using AMOVA.  Significance of F-

statistics based on 10,000 permutations, *** P < 0.0001, ** P < 0.001, *P < 0.05 
NS not significant 

 
Locus FST (among all pops.) FSC (among pops within 

subspecies) 
FCT (among subspecies) 

Pgi 0.150*** 0.107*** 0.047 NS 
Pgm 0.109*** 0.094*** 0.017 NS 
Idh-1 0.122*** 0.072*** 0.054 NS 
Mdh-1 0.453*** 0.241*** 0.280 * 
Aat-1 0.768*** 0.345*** 0.646 * 
Aat-2 0.040** 0.026** 0.015 NS 
Mpi 0.209*** 0.071*** 0.149** 
Hk 0.700*** 0.294*** 0.575* 
Adk-1 0.065*** 0.067** -0.002 NS 
Mean 0.387*** 0.151*** 0.279*** 
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Analyses of three alternative population arrangements using AMOVA indicated that the 

highest FCT index and lowest FSC index was obtained for arrangement b) primary larval 

host plants (Table 3.15).  In other words, pairwise differences between individual 

genotypes from populations feeding on different host plant species (FCT) were higher 

than pairwise differences between individuals from populations feeding on the same 

host plants (FSC).  In contrast, arranging populations by location (east or west of the 

GDR) was no better than a random assignation of populations to groups in accounting 

for variation in pairwise differences (Table 3.15).  Arranging populations by taxonomic 

status was significantly better than the random expectation, but accounted for less of the 

total variance than the larval host plant grouping (Table 3.15).  

 
Table 3.15  AMOVA results averaged across nine allozyme loci for three alternative 

hierarchical arrangements of 13 populations of O. amaryllis.  P-values calculated 
from 10,000 permutations 

 
Source d.f. SS Covariance 

component 
Variation 
(%) 

Fixation 
index 

P 

(a) Among subspecies  3 308.54 0.53 27.91 FCT 0.279 <0.0001 
     Pops within subspecies 9 115.17 0.21 11.00 FSC 0.153 <0.0001 
(b) Among host plant groups 3 370.07 0.85 40.74 FCT 0.41 <0.0001 
     Pops within host plant groups 9 54.46 0.09 4.15 FSC 0.07 <0.0001 
(c) Among regional groups 1 29.72 -0.02 -0.87 FCT -0.009 0.49 
     Pops within regions 11 394.80 0.61 35.02 FSC 0.349 <0.0001 
 
 
3.3.15 Model-based clustering of allozyme genotypes  
Admixture clustering of individual genotypes was used to investigate structuring in the 

total sample without prior information on populations or other groupings.  Log-

likelihood values for the data conditional on K were consistently highest for K = 5 

groups (Ln P(D) = -3384.8) and this partition was used to analyse the assignment of 

individuals to clusters.  Two groups of individuals show a high degree of genetic 

differentiation.  The first group, designated Cluster 1 (Fig. 3.11) consists of hewitsoni 

individuals from three east-coast populations (Yeppoon, Burnett Heads, Maryborough) 

that feed on A. mackayense.  This cluster remained robust from K = 3 to K = 20 (the 

highest K analysed).   

 

Individuals from the Darwin hewitsoni population were assigned to a second highly 

differentiated cluster (Cluster 3 in Fig. 3.11) along with a high proportion of the 

Blackall meridionalis population.  Differentiation between clusters 1 and 3 reflect a 
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large difference in the frequency of alleles at the Mdh-1 locus (Table 3.12).  Most 

individuals from hewitsoni populations were assigned with high confidence to these two 

clusters (q>0.9) (Table 3.16).   The remaining populations contained a relatively low 

proportion of individuals with high assignment values (Table 3.16).  These populations 

belong to the A. cambagei larval host plant group and most individuals constitute 

admixtures of three clusters (clusters 2, 4, 5 in Fig. 3.11).  As K increased beyond 5, the 

admixture proportions of these individuals increase symmetrically with increasing K, 

indicating that these populations are the least genetically differentiated in the data set 

(Pritchard and Wen 2002).  In other words, the model is being forced to cluster the data 

into more and more discrete categories (i.e. K).  Beyond the optimal number of 

categories (i.e 5), the model simply continues to divide the undifferentiated portion of 

the data set in a symmetrical manner.  One exception to this pattern is the Tewantin 

amaryllis population in which ~65% of individuals were confidently assigned to Cluster 

2 (Table 3.16, Fig. 3.11) with this cluster remaining stable as K increases beyond 5.  

This population was also differentiated from other A. cambagei-feeding populations 

with high bootstrap support using the distance-based UPGMA clustering method (Fig. 

3.11). 

 

Percentage (and No.) of individuals  

Table 3.16  Average maximum assignment value of individuals for each population 
(qMAX) and proportion of individuals in each population that can be assigned with 
high confidence to a cluster (q > 0.90).  Values obtained for the K = 5 partition 

using STRUCTURE 2.0. 
 

Population Average value of qMAX (SD) 
assigned at q > 0.90 

Darwin  0.92 (0.10) 76.2% (16) 
Yeppoon  0.90 (0.13) 71.0% (22) 
Burnett Heads  0.93 (0.09) 83.9% (26) 
Maryborough  0.94 (0.06) 93.1% (27) 
Blackall  0.80 (0.18) 44.1% (15) 
Chinchilla 0.69 (0.15) 9.5% (2) 
Jondaryan  0.72 (0.17) 20.0% (5) 
Collie  0.70 (0.17) 22.7% (5) 
Tewantin  0.89 (0.14) 65.4% (17) 
Yamba  0.78 (0.18) 14.3% (5) 
Repton  0.71 (0.15) 13.8% (5) 
Tea Gardens  0.72 (0.14) 11.4% (4) 
Canberra  0.78 (0.18) 34.6% (9) 
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3.3.16 Ant associations of O. amaryllis subspecies 
Twenty-eight new ant association/non-association records for O. amaryllis are 

presented in Table 3.17 along with records from the literature.  Ant genera found 

actively attending O. amaryllis are those with nectar foraging habits that commonly 

associate with Australian Lycaenidae (Eastwood and Fraser 1999).  Obligate ant-

lycaenid mutualisms typically involve an exclusive and/or high degree of association 

with ants of a single genus.  O. amaryllis subspecies are not associated with ants in this 

way.  Early stages of all O. amaryllis subspecies were found in association with ants 

from multiple genera and subfamilies, and, with the exception of O. a. amata for which 

non-attendance records are unavailable, each subspecies was commonly found without 

attending ants (Table 3.17).    

 
Table 3.17  Ant genera found actively attending early stages of O. amaryllis 

subspecies.  Localities where some O. amaryllis early stages were found without 
attending ants are denoted by (*). 

Ant association Locality  Reference 
O. a. meridionalis   
Camponotus sp.  Warwick* (Qld)  this study 
Crematogaster sp.  Gurley* (NSW), Adelaide, Port Lincoln (SA), 

Blackall*, Chinchilla* (Qld) 
this study; Grund 1996 

Iridomyrmex sp.  Exmouth*, Wittenoom (WA), Adelaide, Port Lincoln, 
Yunta (SA), Narrabri*, Wilcannia, Brewarrina (NSW) 

this study; Grund 1998; 
Grund 1996, Atsatt 
1981 

Rhytidoponera sp.  Wagin* (WA) this study 
Polyrachis sp. Jondaryan* (Qld) this study 
unattended Collie (NSW) this study 
O. a. amaryllis   
Iridomyrmex sp. Tea Gardens* (NSW). Brisbane* (Qld)  this study; Schmidt and 

Rice 2002b 
Technomyrmex sp. Tewantin*, Brisbane (Qld), Tea Gardens (NSW) this study; Schmidt and 

Rice 2002b 
Camponotus sp. Tewantin (Qld), Iluka*, Repton*, Tea Gardens (NSW)  this study 
Paratrechina sp. Brisbane Schmidt and Rice 

2002b 
Polyrachis sp. Tea Gardens (NSW)  this study 
Crematogaster sp. Tewantin, Brisbane (Qld); Iluka, Repton, Tea Gardens 

(NSW)  
this study; Schmidt and 
Rice 2002b 

Pheidole sp. Tewantin (Qld)  this study 
O. a. hewitsoni   
Crematogaster sp. Darwin (NT), Yeppoon*, Bundaberg* (Qld) this study 
Papyrius sp. Bundaberg Hendry and Moss 2006 
Ochetellus sp. Bundaberg Hendry and Moss 2006 
unattended Maryborough, Hervey Bay, Fraser Island (Qld) this study 
O. a. amata   

Camponotus sp. 

Anonychomyrma sp. 

Iridomyrmex sp. Coppins Crossing (ACT) Ferguson 1983 
Coppins Crossing, (ACT) Ferguson 1983 

Crematogaster sp. Coppins Crossing (ACT) Aston and Dunn 1985 
Cotter River (ACT) Attsat 1981 
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3.4 Discussion 
 

Ogyris amaryllis is an uncommonly widespread endemic Australian butterfly.  The 

species exhibits geographic variation in morphological and life history characters that 

have been conveniently summarised by the taxonomic designation of four subspecies.  

An important outcome of the present study is to evaluate whether the origin of this 

variation has a historical or non-historical basis.  Both of these possibilities are 

considered in light of the new phylogeographic analysis. 

 

3.4.1 Vicariant or peripatric divergence of O. amaryllis subspecies? 
Historical processes that could give rise to geographical subspecies include vicariant 

speciation (allopatric speciation via the origin of major geographic barriers), and 

peripatric speciation (allopatric speciation via the isolation of small founder 

populations).  According to both of these scenarios, structuring of genetic variation 

should coincide with geographic divisions separating the taxa.  High levels of genetic 

diversity were found in eastern Australia where ranges of O. amaryllis subspecies are 

adjacent to one another.  Levels of allozyme polymorphism and heterozygosity are 

similar to those of other lycaenid butterflies that have been sampled over large areas 

(Petersen, 1996; Schmitt and Seitz 2001; Gadeberg and Boomsma, 1997).  Allozyme 

distances between O. amaryllis subspecies are equal to or greater than those observed 

between other closely related lycaenid species (Nice and Shapiro 1999; Nice and 

Shapiro 2001; Aagaard et al. 2002; Pratt and Wright 2002).  High levels of variation 

were also found in O. amaryllis mtDNA data in comparison to levels observed within 

complexes of other lycaenid subspecies and sibling species (Nice and Shapiro 2001; 

Gompert et al. 2006; Aagaard et al. 2002; Eastwood et al. 2006; Eastwood et al. in 

press).   

 

The structuring of variation in both mtDNA and allozyme data appear to support 

different spatial patterns of divergence between inland populations and peripheral 

subspecies.  Structuring in the allozyme data was most pronounced between populations 

utilising different larval host plants.  This result was primarily driven by high allozyme 

distance separating east coast populations of hewitsoni (feeding on A. mackayense) from 

other subspecies.  Nei’s (1978) distances similar to those seen here (0.2 to 0.4) are more 

typical for congeneric species of Lepidoptera (Emelianov et al. 1995).  However, 
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mitochondrial data do not reflect this divergence.  Instead, mtDNA indicates a shallow 

polyphyletic relationship between east coast hewitsoni and the inland subspecies 

meridionalis.  The converse situation is observed in peripheral subspecies amaryllis and 

amata.  In this case, allozyme divergence between peripheral (amaryllis + amata) and 

interior (meridionalis) subspecies is low (DNei = 0.02 – 0.06) while relatively deep 

mtDNA divergence separates these groups across the GDR.   

 

The Great Dividing Range marks a major biogeographical division along Australia’s 

east coast and is coincident with subspecies division in the O .amaryllis complex.   

Closely related taxa are often observed to occupy different sides of a geographic barrier 

(Mayr 1942), although it is often difficult to attribute divergence between the taxa to the 

barrier itself over other possible ecological and geographic explanations (Coyne and Orr 

2004; Barraclough and Vogler 2000).  Rather than a physical barrier to movement, the 

GDR is more likely to mark an ecological division between the vast low-elevation arid 

environments of inland Australia occupied by O. a. meridionalis and the well-watered 

coastal drainages of eastern Australia occupied by the peripheral subspecies.  This 

division is well characterised in Australian biogeography as the Eyrean/Eremean inland 

biota and the Torresian/Bassian coastal and temperate biotas (Burbidge 1960; Crisp et 

al. 2004).  Intraspecific divergence across this biogeographic division is uncommon in 

Australian fauna and exhibited by only one other polytypic butterfly species, Jalmenus 

evagoras (Eastwood et al. 2006). 

 

Allopatric subspecies are viewed as incipient species under the BSC although this 

assumption is difficult to test unless stable genetic differentiation can be observed 

between taxa in areas where gene flow is physically possible (Jiggins and Mallet 2000; 

Coyne and Orr 2004).  Zones of parapatry between subspecies are not yet known for O. 

amaryllis although Braby (2000) noted that populations containing a mixture of inland 

and coastal forms occur near Toowoomba in southern Queensland.  Allozyme loci used 

in the present study are not suitable for assessing stability of this potential 

contact/hybrid zone because coastal and inland taxa are not strongly differentiated at 

that latitude.  Given there is strong evidence that matrilineal gene flow is impeded 

across this zone, other markers such as microsatellite DNA may be useful for such an 

investigation. 
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The asymmetry in range size between widespread O. a. meridionalis and peripheral 

subspecies along with discordant patterns of peripheral differentiation observed in 

mtDNA and allozymes, suggest that a peripatric mode of divergence is more likely than 

vicariance (Barraclough and Vogler 2000; Funk and Omland 2003).  In the peripatric 

model, relatively small peripheral populations colonise novel habitats where selection 

and drift is strong, resulting in a reduction in gene flow eventually leading to speciation 

(Coyne and Orr 2004).  The main point of difference with the vicariant model is that a 

colonisation event gives rise to the reduction in gene flow rather than the imposition of 

a geographical barrier.     

 

Peripheral subspecies of O. amaryllis appear to be ecological specialists (i.e. habitat and 

host plant specialists) relative to the inland subspecies.  Peripheral subspecies have 

reduced mitochondrial haplotype diversity and significantly reduced allelic diversity 

across allozyme loci relative to the inland subspecies.  These reductions in genetic 

diversity are not necessarily expected to occur in a founder-flush model of peripatric 

speciation (Carson and Templeton 1984), but may be inevitable if the resulting 

peripheral isolated populations are small and/or have experienced a bottleneck 

associated with host plant specialisation (e.g. Kelley et al. 2002).  The topology 

recovered in the mtDNA gene tree (Fig. 3.2) is also consistent with the pattern expected 

under peripatric speciation – a widespread paraphyletic ‘parent’ species (meridionalis) 

with restricted subsets of haplotypes or lineages belonging to the nascent peripheral 

species (Funk and Omland 2003).  Data from the 16S gene suggest that the widespread 

“parent” taxon is indeed the mitochondrial ancestor of peripheral taxa and 

phylogeographic data indicate that these ancestral populations have swelled and 

contracted several times during the Pleistocene.      

 

Founding populations may have crossed the environmental divide (the GDR), from 

inland Australia to colonise coastal habitats during these phases of expansion and 

contraction.  This event may have occurred in separate coastal refugia and ecological 

selection in these new habitats may have given rise to several peripheral subspecies that 

are now habitat and host plant specialists and show varied levels of genetic and 

morphological differentiation from inland populations.   
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The pattern of expansion and contraction exhibited by ancestral inland populations has 

an east-west bias.  There is evidence for historical east-west division in a variety of 

widespread taxa throughout inland Australia.  Some examples include Barnardius 

parrots (Joseph and Wilke 2006); the Australian magpie (Toon et al. 2003); Egernia 

skinks (Chapple et al. 2004); and dunnarts (Cooper et al. 2000).  In addition to east-

west divergence, there is evidence for east to west range expansion in several arid zone 

taxa including Heteronotia geckos (Strasburg and Kearney 2005) and Warramaba 

grasshoppers (Kearney et al. 2006).  Phylogeographic patterns exhibited by ancestral 

inland O. amaryllis populations therefore appear to reflect a wider phenomenon of east-

west division and range movement that has affected multiple unrelated taxa co-

distributed in Australia’s arid zone 

 

3.4.2 Can the origin of defined subspecies be attributed to non-

historical factors?  
Several non-historical factors have been suggested that might explain variation in the O. 

amaryllis complex including ant associations, host plant specialisation and 

morphological clines across environmental gradients. 

 

Ant-association can be ruled out as an ecological factor promoting divergence among O. 

amaryllis subspecies.  I found no evidence for differential ant associations among 

subspecies and no evidence for an obligate ant–lycaenid association in any of the 

sampled populations.  It is possible that a higher level of myrmecophily occurs in 

certain populations (Atsatt 1981).  However records compiled here show that these 

situations are uncommon and that across its range the species is a facultative 

myrmecophile.  Suggestions that ants play a role in differentiation of O. amaryllis 

subspecies are not supported (Eastwood and Fraser 1999; Braby 2000; Schmidt and 

Rice 2002b).   

 

Results of AMOVA, distance clustering and model-based bayesian clustering of 

allozyme genotypes indicate that the larval host plant grouping provides the best 

available explanation of variation in the data.  Peripheral subspecies are host plant 

specialists and host plant specialisation could have contributed to ecological divergence 

and premating isolation in the early stages of the speciation process (Funk et al. 2002; 

Coyne and Orr 2004).  Why peripheral isolation might promote host plant specialisation 
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is unclear but it may be related to the spatial and temporal predictability of mistletoe 

resources found in linear habitats occupied by peripheral subspecies (including 

watercourses and coastlines) relative to the patchy unpredictable distribution of 

mistletoe resources in the arid zone.   

 

Organisms that utilise resources distributed in unpredictable habitats – particularly in 

arid areas – often have a high dispersal ability in order to locate resource patches 

(Johnston and Heed 1976; Coyne et al. 1987).  The inland taxon which utilises several 

different mistletoe host plants throughout arid and semi-arid Australia has minimal 

population structuring over a small spatial scale (at the eastern margin of its range) and 

a phylogeographic history of range movement.  This pattern is consistent with high rates 

of contemporary dispersal coupled with historical tracking of changes in resource 

distribution.  In contrast, a monophagous coastal taxon shows high levels of population 

structure and a history of fragmentation.  It may be that the regular spatial arrangement 

of suitable habitats and mistletoe resources along the coast may have promoted 

mistletoe specialisation rather than selection favouring the use of particular mistletoe 

species.  In other words, specialisation on a particular mistletoe need not necessarily 

arise due to a fitness advantage confered to the butterfly through nutritional quality, but 

specialisation on a particular mistletoe species could also arise because a mistletoe has a 

predictable pattern of distribution that makes it easy to find using cues available to the 

butterfly.  Larvae of coastal subspecies are able to complete development normally on a 

much wider range of mistletoe host plants than they utilise in the wild (Schmidt and 

Rice 2001a; D. Schmidt pers. obs.).   

 

Subspecies in the O. amaryllis complex are defined in part by variation in wing colour 

pattern (Plate 2).  The morphological character used to define the coastal subspecies O. 

a. hewitsoni is pale-grey wing undersides (Braby 2000).  This does not represent a 

consistent character that can be used to separate hewitsoni from meridionalis.  

Inspection of meridionalis specimens from several localities revealed equally pale-grey 

undersides (e.g. Winton, Qld. [11 Dec. 1972, E. D. Edwards & M. S. Upton, ANIC]; 

Petford, Qld. [7 Oct. 1971, A. Atkins, ANIC]; Mt Isa, Qld. [23 July 1978, J. C. 

LeSouef, ANIC]; Broome, WA [19 & 26 Dec. 1991, P. N. Wilson, C. E. Meyer 

collection].  Populations referred to O. a. hewitsoni are disjunct and based on wing 

colour it is difficult to justify their inclusion under the same subspecific name.  Isolates 
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in coastal localities from the Northern Territory are over 2000km distant from east coast 

hewitsoni populations (Fig. 3.1) and although populations in these two areas share a 

similar mangrove habitat, they utilise different larval host plants and do not share a 

close genetic relationship based on either allozyme or mitochondrial data.  Populations 

assigned to hewitsoni from coastal localities in the Northern Territory belong to mtDNA 

clade-C which is widespread across northern Australia and displaced from the centre of 

other clades.  Based on the available evidence it appears that these populations are not 

allied to east coast hewitsoni and probably represent a northern lineage of the ancestral 

inland subspecies meridionalis.    

 

The population representing subspecies O. a. amata from Canberra shared identical 

mitochondrial haplotypes with coastal subspecies O. a. amaryllis.  A modest level of 

allozyme differentiation did separate these taxa although this was no greater than that 

observed between adjacent O. a. amaryllis populations.  O. a. amata is small in size and 

darker in wing colouration compared to other taxa in the O. amaryllis complex (Plate 2; 

Braby 2000).  Several authors have expressed doubts that this minor variation warrants 

subspecies status (Dunn and Dunn 1991; Braby 2000).  Specimens in the Australian 

National Insect Collection demonstrate that these characters are unreliable.  For 

example, the dull blue considered typical of amata e.g. (Mologlo R., ACT [24 Nov. 

1957, R. Straatman]; Cotter Dam, ACT [29 Nov. 1984, D. F. Crosby]) occur in some 

populations of the coastal subspecies amaryllis (e.g. Bli Bli, Qld. [13 Feb. 1980, N. 

Stockton]; Emu Plains, NSW [17 March 1938, J. Macqueen]).  Occasional bright blue 

specimens typical of amaryllis are also observed in amata populations (e.g. Coppins Ck. 

ACT [5 Nov. 1981, D. J. Ferguson]).  Observation of amata-like phenotypes at similar 

elevations along the GDR (e.g. ~500m at Moonan Brook, NSW, this study) suggest that 

environmental factors such as temperature may influence the morphological appearance 

of these individuals (A. Atkins pers. com., D. Schmidt pers. obs.).  Morphological clines 

resulting from selection along environmental gradients and/or the effects of temperature 

on development are two possibilities worthy of further investigation.  For example, 

small body size in populations at higher elevation along the GDR may be a consequence 

of a lower threshold pupation weight induced by shorter available development times 

compared to coastal O. a. amaryllis.  Likewise, selection for darker wing colouration 

may be thermally advantageous in cooler upland populations along the GDR.   
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Chapter 4 General Discussion 
 

4.1 Overview  
The phylogeographic treatment of closely related Ogyris taxa presented here recovered 

inferences of historical demography, divergence, and range movement that are 

compatible with current theories of butterfly speciation and with theories of Australia’s 

recent biogeographic history.  Close attention has been paid to polyphyletic patterns and 

their possible biological interpretations.  This discussion summarises the main findings 

of the study. 

 

4.2 Polyphyly and its implications 
Polyphyletic relationships were found for taxa within the Ogyris amaryllis complex and 

the O. zosine complex based on mtDNA sequences.  This result is not surprising.  Funk 

and Omland (2003) highlighted the prevalence of polyphyly in congeneric animal 

species.  Approximately 25% of animal species included in their survey were 

polyphyletic.  Subspecies are ostensibly more closely related than congeneric species, 

and it seems that monophyly is the exception rather than the rule at this taxonomic level 

(see references in Chapter 3).  Most of the commonly cited explanations for polyphyly 

are likely to be evident in phylogeographic data sets that include recently diverged (or 

diverging) congeneric taxa.  Four of these were evaluated in the present study as 

outlined below.  

 

Firstly, some gene tree-species tree discordance may be attributed to imperfect 

taxonomy.  The presence of a deeply divergent clade within the zosine/genoveva 

complex in northern Australia and lack of support for currently recognised subspecies in 

the amaryllis complex indicate that taxonomic boundaries may need to be reassessed in 

these groups.  In particular, the status of subspecies O. a. amata and the status of 

populations referred to as O. a. hewitsoni in northern Australia should be questioned.  

The taxonomy of Ogyris butterflies is in a state of ongoing revision and these issues will 

be addressed in future studies (Field 1999; Braby 2000; Williams and Hay 2001; M. 

Braby pers com.).   

 

Secondly, there is evidence for past mtDNA introgression between O. zosine and O. 

genoveva where their ranges overlap in eastern Australia.  Hybridisation and 
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introgression may also obscure historical relationships among O. amaryllis subspecies 

although genetic evidence is not clear-cut in this group.  Distribution maps depict O. 

amaryllis subspecies as allopatric (see Fig. 3.1; Common and Waterhouse 1981; Braby 

2000), although it seems likely that contact is possible between inland and peripheral 

subspecies in eastern Australia.  The Great Dividing Range does not represent a 

continuous physical barrier to movement in these highly mobile butterflies.  Peripheral 

subspecies show high levels of genetic differentiation from each other and from the 

putatively ancestral inland subspecies compatible with a history of divergence.  In the 

case of O. a. hewitsoni, both allozymes and mtDNA indicate significant differentiation, 

although the mtDNA genealogy indicates a close affinity with the inland subspecies, 

perhaps resulting from recent introgression.  On the other hand, the peripheral 

subspecies O. a. amaryllis shows significant (albeit polyphyletic) mtDNA divergence 

from the inland subspecies, but lacks a similar distinction at allozyme loci.  

Hybridisation could be involved in producing this pattern.  If so, sex-biased dispersal 

and/or female hybrid inviability (Haldane’s rule) might explain the discordant pattern 

observed between the maternally inherited haploid marker (mtDNA) and autosomal 

diploid markers (allozymes).   

 

If gene flow does not occur at all between O. a. amaryllis and O. a. meridionalis as 

suggested by mtDNA data, the lack of differentiation observed in the allozyme markers 

may be a sampling artefact.  This suggestion implies that highly differentiated loci may 

exist but were not detected in my survey.  Among-locus variation in allozyme allele 

frequencies can be substantial and is often attributed to locus-specific selection (Baer 

1999; Porter 2003).  High levels of allozyme differentiation were attributable to marked 

divergence at relatively few loci in the case of O. amaryllis subspecies (4 loci out of 27) 

and between O. zosine and O. genoveva (3 loci out of 17).  Given that highly 

differentiated loci tend to be uncommon, it seems feasible that they could exist but 

remain undetected.  Interestingly, high among-locus variance is a feature of many 

studies that examine allozyme differentiation among closely related pairs of 

Lepidopteran taxa.  Examples include: Heliconius spp. (Nymphalidae) Jiggins and 

Davies (1998); Hyalophora spp (Saturniidae) Collins et al. (1993); Colias spp. 

(Pieridae) Cleary et al. (2002); Maculinea spp. (Lycaenidae) Figurny-Puchalaska et al. 

(2000); Zeiraphera diniana – larch and pine races (Tortricidae) Emelianov et al. 1995; 
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Aricia spp. (Lycaenidae) Aagaard et al. (2002); Lycaeides sspp. (Lycaenidae) Packer et 

al. (1998).   

 

Thirdly, incomplete lineage sorting may account for some of the polyphyletic signal in 

the mtDNA data sets.  In the case of O. amaryllis subspecies, information on ancestral 

relationships point toward incomplete lineage sorting as a factor accounting for 

polyphyletic mtDNA.  A widespread ancestral subspecies (meridionalis) showed 

extensive polyphyly relative to peripheral subspecies, which harbour lower variation 

and a derived position on the well-resolved 16S gene tree.  This form of polyphyletic 

pattern is expected to occur (but is not restricted to) a peripheral isolates model of 

speciation (Funk and Omland 2003).  Polyphyly caused by incomplete lineage sorting 

was discounted in the case of O. zosine and O. genoveva based on comparisons with 

allozyme diversity.  Additionally, the non-random spatial distribution of mtDNA 

variation is inconsistent with retention of lineages present in the common ancestor of 

both species.   

 

Finally, the possibility that polyphyly was due to inadequate phylogenetic information 

was assessed.  Homoplasious substitutions accumulate rapidly within and between 

mtDNA of closely related species (Galtier et al. 2006).  Homoplasious changes were 

evident in the COI data for both groups of taxa and had the effect of obscuring precise 

topological relationships among clades.  Additional sequence data was used to conduct 

probabilistic tests of topology.  Monophyly of nominal taxa was rejected in both data 

sets using a conservative nonparametric ML test as well as Bayesian posterior 

probabilities (Buckley 2002).  Consequently, I can be confident that mtDNA polyphyly 

is not a product of data indecisiveness.   

 

4.3 Evolutionary inferences: Allopatric divergence 
Notwithstanding complications arising from introgression and incomplete sorting of 

alleles, the Ogyris taxa examined here show evidence of divergence in isolation.  

However it is difficult to rule out alternative geographic modes of divergence including 

parapatric speciation as explanations for this data (Coyne and Orr 2004).  Ogyris zosine 

and O. genoveva share a parapatric distribution in eastern Australia, although it seems 

unlikely that their current distribution has persisted throughout the Pleistocene.  

Mitochondrial data suggest a history of population expansion has occurred in both taxa, 
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and geographic distributions prior to these events are unknown.  However, evidence of 

fragmentation and past introgression in the parapatric zone indicate that this area is 

probably a point of secondary contact rather than the focal area of divergence between 

these sister species.   

 

Eastern Australia is also an important area for divergence in the O. amaryllis complex 

and peripheral isolation appears to be the historical context in which this pattern 

developed.  The possibility that morphologically and/or ecologically distinct subspecies 

are forming along the east coast despite some gene flow (also see section 4.2), means 

that a parapatric model of speciation cannot be discounted in this group. 

 

4.4 Evolutionary inferences: ecological specialisation 
Phylogeographic analysis of closely related Ogyris taxa provided several results that 

highlight the influence of ecological specialisation on population structuring and 

divergence.  Sister taxa in the O. zosine/genoveva group are associated with different 

suites of Camponotus spp. ants.  This differential association could promote 

reproductive isolation in several ways.  For example, ants associated with one of the 

butterfly species could potentially select against larvae of the other species or select 

against larvae resulting from hybrid matings.  This form of ant-mediated selection 

would be expected to enhance oviposition specificity and also reproductive character 

displacement between species (e.g. wing colour, see section 2.4.5).   

 

In the case of the O. amaryllis complex, ant association does not appear to be an 

important factor in diversification.  Larval host plants may be involved in the evolution 

of this group.  The influence of host plant specialisation in promoting divergence and 

speciation in phytophagous insects is well known (e.g. Funk et al. 2002; Dres and 

Mallet 2002).  Allozyme variation was partitioned according to larval host plant in 

eastern populations of the O. amaryllis complex.  These results are tentative because a 

balanced sampling design was not used to compare host plant-associated population 

divergence.  Unfortunately, two host plant taxa were represented by single populations 

because the primary aim of the study was to assess divergence among nominal 

subspecies.  Samples of replicate populations that utilise these host plants could not be 

located within the limitations of time and budget for the project.  Nonetheless available 
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data showed that host plants provide a better explanation of population-level and 

individual-level allozyme variation than nominal subspecies.   

 

Additional biological information supports a role for host plants in diversification of 

this group.  Collection records and natural history information indicate that regional 

preferences may exist in host plant use across the range of O. amaryllis.  For example 

the commonly used host in southern Western Australia and South Australia is Amyema 

preissii (Grund, 2004; D. Schmidt pers. obs.), A. miqueliii is commonly used in northern 

Australia (R. Eastwood and C. Meyer pers. com.), while peripheral subspecies are 

restricted to one or two different host plants each (Braby 2000).  Schmidt and Rice 

(2002a) found that populations of a peripheral subspecies utilise a single host in the 

field, despite the availability of other nutritionally suitable plants (including those 

utilised by the inland subspecies).  This indicates that female oviposition preference 

may be linked to host specialisation.  Finally, although larvae are able to complete 

development on a range of different hosts in captivity (D. Schmidt pers. obs.), they 

respond differently in terms of growth and development on different host species (Atsatt 

1981).  This indicates that fitness of individuals may be influenced by the oviposition 

choice made by females.   

 

This biological information is consistent with new allozyme data indicating that 

ongoing divergence in the O. amaryllis complex is linked to host plant use.  The 

historical context in which specialisation may have developed is indicated by 

phylogeographic inferences based on mtDNA data.  Spatiotemporal evidence for 

periods of restricted gene flow and peripheral isolation in different parts of the continent 

may have confined populations to areas where the range of available hosts was limited 

leading to specialisation on those host plants.   

 

4.5 Biogeographical inferences: Northern Australia 
Ogyris butterflies examined in this project have widespread distributions across the 

Australian continent and might be expected to show evidence of a similar demographic 

response to Pleistocene climate change and similar phylogeographic structuring relative 

to biogeographic barriers.  Evidence for recent (late Pleistocene) population expansion 

was detected in widespread clades of both species groups.  Evidence of a similar nature 

has been found in all phylogeographic studies of widespread Australian animals that 
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include a test for population expansion: e.g. birds: Toon et al. in press, Joseph and 

Wilke 2006, Joseph et al. 2002; mammals: Zenger et al. 2003; reptiles: Strasburg and 

Kearney 2005.  These results indicate that members of Australia’s fauna which 

currently occupy a large area of the continent have possibly colonised these areas 

relatively recently after populations were restricted to a limited number of refugial 

areas.  Arid phases of Pleistocene climatic cycles are predicted to have strongly 

influenced the history of Australian organisms through vicariance events (Keast 1981; 

Cracraft 1991; Markgraf et al. 1995).  These events, which resulted in fragmentation 

and disjunction of some species (Keast 1981; Ford 1987; Markgraf et al. 1995), are 

likely to have caused only temporary range restrictions on other taxa with more 

generalist habitat requirements (i.e. currently widespread species).   

 

The monsoon tropics in Australia’s north is an important area of endemism for flora and 

fauna (Burbidge 1960; Keast 1961; Cracraft 1991; Crisp et al. 2001).  The 

biogeographical significance of this area also extends to butterflies as indicated by 

distribution data for numerous butterfly species and subspecies (Braby 2000).  A 

phylogeographic pattern common to both Ogyris complexes was the spatial disjunction 

of clades in the north of the continent.  Deeply divergent clades occupy the top-end of 

Australia in O. zosine (clade I) and in O. amaryllis (clade C).  Similar high levels of 

sequence divergence also characterise populations of vertebrates in this area (e.g. 

mammals: Spencer et al. 2001, Worthington-Wilmer et al. 1994, Cardinal and Christidis 

2000; birds: Edwards and Wilson 1990; Jennings and Edwards 2005).  Divergent 

northern lineages in most of these vertebrate examples correspond to morphologically 

distinct subspecies or sister species.  Interestingly, neither of the northern Ogyris clades 

discovered in this study show marked phenotypic differences that have warranted 

infraspecific names by butterfly taxonomists.   

 

4.6 Biogeographical inferences: Eastern Australia 
The mesic east coast of Australia represents another important region of endemism in 

Australian biogeography (Burbidge 1960; Keast 1961; Cracraft 1991; Crisp et al. 2001).  

Phylogeographic studies on a diverse range of fauna have demonstrated that vicariance 

has had a strong historical influence on genetic structure in this region (e.g. Joseph and 

Moritz 1994; Schneider et al. 1998; Schauble and Moritz 2001; Chapple et al. 2005; 

Ponniah and Hughes 2004).  Phylogeographic structuring is evident at several levels 



Chapter 4 145

within east coast populations of Ogyris butterflies.  In O. amaryllis, the east coast may 

represent a relatively stable environment where populations were marooned during 

phases of aridity.  Coastal populations of subspecies O. a. amaryllis show high levels of 

population structure relative to the inland subspecies, which may reflect the spatial and 

temporal stability of resources distributed along coastal watercourses.  This 

predictability may have promoted host plant specialisation although further work is 

required to discriminate the relative contributions made by resource specialisation and 

climate-induced vicariance in diversification of this group.   

 

Ogyris zosine and O. genoveva represent a classical tropical/temperate division along 

Australia’s east coast that is biogeographically congruent with other flora and fauna 

(Burbidge 1960; Schodde 1989).  The time of divergence between clades of each 

species in this area coincides with the Plio-Pleistocene boundary ~2 mya and there is 

evidence of past introgression where they meet in the McPherson-Macleay overlap 

zone.  A simple model of climate-induced vicariance is invoked by most authors to 

explain phylogeographic divisions along the east coast.  However, in the case of O. 

zosine and O. genoveva this interpretation is not straightforward because both taxa in 

eastern Australia could share a common ancestor from western or central Australia (see 

Fig. 2.4).  This question could be addressed by examining markers capable of resolving 

topological relationships between central + northern populations (clades II and III, Fig 

2.4) and eastern populations of both species (clades IV – VIII, Fig. 2.4). 

 

4.7 Biogeographical inferences: Arid-zone 
The unusually widespread distribution of Ogyris taxa examined in this project reflects 

the ability of these butterflies to utilise a variety of habitats including extensive arid and 

semi-arid areas of inland Australia.  Appropriate mistletoe host plants for Ogyris occur 

throughout tropical semi-arid woodlands and Acacia shrublands in this region (Barlow 

1984).  The arid-zone is climatically homogenous and has relatively few geographic 

barriers to dispersal compared to peripheral mesic areas (Nix 1982; James and Shine 

2000).  James and Shine (2000) contend that homogenous climatic conditions in the 

arid-zone permit widespread dispersal relative to mesic areas where dispersal is 

restricted by climatic heterogeneity and geographic barriers.  Phylogeographic data 

presented here for O. amaryllis support this hypothesis.  Mitochondrial clades are 

geographically widespread in inland Australia and show evidence of population 
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expansion, while coastal clades are geographically restricted and show evidence of 

subdivision.  These results are borne out by examination of population structure at a 

smaller spatial scale.  Coastal populations east of the Great Dividing Range show a high 

degree of population structure relative to adjacent inland populations.  At least one other 

phylogeographic analysis is available that is broadly concordant with results presented 

for the O. amaryllis complex and with the hypothesis of James and Shine (2000).  

Skinks in the Egernia whitii species group have more broadly distributed mtDNA 

clades in the arid-zone relative to those in temperate mesic-adapted species (Chapple et 

al. 2004b; Chapple et al. 2005).   

 

4.8 Conclusion 
The biology of Australia’s butterfly fauna is well documented in terms of taxonomy, 

geographic distribution and life-history characteristics but the evolutionary history of 

this richly endemic fauna is largely unexplored.  This study is the first to provide a 

phylogeographic treatment of Australian Ogyris butterflies and to begin putting the 

wealth of available biological information into an evolutionary context.  A congeneric 

phylogeography approach was used to study two complexes of closely related taxa.  

Sampling across the geographic range of both groups revealed broadly similar 

phylogeographic histories.  The most significant feature was a division between inland 

and northern regions relative to the east coast.  In both groups of butterflies it is possible 

that inland and northern populations are ancestral to east coast populations.  The 

historical division between arid inland environments and mesic east coast environments 

implies that a major ecological transition has been achieved in each group.  Many of the 

mistletoe species used as host plants by these butterflies have distributions that cross 

this environmental divide.  It is likely that colonisation of the east coast was facilitated 

by the generalist nature of these parasitic host plants.   

 

Detailed examination of genetic structuring in east coast populations of both species 

groups indicates that ecological specialisation may be driving diversification.  Ogyris 

zosine and O. genoveva are obligately associated with different suites of ant species.  

Genetic data indicate that these butterflies experienced past episodes of introgression 

where their ranges currently overlap and the distribution of wing colour polymorphism 

in females of O. zosine may be the legacy of reproductive character displacement to 

avoid hybridisation.  It remains to be determined whether ants are a selective force 
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driving diversification (or maintaining differentiation) of these taxa.  Ants were 

discounted as an important force in divergence of the O. amaryllis subspecies complex.  

Patterns of genetic structure in this group indicate that host plant specialisation may 

play a role in the isolation of peripheral populations.  

 

Congeneric phylogeography is a useful framework for establishing and interpreting 

patterns of genetic variation in closely related organisms.  As demonstrated here, this 

approach can be used to identify geographic areas and biological attributes that may 

help direct future investigations aimed at exploring the process of speciation in non-

model organisms.  
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Appendix 1  Specimen voucher information for Chapter 2. 
 

Site 
No. 

Species      Locality Collection Date Voucher
specimen 
code* 

COI 
haplotype 
code 

Sex Source Collector

1 O. zosine Bartlett Bluff, WA 8-Oct-2002 ANIC1 z30 M ANIC C. R. Crouch 
2 O. zosine Cape Range, WA 16-Sep-1995 WAZ9*  z33 F AT  A. Tomlinson  
   25-Oct-1997 AAM-97-

U358 
z33    

     

      

? MCZ M. Williams

  24-Oct-1997 AAM-97-
W113 

z33 ? MCZ A. Mignault

3 O. zosine Roe Ck. 12 km SWbW Alice 
Springs, NT 

13-Oct-1978 ANIC3* z32 M ANIC E. D. Edwards

          13-Oct-1978 ANIC4* z31 M ANIC E. D. Edwards
4 O. zosine Balgo Hill, WA 13-Sep-1985 ANIC2* z40 M ANIC M. Golding 
5 O. zosine Oscar Rg., WA 1-Jul-2000 KB387  z40 F RBG R. Grund 
          

        
17-Aug-2000 RA318* z34 M RBG R. Grund

6 O. zosine Ellenbrae, WA 11-Nov-2000 RA321* z38 F RBG R. Grund
7 O. zosine  Elliot, NT 16-Oct-1969 ANIC6* z37 F ANIC J.C. Le Souef 
8 O. zosine Robin Falls, NT 5-Nov-2000 WAZ1* z39 F CALM 

CALM 
R. Weir 

9 O. zosine Adelaide R., NT ? WAZ2* z36 M R. Weir 
10 O. zosine      Darwin, NT zDw1 z35 Larva GU R. Weir
       ir 

      
     ir 
      
      

zDw2 z40
z40

Larva GU R. We
  zDw3 Larva GU R. Weir

R. We  zDw5 z35 Larva GU
  zDw6 z40 Larva GU R. Weir
  zDw7 z40 Larva GU R. Weir
11 O. zosine Mt Isa, Qld 28-Sep-1978 ANIC10* z19 M ANIC J.C. Le Souef 
12 O. zosine Cairns, Qld 24-Aug-2003 zCn1 z1 Larva GU J. Olive 
       

       
        
        

      J. e 
    z23    

24-Aug-2003 zCn2 z1 Larva GU J. Olive
  24-Aug-2003 zCn8 z20 M GU J. Olive
  

 
24-Aug-2003 zCn9 z1 M GU J. Olive

 24-Aug-2003 zCn11 z1 F GU J. Olive
GU Oliv 24-Aug-2003 zCn22 z21 F

13 O. zosine Charters Towers, Qld 2-Nov-1994 KD-94-R003 ? MCZ K. Dunn
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14 O. zosine Townsville, Qld 18-Jul-1994 KD-94-T077  z1 ? MCZ K. Dunn 
   2-S      
15 O. zosine 

ep-2001 DL-01-A263 z25 ? MCZ D. Lohman
Sth. Townsville, Qld 21-Sep-2003 zSt1 z1 Larva GU D. Schmidt 

16 O. zosine W. Paluma, Qld 27-Aug-2004 zPl1 z1 F MFB M. Braby 
17 O. zosine zMy1 z21    Mackay, Qld  Larva GU R. Kendall
 
 

 
 

      
      

     GU  

zMy24 z21 Larva  R. Kendall
 GU R. Kendall

GU
zMy26 z21 Larva

 18 O. zosine Yeppoon, Qld 9-Mar-2003 zKb1 z5 M D. Schmidt
  

 
     
     

     M 
    M 
     

9-Mar-2003 zKb2 z24 F GU D. Schmidt 
 9-Mar-2003 zKb3 z1 F GU 

GU 
D. Schmidt 

 9-Mar-2003 zKb7 z6 D. Schmidt 
  9-Mar-2003 zKb8 z6 GU D. Schmidt 
  9-Mar-2003 zKb9 z1 M GU D. Schmidt 

D. Schmidt 19 O. zosine Nth. Rockhampton, Qld Mar-2003 zNr3 z1  GU 
   Mar-2003      

       
       
    M   
       

zNr4 z1
z1

GU D. Schmidt
  Mar-2003 zNr5

zNr6
GU D. Schmidt

 
 

 Mar-2003 z1 GU D. Schmidt
 Mar-2003 zNr7 z1 GU D. Schmidt

  Mar-2003 zNr8 z1 GU D. Schmidt
20 O. zosine Capella, Qld 6-Oct-1996 RG103  z20 M SAM L. Hunt 
          

      L. 
   F   
      
      

23-Jun-1996 RA358* z20 M SAM L. Hunt
Hunt   22-Jun-1996 RA359*

 RA360*
z18 F SAM

  1996 z22
z20

SAM L. Hunt 
 
 

 8-Oct-1996 RA361* F SAM L. Hunt 
 8-Oct-1996 RA362* z18

z4 
M SAM L. Hunt 

21 O. zosine Banana, Qld 13-Mar-2003 zBn1  GU D. Schmidt 
         

       
      
      
      
      

13-Mar-2003 zBn2 z4 GU D. Schmidt
  13-Mar-2003 zBn3 z1 GU D. Schmidt
  13-Mar-2003 zBn4 z1 GU D. Schmidt
  13-Mar-2003 zBn5 z1 GU D. Schmidt
  13-Mar-2003 zBn6 z1 GU D. Schmidt
  13-Mar-2003 zBn7 z1 F GU D. Schmidt
22 O. zosine Munduberra, Qld 14-Mar-2003 zMd1 z7  GU D. Schmidt 
   14-Mar-2003    

     
     

zMd3 z1 GU D. Schmidt 
  14-Mar-2003 zMd4 z1 GU D. Schmidt 
  14-Mar-2003 zMd5 z1 GU D. Schmidt 
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    zMd6 z1 M D. Schmidt 14-Mar-2003 GU 
       

     
     

14-Mar-2003 zMd7 z2 M GU D. Schmidt 
  14-Mar-2003 zMd8 z8 F GU D. Schmidt 
  14-Mar-2003 zMd9 z26 GU D. Schmidt 
23 O. zosine Maryborough, Qld 6-Mar-2003 zSc1 z1 M GU D. Schmidt 
24 O. zosine Bli Bli, Qld 26-Jun-2002 zBb1 z27 Larva GU D. Schmidt 
25 O. zosine Tewantin, Qld 17-Jan-2002 zTw1 z3 M GU D. Schmidt 
        

     
      
 24 2  idt 

       
      
      

24-Aug-2002 zTw2 z3 Larva
 

GU D. Schmidt
  24-Aug-2002 zTw3 z3 M GU D. Schmidt
  

 
24-Aug-2002

-Aug-200
zTw4
zTw5

z3 M
M

GU D. Schmidt
D. Schm z3  GU 

 24-Aug-2002 zTw6 z3 F GU D. Schmidt
  24-Aug-2002 zTw7 z3 M GU D. Schmidt
  24-Aug-2002 zTw8 z3 M GU D. Schmidt
26 O. zosine Brisbane, Qld 6-Jan-2003 zSd1 z28 M GU D. Schmidt 
        

      
      
      
       
       

6-Jan-2003 zSd5 z16 F GU D. Schmidt
  6-Jan-2003 zSd6 z14 M GU D. Schmidt
  6-Jan-2003 zSd7 z12 M GU D. Schmidt
 
 

 6-Jan-2003 zSd8 z28 M GU D. Schmidt
 6-Jan-2003 zSd13 z14 F GU D. Schmidt

  6-Jan-2003 zSd22 z12 M GU D. Schmidt
27 O. zosine Boonah, Qld 2-Jun-1999 zMe1 z29 F GU D. Schmidt 
         

       
       
      
       
       
       

        

2-Jun-1999 zMe2* z11 GU D. Schmidt
  2-Jun-1999 zMe3* z15 GU D. Schmidt
  2-Jun-1999

2-Jun-1999
zMe4*
zM

z13 M GU D. Schmidt
  e5* z10 M GU D. Schmidt
  2-Jun-1999 zMe6* z13 GU D. Schmidt
  2-Jun-1999 zMe7* z26 GU D. Schmidt
  2-Jun-1999 zMe8* z26 GU D. Schmidt
28 O. zosine Ballina, NSW 4-Mar-2002 zBa2 z27 F GU D. Schmidt
        

    D.  
      
     
     

        

4-Mar-2002 zBa3 z27 F GU D. Schmidt
GU Schmidt  4-Mar-2002 zBa4 z17 F

  4-Mar-2002 zBa5 z17 F GU D. Schmidt
  4-Mar-2002 zBa6 z27 F GU D. Schmidt
  4-Mar-2002 zBa7 z27 M GU D. Schmidt
29 O. zosine Yamba, NSW 11-Mar-2002 zYb4 z9 M GU D. Schmidt
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        11-Mar-2002 zYb8 z9 M GU D. Schmidt
        

      
      
      
      
      

  

11-Mar-2002 zYb9 z9 F GU D. Schmidt
  11-Mar-2002 zYb12 z9 M GU D. Schmidt
  11-Mar-2002 zYb21 z9 F GU D. Schmidt
  11-Mar-2002 zYb23 z9 F GU D. Schmidt
  11-Mar-2002 zIk1 z9 F GU D. Schmidt
  11-Mar-2002

 
zIk2 z9 M

 
GU D. Schmidt

30 O. genoveva Maidenwell, Qld gMw1 g8 F GU D. Schmidt
         

     
       
       
       
       

gMw5 g6 F GU D. Schmidt
    gMw8 g8 F GU D. Schmidt
  gMw12 g6 F GU D. Schmidt
  gMw15 g7 F GU D. Schmidt
  gMw25 g1 F GU D. Schmidt
  gMw26 g8 M GU D. Schmidt
31 O. genoveva  Boonah, Qld 30-Jun-2002 gMe1 g1 M GU D. Schmidt 
        

      
      
      
     

30-Jun-2002 gMe2
gMe3

g1 Larva GU D. Schmidt
  30-Jun-2002 g1 Larva GU D. Schmidt
  30-Jun-2002 gMe4 g1 Larva GU D. Schmidt
  30-Jun-2002 gMe5 g1 Larva

 
GU D. Schmidt

  30-Jun-2002 gMe6 g1 M GU D. Schmidt
32 O. genoveva  Leslie Dam, Warwick, Qld 26-Mar-2005 gLd1 g4 M GU D. Schmidt, R. Eastwood 
   26-Mar-2005 gLd4 g1 M GU D. Schmidt, R. Eastwood 
 
 

  26-Mar-2005 gLd7 g1 M GU D. Schmidt, R. Eastwood 
  26-Mar-2005 gLd9 g1 M GU D. Schmidt, R. Eastwood 

   26-Mar-2005 gLd12 g4 M GU D. Schmidt, R. Eastwood 
   26-Mar-2005 gLd15 g5 F 

M
GU D. Schmidt, R. Eastwood 

   
 

26-Mar-2005 gLd16 g14  
D. Schmidt, R. Eastwood 

   

GU D. Schmidt, R. Eastwood 
  26-Mar-2005 

 
gLd18 

 
g14 F GU 

33 O. genoveva Grafton, NSW 1993 gen15 g16 Larva SAM ?
      

    
1993 gen17 g16 Larva SAM ?

  1993 gen19 g9 Larva SAM ?
34 O. genoveva  Gungal, NSW 27-Nov-2003 gGu1  g17 F GU D. Schmidt 
       

     
     
     

27-Nov-2003 gGu2 g15 M GU D. Schmidt 
  

 
27-Nov-2003 gGu8 g15 M GU D. Schmidt 

 27-Nov-2003 gGu9 g3 M GU 
GU 

D. Schmidt 
  27-Nov-2003 gGu17 g15 F D. Schmidt 
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       27-Nov-2003 gGu20 g1 M GU D. Schmidt 
       

     
27-Nov-2003 gGu22 g15 M GU D. Schmidt 

  27-Nov-2003 gGu24 g15 M GU D. Schmidt 
35 O. genoveva  14km E of Barellan, NSW 25-Oct-2004 AA128 g1 M MFB M. Braby 
36 O. genoveva  Seymour, Vic Nov-2004 gAx1  g2 M GU D. Schmidt 
        

     
     
    
    
    

      

Nov-2004 gAx2 g1 F GU D. Schmidt 
  Nov-2004 gAx6 g1 M GU D. Schmidt 
  Nov-2004 gAx8 g11 M GU D. Schmidt 
  Nov-2004 gAx11 g11 M GU D. Schmidt 
  Nov-2004 gAx12 g2 M GU D. Schmidt 
  Nov-2004 gAx14 g1 F GU D. Schmidt 
37 O. genoveva  Werribee Gorge State Park, 

Vic 
1-Jan-2004 MFB69 g1 M MFB M. Braby

      
   

     

1-Jan-2004 MFB70 g1 M MFB M. Braby 
  1-Jan-2004 MFB-00-P547

 
 Mg1 MFB M. Braby 

38 O. genoveva  Will's camping area Alpine 
NP, Vic 

9,10-Dec-2002 MFB66 g1 M MFB M. Braby

        
      

  

9,10-Dec-2002 MFB67 g1 M MFB M. Braby 
  9,10-Dec-2002

 
MFB68 g1 F MFB

 
 M. Braby 

 39 O. genoveva Waikerie, SA 2002 RA373* g1 F LH L. Hunt
       

     
     

     

      

1993 gen2 g1 Larva SAM M. Moore
  1993 gen3 g1 Larva

Larva
SAM M. Moore

  1993 gen5 g1 SAM M. Moore
40 O. genoveva  Adelaide Hills, SA (Scott Ck. 

Conservation Park) 
Jan-2001 RA71 g10 Larva RBG R. Grund

41 O. genoveva  S. Flinders Ranges, SA (Oodla 
Wirra)  

2-Oct-1999 RA367* g13 F LH L. Hunt

42 O. genoveva  S. Flinders Ranges, SA 
(Mookra Tower) 

18-Oct-1996       RG149 g12 M SAM R. Grund

43 O. genoveva  N. Flinders Ranges, SA 
(Blinman) 

28-Oct-1995      RA364* g1 M LH L. Hunt

     g1    28-Oct-1995 RA365* M LH L. Hunt
* COI fragment obtained by amplification of three overlapping fragments 
†ANIC = Australian National Insect Collection 
AT = A. Tomlinson Collection  
CALM = Department of Conservation and Land Management Collection, Perth  
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GU = Griffith University Tissue Collection 
LH = L. Hunt Collection 
MCZ = Museum of Comparative Zoology, Harvard University 
MFB = M. Braby Collection 
RBG = R. Grund Collection 
SAM = South Australian Museum 
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  Appendix 2 Voucher specimen information for Chapter 3 
 

Site 
No. 

Subspecies     Locality Field
Collection 
Date 

Voucher 
specimen code 

COI 
haplotype 
code 

Sex Tissue
Source† 

Collector 

1 meridionalis 27km W. Fairview, 
Qld 

5-May-2004     SB012* c1 ? SB S. Brown

2 meridionalis Charters Towers, Qld 17-Sep-1975 ANIC15* b2 M ANIC J.C. Le Souef 
3 meridionalis Townsville, Qld 20-Apr-1992 MFB71 b# F MFB M. F. Braby 
 meridionalis  28-Mar-1993 MFB72 b# F MFB M. F. Braby 
 meridionalis  20-Apr-1992 MFB73 b# M MFB M. F. Braby 
4 meridionalis Burra Range, Qld 13-Feb-1994 KD-94-R006 b1 ? MCZ K. Dunn 
5 meridionalis Selwyn Mine, 160 km 

SE Mt Isa, Qld 
4-May-1997     TW-97-Y432

c2 
? MCZ T. Woodger

      
       

meridionalis  4-May-1997 TW-97-Y434 c3 ? MCZ T. Woodger
meridionalis 4-May-1997 TW-97-Y433 b1 ? MCZ T. Woodger

D. Schmidt 6 meridionalis Blackall, Qld  20-Sep-2003 Bk1 c2 M GU 
      
       
       
       
     GU  
  k7     
       
       

meridionalis  20-Sep-2003 Bk2 c4 F GU D. Schmidt
meridionalis 20-Sep-2003 Bk3 c5 M GU D. Schmidt
meridionalis 20-Sep-2003

20-Sep-200
 Bk4 c6 M GU D. Schmidt

meridionalis 3 Bk5 c7 M GU D. Schmidt
meridionalis 20-Sep-2003 Bk6

 B
a1 M D. Schmidt

meridionalis 20-Sep-2003 c8 F GU D. Schmidt
meridionalis 20-Sep-2003 Bk8 c5 M GU D. Schmidt
meridionalis 20-Sep-2003 Bk22 b3 M GU D. Schmidt

7 meridionalis Taroom, Qld   Ta1 b5  GU D. Schmidt 
       
        
        
        
        

meridionalis  Ta2 a4 GU D. Schmidt
meridionalis Ta3 a3 GU D. Schmidt
meridionalis Ta4 a5 GU D. Schmidt
meridionalis Ta5 b6 GU D. Schmidt
meridionalis Ta6 b4 GU D. Schmidt

8 meridionalis Wandoan, Qld   Wn2 b4  GU D. Schmidt 
       
        
        

meridionalis  Wn4 b4 GU D. Schmidt
meridionalis Wn6 b4 GU D. Schmidt
meridionalis Wn8 b4 GU D. Schmidt
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      GU  
      GU  
        

meridionalis Wn10 b4 D. Schmidt
meridionalis Wn11 a2 D. Schmidt
meridionalis Wn13 b4 GU D. Schmidt

9 meridionalis W.Chinchilla, Qld  9-May-2003 ClW5 b9 M GU D. Schmidt 
      
       
       
       
       
       
       

meridionalis  9-May-2003 ClW6 b10 M GU D. Schmidt
meridionalis 9-May-2003 ClW11 a8 M GU D. Schmidt
meridionalis 9-May-2003 ClW14 a9 F GU D. Schmidt
meridionalis 9-May-2003 ClW12 a10 F GU D. Schmidt
meridionalis 9-May-2003 ClW13 b11 M GU D. Schmidt
meridionalis 9-May-2003 ClW7 b12 M GU D. Schmidt
meridionalis 9-May-2003 ClW8 b8 M GU D. Schmidt

10 meridionalis E. Chinchilla, Qld  7-May-2003 ClE1 b7 M GU D. Schmidt 
      
       
       
       
     GU  

meridionalis  7-May-2003 ClE10 b8 M GU D. Schmidt
meridionalis 7-May-2003 ClE2 b7 M GU D. Schmidt
meridionalis
meridionalis

 7-May-2003
7-May-2003

 ClE3 a6 M GU D. Schmidt
  ClE16 a7 M GU D. Schmidt

D. Schmidtmeridionalis 7-May-2003 ClE4 b4
11 meridionalis Jondaryan, Qld  20-Apr-2003 Jd7  a11 M GU D. Schmidt 
      
       
       
       
       
       
   5    

meridionalis  20-Apr-2003 Jd1 a11 F GU D. Schmidt
meridionalis 20-Apr-2003 Jd4 b4 M GU D. Schmidt
meridionalis 20-Apr-2003 Jd6 b13 M GU D. Schmidt
meridionalis 20-Apr-2003 Jd2 b14 M GU D. Schmidt
meridionalis 20-Apr-2003 Jd3 b4 M GU D. Schmidt
meridionalis 20-Apr-2003 Jd5 b15

b1
GU D. Schmidt

meridionalis 6-May-2003 Jd18 M GU D. Schmidt
12 meridionalis Leyburn, Qld  26-Nov-1993 KD-93-Q003 b4 ? MCZ K. Dunn 
      

      
       

meridionalis  30-Jan-1995 KD-95-Z386 d2 ? MCZ K. Dunn
 meridionalis  ? c060 d2 ? MCZ 

MCZ
R. Kendall; J. Neilsen 

 meridionalis 21-Dec-1993 KD-93-Q026 b4 ? K. Dunn
meridionalis 22-Dec-1993 KD-93-Q027 b4 ? MCZ K. Dunn

13 meridionalis Warwick, Qld  21-Dec-1993 KD-93-Q025 d2 ? MCZ K. Dunn 
     
       
       

meridionalis 
 

 26-Mar-2005 Wk2 b12 GU D. Schmidt
meridionalis 26-Mar-2005 Wk3 b12 GU D. Schmidt
meridionalis 26-Mar-2005 Wk4 b26 GU D. Schmidt

14 meridionalis Inglewood, Qld  20-Nov-2003 Iw1 b4 Larva GU D. Schmidt 
   GU  meridionalis  20-Nov-2003 Iw2 b27 Larva D. Schmidt
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      meridionalis 20-Nov-2003 Iw4 a11 Larva GU D. Schmidt
15 meridionalis Gurley, NSW 21-Nov-2003 Gy1 b4 larva GU D. Schmidt 
     
      

meridionalis 
 

 21-Nov-2003 Gy2 b28 Larva GU D. Schmidt
meridionalis 21-Nov-2003 Gy3 b29 Larva

Larva 
 GU D. Schmidt

16 meridionalis Narrabri, NSW  Jun-2002 Nb9  a10 GU D. Schmidt 
      
     GU  
        
       
       
        
        

meridionalis  Jun-2002 Nb8 b4 Larva
 

 GU D. Schmidt
meridionalis Jun-2002 Nb3 d1 M D. Schmidt
meridionalis Jun-2002 Nb1 b16 F GU D. Schmidt
meridionalis Jun-2002 Nb7 b4 Larva

 
 GU D. Schmidt

meridionalis Jun-2002 Nb2 b17 F GU D. Schmidt
meridionalis Jun-2002 Nb5 b18 M GU D. Schmidt
meridionalis Jun-2002 Nb4 b4 M GU D. Schmidt

17 meridionalis Collie, NSW  25-Nov-2003 Co1 b4 M GU D. Schmidt 
      
 meridionalis   2    
 meridionalis  25-Nov-200    GU  
       
       
       
       
18 

meridionalis  25-Nov-2003
25-Nov-200

 Co2 b20
b2

F GU D. Schmidt
 3 Co8 M GU D. Schmidt
 
 

3 Co10 b23 F D. Schmidt
meridionalis 25-Nov-2003 Co11 b4 M GU D. Schmidt
meridionalis 25-Nov-2003 Co17 b24 M GU D. Schmidt
meridionalis 24-Nov-2003 Co18 b25 M GU D. Schmidt
meridionalis 25-Nov-2003 Co22 b4 M GU D. Schmidt
meridionalis Warren, NSW  25-Nov-2003 Wr2 b19  GU D. Schmidt 

      
       
   1    
       
       
       
       

meridionalis  25-Nov-2003 Wr3 b20 GU D. Schmidt
meridionalis 25-Nov-2003 Wr4 b4

b2
GU D. Schmidt

meridionalis 25-Nov-2003 Wr5 GU D. Schmidt
meridionalis 25-Nov-2003 Wr6 b4 GU D. Schmidt
meridionalis 25-Nov-2003 Wr7 b4 GU D. Schmidt
meridionalis 25-Nov-2003 Wr8 b4 GU D. Schmidt
meridionalis 25-Nov-2003 Wr1 a12 GU D. Schmidt

19 meridionalis Euabalong West, NSW 8-Nov-92 ANIC19* b4 M ANIC J. Bugeja 
       

      
         

meridionalis  8-Nov-92 ANIC20* a13 M ANIC J. Bugeja
20 meridionalis Balranald, NSW  

 
4-Feb-1999 KD-99-Z668 b30 ? MCZ K. Dunn 

meridionalis 4-Feb-1999 KD-99-Z659 d3 ? MCZ K. Dunn
21 meridionalis Coombah, NSW 1-Mar-1997 KD-97-Z700 a15 ? MCZ K. Dunn
      
       
       

meridionalis  1-Mar-1997 KD-97-Z701 a10 ? MCZ K. Dunn
meridionalis 1-Mar-1997 KD-97-Z702

 KD-97-Z703
a14 ? MCZ K. Dunn

meridionalis 1-Mar-1997 a16 ? MCZ K. Dunn
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22        K. Dunn meridionalis Broken Hill, NSW 1-Mar-1997 KD-97-Z710 b4 ? MCZ
23 meridionalis Kiata, Vic 29-Nov-1992 ANIC21* d4 F ANIC W.N.B. Quick 
24 meridionalis Big Desert, Vic 29-Mar-2003 S004* d5 ? SB F. Douglas 
   d4    
       

meridionalis 6-Apr-2003 S005* ? SB F. Douglas
meridionalis 18-Mar-2003 S006* d4 ? SB F. Douglas

25 meridionalis Lake Hindmarsh, Vic 1-Apr-2002 S002* d4 ? SB F. Douglas 
      
26 Yanac, Vic 

meridionalis  8-Jun-2002 S003* d4 ? SB
SB 

F. Douglas
meridionalis 7-Oct-2003 S007* d4 ? F. Douglas 

27       meridionalis Millicent, SA 16-Jul-2000 RA1 a17 ? RBG R. Grund 
  RA6    
      

     R. Grund 

meridionalis  9-Mar-2000 a17 Male
 

 RBG R. Grund
R. Grundmeridionalis 30-Apr-2000 RA7d a17 ? RBG

28 meridionalis Blackfellows Caves,
SA 

22-Mar 1999 RA373a 
a17 

? SAM

29 meridionalis Carpenter Rocks, SA 19-Jul-1999 RA382 ? a17 SAM R. Grund 
30 meridionalis Purnong, SA 25-Sep-1996 RG101 a18 Male SAM R. Grund 
31 meridionalis Waikerie, SA 9-Oct-1996 RG108 a10 Male SAM R. Grund 
32 meridionalis Currency Ck., SA 19-Feb-1996 RG76A a19 Male SAM R. Grund 
33 meridionalis Adelaide Hills, SA 

  
25-Mar-2003
Jul-2003 

     
      
34 Port Wakefield, SA 

RA186
RA288b

 a20 ? RBG R. Grund
meridionalis
meridionalis 

a20 ? RBG R. Grund
16-Jan-1996 RG73 a24 ? SAM R. Grund 

35 meridionalis Port Augusta, SA 17-Oct-1996 RG141 a18 M SAM R. Grund 
36 meridionalis Nepabunna, SA 31-Oct-2001 RA342* M a11 RBG R. Grund 
37   RG558    meridionalis Munyaroo

Conservation Park, SA 
 13-Nov-1998

a21 
M SAM R. Grund

38 meridionalis R. Grund Moonabie Range, Sa 22-Sep-1999 RA297 a27 F RBG 
       R. Grund 
  98 56     

20-Sep-1999      

meridionalis Oct-1999
9-Nov-19

RA298a
RG5

a27 ? RBG
meridionalis a21 M SAM R. Grund

39 meridionalis Botenella Hills, SA RA304* a11 M RBG R. Grund
      meridionalis  20-Sep-1999 RA305* a11

a26 
F RBG R. Grund

40 meridionalis Yunta, SA 12-Dec-1999 RA370* F LH L. Hunt 
41 meridionalis Gawler Range, SA 19-Nov-2001 RA301* a18 M RBG R. Grund 
      
       

        

meridionalis
meridionalis

  19-Nov-2001 RA302* a18 M RBG
RBG

R. Grund
 8-Oct-2000

14-Oct-1996
 RA314* a18 M R. Grund

42 meridionalis Dutchman Sterns
Cons. Park, SA 

RG130b
a11 

M SAM R. Grund

      meridionalis  14-Oct-1996 RG131 a18 M SAM R. Grund
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43         meridionalis Oladdie Hills, SA 22-Oct-1996 RA161 a11 M SAM R. Grund
44 meridionalis Musgrave Range, SA Jul-2000 RA300 a22 ? RBG R. Grund 
  a22    meridionalis

meridionalis 
  15-Nov-2000

25-Apr-2001 
 RA311* M RBG R. Grund

45 Pootnoura, SA RA343* a25 F RBG R. Grund 
46     M   

        
meridionalis Oodnadatta, SA 29-Apr-2001 RA344* a22 RBG R. Grund

 47 meridionalis Vokes Hill, SA 10-Oct-2002 RA371* a22 M LH L. Hunt
48 meridionalis Twins Homestead, SA 

         
15-Nov-2000 RA334* a11 M RBG R. Grund 

49 meridionalis Innaminka, SA 1-Oct-1998 RG363b a11 M SAM L. Hunt
       
         

  4-Oct-1998 RG365 a10 M SAM L. Hunt
1-Oct-1998 RG364 a11 F SAM L. Hunt

50 meridionalis Tarcoonyinna Ck., SA Jun-2001 RA299a  b32 ? RBG R. Grund 
      

       

meridionalis  6-Oct-2000 RA306* b31 M RBG R. Grund
 meridionalis  6-Oct-2000 KB446  b4 M SAM R. Grund 
 meridionalis  Jun-2001 RA299b  b32 ? RBG R. Grund 

meridionalis 4-Nov-2001 RA99 b32 F RBG R. Grund
51 meridionalis Palmer River, NT 12-Jul-2000 KB441 b31 ? RBG R. Grund 
52 meridionalis Alice Springs, NT 27-Sep-1995 CEM57 b4 M CEM J.F.R. Kerr 
53 meridionalis Victory Downs, NT 12-Jul-2000 KB439a b4 M RBG R. Grund 
       
       

meridionalis 12-Jul-2000 KB439b a23 M RBG R. Grund
meridionalis 12-Jul-2000 KB439c b19 M RBG R. Grund

54 meridionalis Erldunda, NT 8-Oct-2005 Er1 a28 ? MFB M. F. Braby 
 meridionalis  8-Oct-2005 Er2 b28 ? MFB M. F. Braby 
 meridionalis  8-Oct-2005 Er4 a29 ? MFB M. F. Braby 
 meridionalis  8-Oct-2005 Er3 a29 ? MFB M. F. Braby 
55 meridionalis Kings Canyon, NT Oct 2005 Lp3 b33 ? MFB M. F. Braby 
 meridionalis  Oct 2005 Lp4 b34 ? MFB M. F. Braby 

M. F. Braby  
 

meridionalis 
meridionalis 

 Oct 2005 
Oct 2005 

Lp1 b35 
b4 

? MFB 
 Lp2 ? MFB M. F. Braby 

56 meridionalis McDonnell Range, NT  MBF80 b36  MFB M. F. Braby 
57 meridionalis Cullen R., NT 25-Dec-1993 CEM55* c12 M CEM C. E. Meyer 
58     hewitsoni Darwin, NT 30-Sep-2003 Dw1 c9 F GU R. Weir 
     
      
      
      
     F 

hewitsoni  30-Sep-2003 Dw14 c9 M GU R. Weir 
hewitsoni 30-Sep-2003 Dw21 c9 M GU R. Weir 
hewitsoni 30-Sep-2003 Dw11 c9 M GU R. Weir 
hewitsoni 30-Sep-2003 Dw23 c9 GU 

GU 
R. Weir 

hewitsoni 30-Sep-2003 Dw2 c9 R. Weir 
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hewitsoni 30-Sep-2003 Dw3 c9 M GU R. Weir 
hewitsoni 30-Sep-2003 Dw4 c9 F GU R. Weir 

59 hewitsoni Flinders Peninsula, NT 28-Apr-1996 ANIC11* c11 M ANIC T. Fenner 
       hewitsoni  28-Apr-1996 ANIC12* c2 M ANIC T. Fenner
60 meridionalis Kalgoorlie, WA 12-Nov-1995 AAM-97-Y399 a30 ? MCZ A. Graham 
     
 m      

meridionalis
eridionalis

  31-Oct-1997 AAM-97-U399 a30 ? MCZ A. Mignalt
 31-Oct-1997 AAM-97-U398 a39 ? MCZ A. Mignalt

61 meridionalis Wagin, WA 10-Apr-2004 WA46 a11 M GU D. Schmidt 
      meridionalis  10-Apr-2004 WA48 a31 F GU D. Schmidt
62 meridionalis Pinjar, WA 24-Oct-2000 DL-01-Q545 a39 ? GU D. Lohman 
63      meridionalis Arthur River, WA 11-Apr-2004 WA58 a31 F GU D. Schmidt
      
   a34    
       
       
       

meridionalis  11-Apr-2004 WA54
 WA55

a31 F GU D. Schmidt
meridionalis 11-Apr-2004 M GU D. Schmidt
meridionalis 11-Apr-2004 WA56 a31 F GU D. Schmidt
meridionalis 11-Apr-2004 WA59 a35 F GU D. Schmidt
meridionalis 11-Apr-2004 WA57 a31 M GU D. Schmidt

64 meridionalis Perth, WA 31-Mar-2004 WA3 a31 M GU D. Schmidt 
     
      
      

       

meridionalis  31-Mar-2004 WA4 a33 M GU D. Schmidt
meridionalis 31-Mar-2004 WA6 a33 M GU D. Schmidt
meridionalis 31-Mar-2004 WA7 a33 M GU D. Schmidt

65 meridionalis New Norcia, WA 12-Apr-2004 WA61 a30 M GU D. Schmidt
     
      
      

       

meridionalis  12-Apr-2004 WA62 a37 M GU D. Schmidt
meridionalis 12-Apr-2004 WA64 a31 M GU D. Schmidt
meridionalis 12-Apr-2004 WA65 a36 F GU D. Schmidt

66 meridionalis Northam, WA 10-Apr-2004 WA30 a31 M GU D. Schmidt
      
   WA32     
       
       

meridionalis  10-Apr-2004 WA35 a31 M GU D. Schmidt
meridionalis 10-Apr-2004 a32 M GU D. Schmidt
meridionalis 10-Apr-2004 WA38 a11 M GU D. Schmidt
meridionalis 10-Apr-2004 WA39 a31 M GU D. Schmidt

67 meridionalis Port Denison, WA 30-Oct-2001 SB016* a30 ? SB S. Brown 
      

       
meridionalis  30-Oct-2001 SB017* a30 ? SB S. Brown

68 meridionalis Cape Range, WA 17-Sep-1995 WA13* e1 M AT T. Tomlinson
 6*     
        
       
       

meridionalis
meridionalis

  17-Sep-1995 WA1 a31 F AT T. Tomlinson
 5-Apr-2004 WA25 a30 F GU D. Schmidt

meridionalis 6-Apr-2004 WA27 a30 M GU D. Schmidt
meridionalis 5-Apr-2004 WA26 a31 M GU D. Schmidt
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    GU  

       

meridionalis 7-Apr-2004 WA29 a30 M GU D. Schmidt
meridionalis 24-Oct-1997 AAM-97-W112 a22 ? GU A. Mignalt
meridionalis 24-Oct-1997 AAM-97-W114 a30 ? GU A. Mignalt
meridionalis 24-Oct-1997 AAM-97-W115

 
 a22 ? A. Mignalt

69 meridionalis Wittenoom, WA 28-Nov-1997 KB116d a38 Larva SAM R. Grund
      
      

meridionalis  Nov-1997 RA296 a38 ? RBG R. Grund
meridionalis 28-Nov-1997

18-Jun-1981 
 KB116e a38 Larva SAM R. Grund

70 meridionalis Broome, WA ANIC25* c12 F ANIC D.P. Sands 
  c11    meridionalis  26-Dec-1991 SB023* ? SB D. R. Wilson
71 meridionalis Ellenbrae Hstd., WA 20-May-1993 ANIC24* c10 M ANIC E.D. Edwards 
72 amaryllis Tewantin, Qld  24-Aug-2002 Tw17 f1 M GU D. Schmidt 
       
        
        
       t 
        
        
        

amaryllis  24-Aug-2002 Tw9 f1 M GU D. Schmidt
amaryllis 24-Aug-2002

24-Aug-2002
 Tw18 f1 F GU D. Schmidt

amaryllis  Tw3 f1 M GU D. Schmidt
D. Schmidamaryllis 24-Aug-2002 Tw2 f1 M GU

amaryllis 24-Aug-2002 Tw13
 Tw20

f1 F GU D. Schmidt
amaryllis 24-Aug-2002 f1 M GU D. Schmidt
amaryllis 24-Aug-2002 Tw24 f1 F GU D. Schmidt

73 amaryllis Bli Bli, Qld  26-May-2002 Bb1 f1 M GU D. Schmidt 
      
       
        
        
        
        
        

amaryllis  26-May-2002 Bb20 f1 Larva
 

 GU D. Schmidt
amaryllis 26-May-2002 Bb9 f1 F GU D. Schmidt
amaryllis 26-May-2002 Bb10 f1 F GU D. Schmidt
amaryllis 26-May-2002 Bb12 f2 M GU D. Schmidt
amaryllis 26-May-2002 Bb13 f1 M GU D. Schmidt
amaryllis 26-May-2002 Bb5 f1 F GU D. Schmidt
amaryllis 26-May-2002 Bb8 f1 F GU D. Schmidt

74 amaryllis Pine River, Qld  23-Aug-2002 Pr3 f3 F GU D. Schmidt 
       
        
        
        
        
        

amaryllis  23-Aug-2002 Pr5 f3 F GU D. Schmidt
amaryllis 23-Aug-2002 Pr1 f3 M GU D. Schmidt
amaryllis 23-Aug-2002 Pr26 f1 M GU D. Schmidt
amaryllis 23-Aug-2002 Pr10 f3 F GU D. Schmidt
amaryllis 23-Aug-2002 Pr14 f1 F GU D. Schmidt
amaryllis 23-Aug-2002 Pr7 f1 F GU D. Schmidt

75 amaryllis Oxley Ck. Qld  17-Oct-2002 Ox1 f3 F GU D. Schmidt 
       
        

amaryllis  17-Oct-2002 Ox3 f4 F GU D. Schmidt
amaryllis 17-Oct-2002 Ox2 f4 M GU D. Schmidt
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76 amaryllis Steiglitz, Qld  23-Aug-2002 Sz131 f3 M GU D. Schmidt 
       
        
        
        
         
        
         

amaryllis  23-Aug-2002 Sz21 f4 F GU D. Schmidt
amaryllis 23-Aug-2002 Sz11 f4 F GU D. Schmidt
amaryllis 23-Aug-2002 Sz20 f4 F GU D. Schmidt
amaryllis 23-Aug-2002 Sz16 f4 M GU D. Schmidt
amaryllis 23-Aug-2002 Sz5 f3 M GU D. Schmidt
amaryllis 23-Aug-2002 Sz33 f3 F

M
GU D. Schmidt

amaryllis 23-Aug-2002 Sz4 f3 GU D. Schmidt
77 amaryllis Tweed Heads, NSW  Nov-2001 Th11 f4 M GU D. Schmidt 
        
         
          
          
         
         

 

amaryllis  Nov-2001 Th33 f4 F GU D. Schmidt
amaryllis Nov-2001 Th25 f4 F GU D. Schmidt
amaryllis Nov-2001 Th3 f4 M GU D. Schmidt
amaryllis Nov-2001 Th1 f3 M GU D. Schmidt
amaryllis Nov-2001 Th19 f3 M GU D. Schmidt
amaryllis Nov-2001

4-Mar-2002
Th6 f3 M GU D. Schmidt

78 amaryllis Ballina, NSW  Ba1 e2 F GU D. Schmidt 
       
        
       t 
        
        

amaryllis  4-Mar-2002 Ba5 e3 M GU D. Schmidt
amaryllis 4-Mar-2002 Ba3 e3 M GU D. Schmidt

D. Schmidamaryllis 4-Mar-2002 Ba7 e3 F GU
amaryllis 4-Mar-2002 Ba2 e3 F GU D. Schmidt
amaryllis 4-Mar-2002 Ba4 e3 F GU D. Schmidt

79 amaryllis Wardell, NSW  4-Mar-2002 Wd4 e3 M GU D. Schmidt 
       
      GU  
        
        
        

amaryllis  4-Mar-2002 Wd3 e3 M GU D. Schmidt
amaryllis 4-Mar-2002 Wd8

 Wd13
e4 M D. Schmidt

amaryllis 4-Mar-2002 e3 M GU D. Schmidt
amaryllis 4-Mar-2002 Wd5 e3 F GU D. Schmidt
amaryllis 4-Mar-2002 Wd12 e4 M GU D. Schmidt

80 amaryllis Iluka, NSW  11-Mar-2002 Ik10 e5 F GU D. Schmidt 
       
        
        
        
        

amaryllis  11-Mar-2002 Ik7 e3 F GU D. Schmidt
amaryllis 11-Mar-2002 Ik5 e6 M GU D. Schmidt
amaryllis 11-Mar-2002 Ik6 e3 M GU D. Schmidt
amaryllis 11-Mar-2002 Ik8 e3 M GU D. Schmidt
amaryllis 11-Mar-2002 Ik9 e3 M GU D. Schmidt

81 amaryllis Yamba, NSW  11-Mar-2002 Yb13 e3 M GU D. Schmidt 
       
        

amaryllis  11-Mar-2002 Yb1 e3 M GU D. Schmidt
amaryllis 11-Mar-2002 Yb3 e3 M GU D. Schmidt
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      GU  
      GU  

amaryllis 11-Mar-2002 Yb5 e3 F GU D. Schmidt
amaryllis 11-Mar-2002 Yb2 e7 M D. Schmidt
amaryllis 11-Mar-2002 Yb10 e3 F D. Schmidt

82 amaryllis Repton, NSW  15-Oct-2002 Rp22 f5 M GU D. Schmidt 
       
        
        
        
        
        
       

amaryllis  15-Oct-2002 Rp27 f5 M GU D. Schmidt
amaryllis 15-Oct-2002 Rp32 f5 M GU D. Schmidt
amaryllis 15-Oct-2002 Rp19 f5 M GU D. Schmidt
amaryllis 15-Oct-2002 Rp8 f5 M GU D. Schmidt
amaryllis 15-Oct-2002 Rp11 f5 M GU D. Schmidt
amaryllis 15-Oct-2002 Rp30 f5 F GU D. Schmidt
amaryllis 15-Oct-2002 Rp38 f6 Larva GU D. Schmidt

83 amaryllis Macksville, NSW  14-Oct-2002 Mk22 f6 M GU D. Schmidt 
       
        
        
        
 aryllis       
      GU t 
        

amaryllis  14-Oct-2002 Mk18 f7 F GU D. Schmidt
amaryllis 14-Oct-2002 Mk26 f6 M GU D. Schmidt
amaryllis 14-Oct-2002 MK1 f5 M GU D. Schmidt
amaryllis
am

14-Oct-2002
14-Oct-2002

 Mk21 f6 ? GU D. Schmidt
 Mk6 f6 M GU D. Schmidt

D. Schmidamaryllis 14-Oct-2002 Mk4 f6 M
amaryllis 14-Oct-2002 Mk23 f5 M GU D. Schmidt

84 amaryllis Coopernook, NSW  10-May-2002 Cp31 f5 M GU D. Schmidt 
       
        
        
        
        
        
        

amaryllis  10-May-2002 Cp35 f8 M GU D. Schmidt
amaryllis 10-May-2002 Cp25 f8 M GU D. Schmidt
amaryllis 10-May-2002 Cp24 f5 F GU D. Schmidt
amaryllis 10-May-2002 Cp19 f6 M GU D. Schmidt
amaryllis 10-May-2002 Cp18 f8

f5
F GU D. Schmidt

amaryllis 10-May-2002 Cp21 M GU D. Schmidt
amaryllis 10-May-2002 Cp12 f5 F GU D. Schmidt

85 amaryllis Moonan Brook, NSW   Mb1 f8  GU D. Schmidt 
        
       GU  
         

amaryllis  Mb2 f6 GU D. Schmidt
amaryllis Mb3 f6 D. Schmidt
amaryllis Mb4 f8 GU D. Schmidt

86 amaryllis Tamworth, NSW  30-Nov-2003 Tm4 f5  GU D. Schmidt 
       
        
        

amaryllis  30-Nov-2003 Tm5 f8 F GU D. Schmidt
amaryllis 30-Nov-2003 Tm6 f10 M GU D. Schmidt
amaryllis 30-Nov-2003 Tm7 f8 M GU D. Schmidt
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87 amaryllis 15 km W Cessnock, 
NSW  

1995      KD-95-Z502 f8 ? GU K. Dunn

88 amaryllis Tea Gardens, NSW  13-May-2002 Tg26 f9 F GU D. Schmidt 
       
        
        
       
       
        
      GU  
        

amaryllis  13-May-2002 Tg12 f9 M GU D. Schmidt
amaryllis 13-May-2002 Tg11 f9 F GU D. Schmidt
amaryllis 13-May-2002 Tg29 f9 F GU D. Schmidt
amaryllis 13-May-2002 Tg36 f9 Larva

F 
 GU D. Schmidt

amaryllis 13-May-2002 Tg21 f9 GU D. Schmidt
amaryllis 13-May-2002 Tg4 f9 F GU D. Schmidt
amaryllis 13-May-2002 Tg25 f9 M D. Schmidt
amaryllis 13-May-2002 Tg7 f9 M GU D. Schmidt

89 amaryllis Lake Macquarie, NSW 28-Nov-2003 Lm1 f9 M GU D. Schmidt 
       
        
        
        
 aryllis      t 
 amaryllis       

amaryllis Sep 1989 

amaryllis  28-Nov-2003 Lm10 f9 M GU D. Schmidt
amaryllis 28-Nov-2003 Lm11 f9 M GU D. Schmidt
amaryllis 28-Nov-2003 Lm9 f9 F GU D. Schmidt
amaryllis
am

28-Nov-2003 Lm12 f9 F GU D. Schmidt
D. Schmid28-Nov-2003

28-Nov-2003
 Lm6 f9

f9
F GU

 Lm8 M GU
SB 

D. Schmidt
90 Woolongong, NSW  SB020* f9 ? S. Brown 
        amaryllis  Sep 1989 SB007* f9 ? SB S. Brown
91 amaryllis Moruya, NSW  15-Feb-1981 ANIC32* f11 M ANIC S. Clark 
       amaryllis  15-Feb-1981 ANIC33* f11 M ANIC S. Clark
92 amata Canberra, ACT May-2002 Cb27 f5 Larva GU M. F. Braby 
 amata  Sep-2002 Cb43 f5 Larva GU M. F. Braby 
 amata  May-2002 Cb1 f5 M GU M. F. Braby 
 amata  May-2002 Cb29 f5 

f5 
Larva GU M. F. Braby 

 amata  Sep-2002 Cb20 M GU M. F. Braby 
 amata  Sep-2002 Cb28 f5 Larva 

M 
GU M. F. Braby 

 amata  Sep-2002 Cb19 f5 GU M. F. Braby 
 amata  May-2002 Cb3 f5 F GU M. F. Braby 
 amata  Sep-2002 Cb21 f5 F GU M. F. Braby 
93 amata 2km ENE Jasper NSW 9-Mar-2003 ANIC30* f5 F ANIC M.F. Braby and E.D. 

Edwards 
 amata Flinty Mountain Ck, 

NSW 
9-Mar-2003     

        

ANIC29* f5 F ANIC M.F. Braby and E.D. 
Edwards 

94 hewitsoni Yeppoon, Qld 9-Mar-2003 Ye1 a7 M GU D. Schmidt
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   Ye6     
        
    a7    

Burnett Heads, Qld 

hewitsoni 9-Mar-2003 Ye2 a7 M GU D. Schmidt
hewitsoni 9-Mar-2003 Ye3 a7 M GU D. Schmidt
hewitsoni 9-Mar-2003 Ye4 a7 M GU D. Schmidt
hewitsoni 9-Mar-2003 Ye5

 
a7 M GU D. Schmidt

hewitsoni 9-Mar-2003 a7 M GU D. Schmidt
D. Schmidthewitsoni 9-Mar-2003 Ye9 a35 M GU

hewitsoni 9-Mar-2003 Ye10 M GU D. Schmidt
95 hewitsoni 26-Sep-2003 Bh1 a41 F GU D. Schmidt 
    a19    
        
        

hewitsoni 26-Sep-2003 Bh2 M GU D. Schmidt
hewitsoni 26-Sep-2003 Bh3 a19 M GU D. Schmidt
hewitsoni 26-Sep-2003 Bh4 a19 F GU D. Schmidt

96 hewitsoni Maryborough, Qld 8-May-2003 Sc1 a19 M GU D. Schmidt 
     GU  
   Sc3     
    Sc4     
        
       D. Schmidt 
   Sc9 a19    
        

hewitsoni  8-May-2003 Sc2
 

a40 M
M

D. Schmidt
hewitsoni 8-May-2003 a19 GU D. Schmidt
hewitsoni 8-May-2003 a19 M GU D. Schmidt

D. Schmidthewitsoni 8-May-2003 Sc5 a41 F GU
hewitsoni 7-May-2003 Sc7

 
a19 M

M
GU

hewitsoni 8-May-2003 GU D. Schmidt
hewitsoni 7-May-2003 Sc10 a19 M GU D. Schmidt

* COI fragment obtained by amplification of three overlapping fragments 
# incomplete sequence, no haplotype information but belongs to clade b. 
†ANIC = Australian National Insect Collection 
AT = A. Tomlinson Collection  
CALM = Department of Conservation and Land Management Collection, Perth  
GU = Griffith University Tissue Collection 
LH = L. Hunt Collection 
MCZ = Museum of Comparative Zoology, Harvard University 
MFB = M. Braby Collection 
RBG = R. Grund Collection 
SAM = South Australian Museum 
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