
Innvestig

morph

sea

R

T

ating th

hologica

a urchin

Rachel M

This thesis

D

The Un

Sch

he evolu

al variat

n Helioci

Maria Bi

s of presen

Doctor of 

o

niversity of

hool of An

June

 

utionary

tion in 

idaris ery

     
inks (B.S

 
nted for th

Philosoph

of 

f Western A

nimal Biol

 
e 2011 

y signifi

the Au

ythrogram

Sc. Hons

he degree o

hy 

Australia 

logy 

ficance o

stralian

mma 

 

s) 

of 

of 

n  



i 
 

THESIS SUMMARY 

Marine invertebrates often display remarkable levels of intraspecific morphological 

variation. This variation can indicate ecological processes, such as adaptation or phenotypic 

plasticity to local environments, but can also reveal important evolutionary processes 

driving genetic and reproductive divergence within a species. Examining highly variable 

species, therefore, can provide valuable insights into the steps that lead to speciation in 

marine environments. The Australian sea urchin Heliocidaris erythrogramma exhibits variation 

in colouration and spine morphology. Observations of the latter trait have been used to 

describe two subspecies that are broadly distributed between east and west coasts of 

Australia; however the variation characterising these subspecies has never been thoroughly 

examined, and little is otherwise known of their evolutionary relationship. This thesis aims 

to quantify the variation between these subspecies and investigate the processes that have 

contributed to their divergence.  

 

Following a brief introduction, Chapter 2 opens the thesis with an examination of 

morphological variation in H. erythrogramma within Western Australia. Spine morphology 

was measured using landmark-based geometric morphometrics, colouration (dermis and 

spine) was assessed qualitatively and both traits were compared to known specimens from 

eastern Australia. These analyses revealed two morphological groups representing each of 

the two subspecies, H. e. erythrogramma and H. e. armigera, co-occurring within Western 

Australia. Unrealised in their original descriptions, these two subspecies were differentiated 

by both spine morphology and colour pattern. Contrary to expectations, however, there 

was no consistent pattern of either trait with wave exposure, a parameter often found to 

correlate with such variation among echinoids. Consequently, any environmental 

influence(s) upon the divergent morphology between these subspecies remain unclear.  

 

The next two chapters investigate population structure in H. erythrogramma along a 500 km 

section of the Western Australian coastline. Chapter 3 details new microsatellite markers 

that were developed to enable this analysis, and Chapter 4 describes the spatial patterns of 

genetic structure found within and between subspecies. The most significant of these 

results was the level of differentiation found between H. e. armigera and H. e. erythrogramma; 

up to four times greater than within subspecies. This differentiation was consistent even 

across fine spatial scales (<5 km). Within subspecies, low but significant structure was 

detected at spatial scales >10 km, which is consistent with limited dispersal by the species’ 

lecithotrophic larval development. However, a pattern of isolation-by-distance for H. e. 

armigera was weakened by greater differentiation between cross-shore populations than 
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along-shore, which likely reflects an additional influence of oceanographic processes on 

genetic structure within subspecies. Taken together, the considerable differentiation found 

between subspecies clearly occurs well within the species’ spatial capabilities of dispersal, 

suggesting a much more complex evolutionary relationship than previously thought. 

 

Chapter 5 had two major objectives: 1) to explore the historical relationship between H. e. 

erythrogramma and H. e. armigera using phylogenetic and coalescent analyses, and 2) an 

assessment of possible pre-zygotic reproductive barriers between these subspecies to 

explain their limited gene exchange. Mitochondrial markers (CO1 + 16S) detected low but 

consistent levels of divergence between subspecies. Phylogenetic and coalescent analyses 

indicated a recent split of H. e. erythrogramma and H. e. armigera in isolation between east and 

west coasts of Australia, with a subsequent range expansion of H. e. erythrogramma into 

Western Australia. There was no evidence for gamete incompatibility between these 

subspecies, either directly through fertilisation trials or indirectly through divergence in the 

bindin gene. However, a significant asynchrony in spawning seasons was detected; H. e. 

erythrogramma spawned synchronously with eastern H. e. erythrogramma during the summer 

months (December – February), while spawning in H. e. armigera did not occur until 

autumn (March – June). This represents the first in situ documentation of spawning 

asynchrony forming a major reproductive barrier within an echinoid species. 

 

Collectively, the results of this thesis show that the morphological diversity within H. 

erythrogramma reflects a suite of historic and contemporary evolutionary processes 

generating molecular and reproductive isolation between two subspecies. Their divergence 

may reveal an intriguing case of incipient speciation and, therefore, illustrates important 

steps in the speciation process. Most significantly, this thesis demonstrates that pre-zygotic 

reproductive barriers among echinoids are not limited to gamete incompatibility and that 

spawning asynchrony may represent a more important mechanism than previously thought. 

This thesis, therefore, presents H. erythrogramma as a new model species for speciation 

studies. Future studies should focus on the environmental and molecular factors involved 

in triggering gametogenesis and spawning, in order to elucidate how this kind of 

reproductive barrier can arise. The substantial morphological, molecular and reproductive 

data contributed by this thesis, therefore, not only fills a large gap in our current knowledge 

of H. erythrogramma but also provides a solid framework and novel directions for such 

future studies of speciation in marine systems.  
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“No one supposes that all individuals of the same species are cast in the exact same mould”  

 
Charles Darwin 

On the Origin of Species, 1859.
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1.1 Defining species 

Species are one of the fundamental units of biology (Mayr 1982), and yet for centuries, a 

recurring problem in biological sciences has been the capacity to distinguish between and 

classify organisms to the species level (Dobzhansky 1970). This is in part due to the lack of 

a universal definition of a species, a problem which historically was further compounded by 

the logistic and technical inability to assess genetic and/or reproductive relationships. 

Traditionally, therefore, taxonomic boundaries were defined by shared morphological 

characteristics, with the presumption that if two groups could be consistently distinguished 

by one or more traits, then gene flow had ceased between them and thus, they must be 

different species (Wiens 2007). While generally adequate, this methodology is flawed by 

assumptions of genetic heritability of the traits in question (Wiens 2007) and the 

requirement of large sample sizes to ensure trait consistency (Wiens & Servedio 2000). 

Common examples of where morphological diagnostics can fail to delimit species lie in the 

extreme cases where morphological variability is lacking (cryptic species: e.g. Williams 2000; 

Iannelli et al. 2007; Dennis & Hellberg 2010; Straube et al. 2010) or where it is excessive 

(intraspecific variation: e.g. Williams 2000; Jordan et al. 2005; Lopez-Legentil & Turon 

2005).  

  

In addition to raising difficulties with species identification, high levels of intraspecific 

morphological variation can also be difficult to incorporate into lower taxonomic 

frameworks (Haig et al. 2006). Numerous terms are used to classify intraspecific variants 

and yet just how much variation is required to separate species, subspecies, ecotypes and 

varieties is confused with even more poorly defined boundaries (Haig et al. 2006; Seiler & 

Keeley 2009). Correct identification of morphological diversity is vital not only to 

conservation and environmental management (Haig et al. 2006) but also to understanding 

how such variation is generated within and among species. Thus, the study of species with 

high levels of intraspecific morphological variation can provide valuable insight into the 

evolutionary processes involved in niche diversification, divergence and ultimately, 

speciation.  

 

1.2 Models of Speciation 

In order to disentangle intra- and inter-specific morphological diversity, one must apply a 

broad definition of what a species is and have an understanding of the processes mediating 

speciation. While there are many species definitions throughout the literature (reviewed in 

de Queiroz 1998), most hold a common, fundamental theme of independently evolving 

lineages (de Queiroz 1998; 2005; Wiens 2007). Most evolutionary biologists follow Mayr’s 
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(1963) biological species concept. This concept defines a species as ‘groups of 

interbreeding populations that are reproductively isolated from other such groups’. Thus 

the evolution of reproductive isolation forms a crucial step towards speciation. There is a 

range of mechanisms that generate such isolation, and these can be split into two 

categories: pre-zygotic and post-zygotic. Pre-zygotic mechanisms involve any temporal, 

physical, behavioural or ecological barriers to fertilisation, while post-zygotic mechanisms 

occur following successful fertilisation where hybrid offspring develop poorly, do not 

survive (hybrid inviability) or remain sterile (Mayr 1963; Dobzhansky 1970). In either case, 

such isolation effectively eliminates the possibility for gene exchange, which in concert with 

continued selection and drift, generates further morphological and genetic differentiation 

between new species.  

 

The traditional, neodarwinian view of how reproductive isolation, and hence, speciation 

arises, requires geographic isolation (i.e. allopatry). If a large continuous population 

becomes separated by any geographic barrier to dispersal, the physical isolation to gene 

flow inevitably leads to a build up of genetic differences. Given time, intrinsic reproductive 

isolation develops as a by-product. If these reproductive barriers are complete, then even in 

secondary contact, gene flow will not re-establish and the two groups have become distinct 

species (Mayr 1942; 1963). An alternate view of speciation involves the evolution of 

reproductive isolation without geographic barriers, i.e. in sympatry. The process leading to 

speciation follows that of the allopatric model, except that the initial barrier to gene 

exchange lies in ecological shifts and habitat specialisation rather than an extrinsic 

geographic barrier (Rice 1987). However, in most cases, current geographic distributions 

do not necessarily represent historical distributions, and it is usually difficult to provide 

evidence for sympatric speciation without an equally likely allopatric explanation. Despite 

theoretical and experimental evidence in support of sympatric speciation (e.g. Feder et al. 

1988; Barluenga et al 2006), therefore, this concept has been strongly debated and remains 

controversial in the literature (e.g. Futuyma & Mayer 1980; reviewed in Bolnick & 

Fitzpatrick 2007).   

 

1.3 Speciation in marine environments 

Marine systems pose a particular challenge to the concepts of isolation, divergence and 

speciation. Barriers to gene flow are often not obvious, particularly across wide expanses of 

open oceans that are connected by far-ranging current systems. Moreover, marine species 

are typically characterised by large populations and high fecundity, features which typically 

provide little opportunity for isolation or divergence. And yet despite these attributes, most 
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marine species exhibit genetic structure, albeit on a wide range of geographic scales, and 

speciation is a common occurrence in these systems (reviewed in Palumbi 1994).  

 

The spatial extent of gene flow and connectivity among populations is often influenced by 

an organism’s capacity for dispersal. In the case of marine species, this can occur by adult 

migration or by passive larval dispersal. As such, life history represents a common 

predictor of genetic structure. Generally speaking, the longer the planktotrophic stage of 

development or migration, the greater the potential for dispersal to facilitate extensive gene 

flow among populations. Highly dispersing species, therefore, tend to exhibit mild genetic 

structure across large geographic scales (e.g. Martinez & Zardoya 2005; Sandoval-

Castellanos et al. 2010; Als et al. 2011), while species with poor dispersal capacity, such as 

direct developing sedentary invertebrates, tend to exhibit high levels of population 

subdivision across relatively narrow geographic scales (e.g. Sherman et al. 2008; Lee & 

Boulding 2009). Life history, therefore, is an important regulator of connectivity in marine 

environments. However, it is not the only limiting factor. Physical limitations to gene flow 

are also important for marine species; geographic barriers or oceanographic processes can 

also inhibit dispersal and create genetic structure among populations, regardless of the 

species’ dispersal potential (e.g. Lessios et al. 2001; Johnson & Black 2006; Banks et al. 

2007; Weersing & Toonen 2009; Hoffman et al. 2011). 

 

Mechanisms of reproductive isolation have also been well studied in marine systems, with 

particular interest in externally fertilising species, which bear the greatest risk of 

heterospecific fertilisation due to the mixing of gametes within the water column (Palumbi 

1994). In terms of pre-zygotic processes, asynchrony in the timing of spawning allows for 

temporal segregation of gametes (e.g. Lessios 1984; Harriot 1985; Levitan et al. 2004; 

Levitan et al. 2011), while aggregation in spatially discrete areas can allow for gamete 

isolation when spawning is synchronous (e.g. Billet & Hausen 1982; Pernet 1999). In both 

cases, the effects of planktonic dilution are so strong that these mechanisms can be 

effective in preventing heterospecific fertilisation across local temporal or spatial scales 

(Pennington 1985). However, the timing of spawning or aggregation needs to be highly 

spatio-temporally synchronised within a given species across its entire geographic range in 

order to be effective in maintaining species boundaries (Lessios 2007). In addition, 

chemotaxis may contribute to reproductive isolation, where sperm are attracted to 

conspecific eggs through species-specific chemical signals (Miller 1979; 1997; Riffell et al. 

2004). Finally, where direct contact among heterospecific gametes cannot be avoided, 

physical barriers can work to inhibit fertilisation. Among the best described are recognition 
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proteins expressed on the surface of gametes, such as bindin in sea urchins or lysin in 

abalone. These proteins typically exhibit species-specific structural differences that generate 

functional failures during heterospecific fertilisation attempts (reviews in Swanson & 

Vacquier 2002; Palumbi 2009).  

 

While pre-zygotic barriers to reproduction are easily studied among free-spawning marine 

species, post-zygotic barriers are not as well understood. This is largely due to logistic 

difficulties in rearing such species with long generation times and complex life cycles 

(Palumbi 1994). Nevertheless, hybrid breakdown has been demonstrated to occur between 

marine species when pre-zygotic barriers are absent, incomplete or manipulated (e.g. Caputi 

et al. 2007; Brannock et al. 2010). In the long term, however, the presence of post-zygotic 

isolation should then drive selection to boost pre-zygotic barriers and avoid the fitness cost 

of producing unviable hybrid offspring (Dobzhansky 1970). Finally, in most cases, very few 

reproductive barriers are 100% efficient, and often, multiple mechanisms are at work 

simultaneously to be most effective in maintaining species boundaries.  

 

1.4 Morphological variation in marine species 

Morphological variation is ubiquitous among all taxa, albeit to varying extents. Free-

spawning marine taxa, such as ascidians, cnidarians and echinoderms, are particularly well 

known for striking colour variation (Wicksten 1989), but variability in the size, shape and 

texture of external features is also common (e.g. Marcus 1983; Johannesson et al. 1993; 

Lopez-Legentil & Turon 2005; Todd 2008). This diversity may offer a variety of 

advantages, such as camouflage from predators or protection from harsh environmental 

conditions. As such, morphological variation may occur at local or broad spatial scales, and 

patterns of variation are often correlated with the surrounding biotic and abiotic 

environment. These traits, like any phenotypic character, arise from the interactive 

expression of genetic and environmental processes (Endler 1977). The relative balance of 

these processes then determines whether such morphological variation may have arisen by 

natural selection (local adaptation), genetic drift or is simply non-genetic (phenotypic 

plasticity).  

 

A fundamental prerequisite for evolution by selection is heritable variation in the trait in 

question. Such variation ensures that future generations have the ability to adapt to local 

environments. For taxa that remain within constant environments or disperse poorly, 

adaptations to the local environment are expected to accumulate without the homogenising 

effects of gene flow from alternate environments (Ender 1977). Thus, in conjunction with 
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high abundances, natural selection can act as a relatively strong force to generate divergent 

morphologies between populations characterised by different environments. Examples 

include divergent shell shape in littorinids between sheltered and exposed habitats 

(Johannesson & Johannesson 1996; Parsons 1997) or in mussels from habitats with 

differential predation risks (Freeman & Byers 2006). Alternatively, phenotypic plasticity 

allows morphology to change according to environmental conditions. For example, leg 

length (Arsenaut et al. 2001) and penis shape (Neufeld & Palmer 2008) in intertidal 

barnacles can change in response to varying levels of wave action. Such flexibility in 

morphology allows for immediate adjustment to new environments, which is particularly 

advantageous when environmental conditions fluctuate, or in species that disperse across 

heterogeneous landscapes (Via et al. 1995). Morphological variation, however, does not 

necessarily have an adaptive purpose and differences may simply accumulate among 

isolated populations due to random drift, particularly if populations are small (Kimura 

1979). 

 

Distinguishing between these alternative sources of morphological variation is clearly useful 

in understanding the ecological and evolutionary significance of such variation. This is 

typically done through reciprocal transplant experiments in the field or common garden 

experiments under laboratory conditions, however both methods are often unfeasible for 

free spawning species with complex life cycles and long generation times. Without such 

information, it is often difficult to infer whether morphological variability is inter- or 

intraspecific in nature and consequently these taxa are often surrounded by taxonomic 

controversy (Lopez-Legentil & Turon 2005). In order to resolve such confusion, an 

integrative approach is necessary. If morphological variation reflects species boundaries, 

those morphotypes should also exhibit strong molecular and reproductive divergence. In 

contrast, intraspecific variation would show little or incomplete divergence. The integration 

of morphological, ecological, molecular and reproductive data therefore allows multiple, 

independent testing of species boundaries (e.g. Roe & Sperling 2007; Padial et al. 2009; 

Groeneveld et al. 2011) and allows for a comprehensive investigation of the processes 

mediating divergence and speciation.  

 

1.5 Echinoidea as a model group 

The Echinoidea are well known for their remarkable morphological diversity. Typical 

features used in their classification include colouration, test morphology, spine 

morphology, pore pair patterns, and the arrangement of the ocular and genital plates 

(Marcus 1983). However, many of these features also vary intraspecifically, making species 
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classification particularly difficult for early taxonomists, and resulting in the description of 

numerous subspecies and morphotypes within many species (e.g. Agassiz 1872-1874; Clark 

1938; Mortensen 1928-1951). Nonetheless, the Echinoidea have long been a traditional 

model system for studies of developmental biology, contributing comprehensive 

advancements to our knowledge of fertilisation dynamics and embryology at cellular and 

molecular levels (See Ernst 1997 for a review). It was Mayr’s (1954) thorough discussion of 

speciation in tropical echinoids, however, that paved the way for the modern interest in sea 

urchins as models for studies of divergence and speciation. The advent of molecular 

techniques has allowed extensive revision of these early classifications, and has greatly 

enhanced our understanding of the evolutionary processes involved in speciation; most 

notably, in the discovery of the gamete recognition protein, bindin (reviewed in Swanson & 

Vacquier 2002; Palumbi 2009). 

 

Modern molecular and reproductive techniques have provided insight into the evolutionary 

significance of morphological variation among echinoids. In some groups, variation in 

colour or skeletal structure has been shown to reflect species boundaries nicely, as 

confirmed with molecular markers or trials of gamete compatibility (e.g. Palumbi & Metz 

1991; Matsuoka et al. 2004). This is best illustrated with the Echinometra species complex, 

where a series of comprehensive studies has revealed four, reproductively isolated, 

independent gene pools, each of which fits nicely with gross colour morphotypes originally 

described for the species (Uehara & Shingaki, 1985; Matsuoka & Hatanaka 1991; Palumbi 

& Metz, 1991, Metz et al. 1994; Metz & Palumbi 1996; Rahman et al. 2000). This is not 

always the case, however, and variations in the very same traits in other species often show 

little underlying genetic differentiation (e.g. Marcus 1977; Balakirev et al. 2008; Calderon et 

al. 2010; Vardaro 2010). The link between phenotypic and genotypic divergence, therefore, 

is complex and not easily transferred throughout echinoid groups to assess the evolutionary 

significance of their morphological variation.  

 

Much of this morphological variation is thought to be ecologically important, arising from 

adaptation to local environments. Difficulties in rearing multiple generations of offspring 

has limited study of the genetic basis of these traits, but some aspects of skeletal 

morphology and colouration have been shown to be heritable (Marcus 1980; Pawson & 

Miller 1982; Louise & Benard 1993; Rahman et al. 2001) and therefore susceptible to 

selective pressures. Indeed, spatial patterns of colour variation are often associated with 

parallel changes in environmental parameters; most commonly wave exposure (Serafy 1973; 

Lawrence 1980; Lewis & Storey 1984; Growns & Ritz 1994; Appana et al. 2004; Rahman et 
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al. 2005; Beck & Styan 2010) but colour may also vary with water depth and latitude 

(Vasseur 1952; Balakirev et al. 2008). Functional explanations for such relationships, 

however, remain unclear. Skeletal variation also shows strong correlations with wave 

exposure, where tests may be flatter and/or spines may be shorter and thicker in areas of 

high wave exposure (e.g. McPherson 1965; Dix 1970; Marcus 1983; Lewis & Storey 1984). 

Such robust modifications are thought to provide protection from dislodgement or damage 

from strong wave action.  

 

1.6 Heliocidaris erythrogramma: A case study 

The sea urchin Heliocidaris erythrogramma (Valenciennes 1846) is an endemic and dominant 

feature of Australia’s temperate marine fauna. It plays a key ecological role in shallow 

subtidal reefs as a primary herbivore (Keesing 2001; Valentine & Johnson 2005; Vanderklift 

et al. 2006; Ling et al. 2010). In addition, due to its lecithotrophic larval development, it is 

often used as a model species for studies of developmental and evolutionary biology 

(McMillan et al. 1992; Raff et al. 1999; Zigler et al. 2003; Evans et al. 2005; 2007; 

Fitzpatrick et al. 2010). Such a life history is unique among echinoids and as a consequence 

of this nutritive provision, H. erythrogramma larvae develop rapidly, spending a relatively 

short time in the water column (3-4 days) before metamorphosis and settlement (Williams 

& Anderson 1975; Dix 1977). This greatly reduces the potential for dispersal, and restricts 

gene flow across relatively short spatial scales. This is clearly seen when comparing genetic 

structure between H. erythrogramma and its planktotrophic congener, H. tuberculata, where 

they occur sympatrically along the Eastern Australian coastline (McMillan et al. 1992). 

Their differentiated life histories are also integral to the pre- and post-zygotic reproductive 

isolation found between these species and have provided insight into the evolution of such 

shifts in life history (e.g. Raff et al. 1999; Zigler et al. 2003).  

 

Despite this use of H. erythrogramma as a model for a suite of ecological and evolutionary 

studies, relatively little attention has been given to the significance of morphological 

variation within the species. While commonly known as the purple sea urchin, H. 

erythrogramma in fact exhibits a wide range of colour morphs from various combinations of 

colour in the dermis covering the test (red, white, pink, brown) and the spines (purple, 

green, brown, white) (Growns & Ritz 1994). Colour patterns are spatially variable, with 

limited variation on the eastern coast of Australia (Pacific Ocean) (Beck & Styan 2010), but 

extensive variation along the south-eastern Australian coastline (Southern Ocean). 

Furthermore, along this southern coastline, spatial patterns of dermal colouration appear to 

be correlated with wave exposure, where lighter colouration is found within areas of strong 
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wave action and darker colouration in relatively sheltered regions (Growns & Ritz 1994; 

Beck & Styan 2010). As with other echinoid species, however, a functional explanation for 

this pattern remains unclear. Moreover, to date there have been no molecular studies to 

investigate the whether this morphological variation reflects any underlying genotypic 

differentiation.  

 

In addition to colour, H. erythrogramma also exhibits variation in spine morphology. While 

early descriptions of the species considered colour simply as a highly variable character, 

differences in spine morphology were considered more significant. Subsequently, a number 

of morphotypes were described based on spine shape (Clark 1938; Mortensen 1943). Two 

of these morphotypes were formally recognised, and have since become known as 

subspecies of H. erythrogramma. These subspecies are thought to be geographically 

separated; the thin-spined H. erythrogramma erythrogramma is found in eastern Australia, while 

H. e. armigera, with thicker, spindle-shaped spines is found in Western Australia (Mortensen 

1943). A quantitative investigation of spine morphology, however, has never been 

conducted to validate the distinction of these subspecies. Moreover, the majority of studies 

on the species have focussed on eastern, H. e. erythrogramma populations. While many of 

these studies often mention H. e. armigera (McMillan et al. 1992; Zigler et al. 2003; Schultz 

2006; Beck & Styan 2010), the few studies conducted within Western Australian have 

referred only to H. erythrogramma, without any mention of subspecies or morphology (e.g. 

Vanderklift & Kendrick 2004; Stuart-Andrews 2005; Evans et al. 2007; Vanderklift & 

Wernberg 2010). Thus, while the ecology, genetic structure, and reproductive biology of H. 

e. erythrogramma is relatively well-studied (e.g. Williams & Anderson 1975; Dix 1977; 

Laegdsgaard et al. 1991; McMillan et al. 1992; Keesing 2001; Zigler et al. 2003), such 

information for H. e. armigera is largely unknown, and more to the point, the existence of a 

distinct, Western subspecies remains questionable.  

 

Furthermore, patterns of colour variation have never been described in Western Australia, 

and it remains unknown as to the extent of variation in these populations, whether they 

show similar patterns to eastern H. e. erythrogramma or bear any relevance to these apparent 

subspecies. There is, therefore, a wide gap in our understanding of this ecologically and 

evolutionarily important species. Moreover, the species’ limited dispersal capacity, in 

conjunction with extensive morphological variation, presents an ideal opportunity to 

investigate the ecological and evolutionary processes contributing to the species’ variation.  
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1.7 Study Aims  

This thesis aims to quantify the morphological variation that exists in Western Australian 

populations of H. erythrogramma for comparison with eastern Australian variation, to 

investigate whether those morphological patterns reflect genetic differentiation and to 

examine the processes maintaining that variation. These aims should combine to resolve 

effectively the uncertainty surrounding the current classification of these subspecies and 

contribute a wealth of new biological data for this important Australian species. More 

importantly, this thesis should provide novel insights into understanding the evolutionary 

processes mediating divergence and speciation in marine environments.  

 

This thesis is composed of four data chapters, which collectively address the following six 

research objectives for this thesis: 

 

I. To describe and map the distribution of morphological variation that occurs within 

Western Australian populations of H. erythrogramma and attempt to resolve the two 

subspecies described by Mortensen (1943) (Chapter Two). 

 

II. To determine whether patterns of morphological variation, and in turn, subspecies 

distributions, correlate with environmental factors (Chapter Two). 

 

III. To develop and optimise polymorphic microsatellite markers for H. erythrogramma 

to provide a tool for population genetic analyses (Chapter Three). 

 

IV. To examine patterns of genetic structure, within and between subspecies within 

Western Australia (Chapter Four). 

 

V. To assess the phylogenetic relationships within and between subspecies of H. 

erythrogramma using mitochondrial markers (Chapter Five).  

 

VI. To investigate possible sources of reproductive isolation between the two 

subspecies of H. erythrogramma in Western Australia (Chapter Five). 
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CHAPTER TWO 

 

 

 

 

Spatial patterns of variation in colour and spine shape in the 

sea urchin Heliocidaris erythrogramma 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preamble 

This chapter establishes the foundation of this thesis by quantifying morphological variation in 

colouration and spine morphology across Western Australian populations of H. erythrogramma. The 

spatial distributions of variation in these traits are mapped and environmental correlations are 

investigated. This morphological variation is compared to that found in eastern Australia, to assess 

the existence of two subspecies, H. e. armigera and H. e. erythrogramma; these subspecies become the 

focus of subsequent chapters. A modified version of this chapter has been published in Invertebrate 

Biology (See Appendix I).  
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2.1 Abstract 

This study reports the first empirical survey of morphological variation in the Australian 

sea urchin Heliocidaris erythrogramma that distinguishes between two subspecies and 

documents their co-occurrence within Western Australia. Individuals were surveyed at 

multiple spatial scales along the Western Australian coastline to assess colour variation and, 

using landmark-based geometric morphometrics, spine morphology. Both traits proved to 

be useful for distinguishing subspecies within Western Australia. There were four major 

colour morphs: red dermis/violet spines (56%), red-violet-green (23%), red-green (7%) and 

white-green (10%). Members of the first two colour morphs had bulbous spines with wide, 

flattened tips, a morphology that is unique to Western Australia (H. e. armigera). In contrast, 

the latter two colour morphs consistently exhibited the narrow, pointed spines typical of H. 

e. erythrogramma from the species’ wider Australian distribution. The relative abundance of 

these subspecies is heavily imbalanced in Western Australia; H. e. armigera is abundant both 

within and among sites but H. e. erythrogramma is found only in few, localised patches. The 

shift from rare to dominant subspecies can occur at very fine spatial scales (<5 km) 

although environmental correlations with these transitions are unclear. Contrary to 

expectations, neither dermis colour nor spine morphology varied with relative wave 

exposure; individuals with a red dermis or thickened spine morphology occurred at most 

sites regardless of exposure, and though the white dermis and thinner spines occurred only 

in high exposure, these features were not common across the majority of exposed sites. 

Both colour morph frequencies and spine morphology remained stable within sites over 

the three year duration of this study. While the ecological significance of this morphological 

variation remains unclear, the consistency of the association between colour and spine 

morphology, occurring across fine spatial scales, suggests that strong environmental or 

genetic factors are involved in maintaining the morphological differentiation between these 

two subspecies. 

 

2.2 Introduction 

Intraspecific variation in morphological traits is ubiquitous across all taxa, albeit with wide 

variability in its extent and patterns (Thorpe 1987). Given that the phenotype of an 

individual results from combined influences of the environment and genotype, intraspecific 

diversity can have both ecological and evolutionary implications. This diversity may arise 

from current, adaptive processes of selection and phenotypic plasticity, as well as historical 

interactions between vicariance and gene flow (Endler 1977). Identifying spatio-temporal 

variability in morphology can therefore aid in detecting important genetic or ecological 

discontinuities that may be relevant to current management practices, as well as provide key 
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insights into the evolutionary processes of drift, adaptation, and ultimately, speciation (e.g., 

Jiggins et al. 1996; Gray and McKinnon 2006; Demont et al. 2008; Ohmer et al. 2009). 

 

While intraspecific variation is easily recognized, incorporating this variation into a 

taxonomic framework can be more difficult. Assessing this variation usually involves 

morphometric measurements and patterns of variation across a species’ geographic range 

(Blackwelder 1967). Various terms have been applied to describe such morphotypes, most 

notably subspecies, ecotype and variety, although there is a long history of debate regarding 

the distinct definitions of each concept. Mayr (1982) defined subspecies as geographically 

discrete populations which differ in taxonomically important features, while ecotype is 

more specifically applied to characterise variation that is consistently associated with 

particular environmental factors as a result of local adaptation (Turesson 1922). While the 

above terms may reflect phylogenetic significance, varieties or morphs more simply relate 

to morphological differences among individuals with no geographic or environmental 

pattern and are considered to have little evolutionary or ecological relevance (Blackwelder 

1967). These terms, however, are often used interchangeably with considerable overlap, 

particularly because there is no common measure of relative differentiation across taxa that 

can be universally applied to meet these classifications (Blackwelder 1967; Haig et al. 2006). 

Further, while subspecific-based classification has been found to encompass a greater 

proportion of morphological diversity (adaptive and non-adaptive variation) than the 

ecotypic approach (adaptive variation only), both means of defining intraspecific variability 

have their value, and continue to be applied (Seiler and Keeley 2009). Clearly, the first step 

in examining the significance of intraspecific morphological variation is to document 

spatio-temporal patterns of variability and to identify any obvious associations with 

environmental heterogeneity across the species’ geographic range. 

 

The Echinoidea is one group in which intraspecific variability has a long history of 

contention and debate regarding taxonomic classifications (e.g., Agassiz 1872; Clark 1938; 

Mortensen 1943). In sea urchins, for example, typical characters used for species 

identification include test shape and thickness, spine morphology and number, 

arrangement of test plates and pore pairs, and colour. However, many of these characters 

also vary intraspecifically, and as a result, many sea urchin species have a range of 

subspecies, ecotypes and varieties described, although the differential use of these terms is 

not always clear. In many cases, the distribution of these variants is related to geography 

and environment (Marcus 1983). For example, colour variation is particularly widespread, 

with some species showing no clear spatial patterns and simply being considered colour 
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morphs (e.g., Calderón et al. 2010), and others exhibiting discrete distributions of colour 

variation across a range of geographic scales, often in association with wave exposure 

(Serafy 1973; Lawrence 1980; Lewis and Storey 1984; Growns and Ritz 1994; Appana et al. 

2004; Rahman et al. 2005; Beck and Styan 2010). Clinal patterns in colour variation also 

occur with water depth and latitude (Vasseur 1952; Balakirev et al. 2008). The functional 

significance of these environmental associations, however, is not clear. Skeletal variation is 

also common among sea urchins and is typically correlated with wave exposure; spines and 

tests become thicker and stouter with increased exposure (e.g., McPherson 1965; Dix 1970; 

Marcus 1983; Lewis and Storey 1984). This more robust morphology is thought to protect 

individuals from dislodgement and damage from strong hydrodynamic forces.  

 

The sea urchin Heliocidaris erythrogramma is endemic to intertidal and shallow subtidal rocky 

reef formations (hereafter referred to as reefs) in temperate Australian waters. Because of 

its wide variability in colouration and spine morphology, this species has been the subject 

of taxonomic confusion. Clark (1938) and Mortensen (1943), however, agreed that only 

two morphotypes should be recognized, between the east and west coasts of Australia, 

based on extreme variations in spine morphology: H. erythrogramma erythrogramma bears 

narrow primary spines that gently taper to a point, whereas the Western Australian H. 

erythrogramma armigera is described as having thicker, spindle-shaped primary spines (see 

Figure 2.1A-B). However, other skeletal features typically used to distinguish echinoids, 

such as pedicellariae, spicules or pore pair patterns (e.g., Arakaki and Uehara 1999; 

Coppard and Campbell 2006), show no differentiation between these subspecies 

(Mortensen 1943). Moreover, this variation in spine morphology has never been assessed 

quantitatively. 

 

The species also exhibits extensive colour variation, although this variation was not 

considered relevant in the original descriptions of these morphotypes (Mortensen 1943). 

Specifically, dermal (red, white, or pink) and spine (violet, green, white, and brown) colours 

occur in various combinations throughout the species’ distribution. Spatial patterns of this 

variation have been well-documented along eastern regions of Australia for H. e. 

erythrogramma, revealing differential local and broad-scale patterns between southern 

(Southern Ocean) and eastern (Pacific Ocean) coastlines. A wide range of colour morphs 

occurs across the Southern Ocean (includes South Australia, Victoria and Tasmania) and 

white dermal colouration tends to occur in areas of greater wave exposure relative to the 

red dermis, which is more common in sheltered areas (Growns and Ritz 1994; Beck and 

Styan 2010). However, this pattern is not evident along the Pacific coastline, where colour 
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variation is relatively scarce and individuals almost exclusively bear a red dermis, regardless 

of wave exposure. Spine colour also shows localised patterns that differ across broader 

spatial scales between these coastlines (Beck and Styan 2010). Colour variation in this 

species, therefore, is not spatially consistent, and the processes that drive this variation are 

poorly understood.  

 

In contrast, very little is known of the morphological variation defining H. e. armigera. These 

two morphotypes are referred to in the current literature as subspecies (e.g., McMillan et al. 

1992; Schultz 2006; Beck and Styan 2010), however, these studies have all been based in 

eastern Australia, where only H. e. erythrogramma is known to occur, and the few Western 

Australian studies have not discussed morphological variation (e.g., Vanderklift and 

Kendrick 2004; Vanderklift and Wernberg 2008). The designation of these subspecies, 

therefore, is based solely upon historic, broad-scale observations of spine morphology, and 

no attempt has been made to validate empirically H. e. armigera as a separate morphotype, 

describe its pattern of distribution or identify the potential ecological relevance of this 

variation. Furthermore, while colour variation is known to occur within the western range 

of the species’ distribution, detailed descriptions of colour morphs present and their 

distributions are also currently lacking. 

 

In this study, I document the spatial and temporal patterns of morphological variation in 

Western Australian populations of H. erythrogramma to resolve longstanding uncertainty 

regarding these two morphotypes and gain insight into the processes driving this variation. 

My specific aims are: 1) to test whether the two subspecies designations described by 

Mortensen (1943) are supported on the basis of variation in spine shape, as estimated using 

geometric morphometric analysis, and if so, to document their spatial distributions within 

Western Australia; 2) to determine the extent of colour variation within and between 

subspecies within Western Australia and compare these patterns to those found along the 

species’ eastern distribution; and 3) to test whether there are associations between 

morphological variation and environmental variables among sites. Given that wave 

exposure is commonly found to correlate with the distribution of both colour and skeletal 

morphs among echinoids, I predicted that lighter dermal colouration (Growns and Ritz 

1994; Beck and Styan 2010) or thicker spines (McPherson 1965; Dix 1970; Marcus 1983; 

Lewis and Storey 1984) would be more common in highly exposed sites.  
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2.3 Materials and methods 
Study sites and collections 

Heliocidaris erythrogramma is abundant but patchily distributed on limestone reefs that 

intersperse with unconsolidated sand along the west coast of Western Australia 

(Vanderklift and Kendrick 2004). It was found, however, that the species becomes 

noticeably rare along the southern Western Australian coastline, where the reef substrate 

changes to granite boulders. Because of the lack of adequate sampling sites in this southern 

region, this study was restricted to the west coast. A total of 14 sites were selected, 

concentrating around the Perth metropolitan region, where the species is especially 

abundant. These sites were chosen with a hierarchical design to incorporate several spatial 

scales; four locations (>30 km apart) encircled the broad range of Perth reefs, with paired 

sites (<5 km apart) nested within each location. The locations consisted of Quinns Reef 

(with sites Mindarie Key, 31°41’S 115°41’E; and Quinns Rock, 31°41’S 115°40’E), 

Shoalwater Islands (Point Peron, 32°16’S 115°41’E; and Penguin Island, 32°18’S 

115°41’E), Rottnest Island (Radar Reef, 32°1’S 115°27’E; and Strickland Bay, 32°1’S 

115°28’E), and Fremantle (South Mole, 32°3’S 115°44’E; and South Fremantle, 32°4’S 

115°44’E). Within the centre of this circular arrangement of locations were single sites at 

Stragglers Rock (32°3’S 115°38’E) and Jervoise Bay (32°8’S 115°44’E). Two additional 

locations separated from Perth by long stretches of sandy beach were also included, each 

with paired sites, approximately 250 km north in Jurien Bay (Jurien North, 30°2’S 

114°57’E; Jurien South, 30°2’S 114°57’E) and south in Margaret River (Margaret North, 

33°57’S 114°58’E; Margaret South, 33°59’S 114°59’E) of the central sampling region.  

 

These sites were surveyed between 2008 and 2009 with the aid of SCUBA, snorkelling or 

reef-walking as appropriate. Approximately 50 individuals were collected from each site; 

only those greater than 40 mm in diameter were included to ensure that all individuals were 

sexually mature (Dix 1977) and, therefore, exhibited adult morphology. Collections 

involved thorough inspections of the reef to eliminate any potential bias in collecting more 

conspicuous morphotypes, and therefore, proportions within these collections should 

roughly reflect those within natural populations. On site, all individuals were measured for 

body size (i.e., test diameter), classified into colour categories (while pigmentation was still 

fresh), and had spines removed for morphometrics analysis. All specimens were then taken 

back to the laboratory for dissection and preservation. 

 

To assess temporal variation in both morphological traits across the duration of the study, 

some sites (chosen to include the full range of major colour morphs) were re-assessed in 
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2010 for comparison with 2008 data. Approximately 50 individuals from each of South 

Fremantle, Jervoise Bay, Mindarie Key and Point Peron were assessed for colouration, and 

spines were removed for morphometrics analysis. All these individuals were otherwise 

returned unharmed to the site of collection. 

 

Classification of colour morphotypes 

Colouration was assessed categorically, using the same methods applied by Growns and 

Ritz (1994) and Beck and Styan (2010) for east coast populations, to allow direct 

comparisons between eastern and western regions of the species’ distribution. These 

classifications are based on the prominent external features of the urchins and denoted by a 

series of letters, where the first letter represents the colour of the dermis overlying the test 

(Red, White or Pink) and the subsequent letter(s) denotes the colour of the primary spines 

(e.g., Violet, Violet-Green, Green or Brown). While secondary spines may differ in colour 

to the primary spines, their small relative size does not affect the overall colouration of a 

live urchin, and were therefore not considered. The proportions of individuals with varying 

dermal and spine colours, as well as overall colour morphs were assessed within all sites. 

 

Geometric morphometrics  

Landmark-based geometric morphometric analysis (Zelditch et al. 2004) was carried out to 

quantify the variation in spine shape that currently defines the two subspecies of H. 

erythrogramma. Five of the largest, intact spines were removed from each urchin and placed 

in bleach to remove connective tissues. Each spine was photographed using a Canon Ixus 

85is camera mounted on a tripod of fixed height. Each spine was orientated so that the axis 

of greatest width was perpendicular to the camera. A total of 15 landmarks were placed 

around the periphery of each spine using tpsDIG v.2.12 software (Rohlf 2006), five of 

which were fixed at homologous points at either end of the spines; 10 were sliding semi-

landmarks applied along the length of each spine. These sliders accommodate the common 

limitation of having insufficient homologous landmarks for analysis by providing 

additional, more flexible points of reference that allow more effective analyses of shape, 

particularly along curved surfaces (Zelditch et al. 2004) such as those found on urchin 

spines. Given that substrate abrasion is likely to affect the shape of the tip of the spine and 

mask the true biological shape, landmarks were placed horizontally across the tip of all 

specimens, taking only the width of the tip, rather than curvature, into account (Figure 

2.1A). 
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The consistency of landmark application and spine orientation was tested before the full 

analysis. For landmark application landmarks were placed on ten replicate images of spines 

from each of ten individuals and compared within and between individuals for the first five 

relative warp (RW) scores generated with tpsRELW v.1.46 (Rohlf 2007: for details see 

below).  For testing consistency in orientation, 50 spines were orientated, photographed 

and landmarked to generate RW scores, and then re-orientated and analysed in the same 

manner. One-way analyses of variance showed that within-individual variation was 

significantly lower than between-individual variation for all five relative warps for landmark 

application (F-values ranged between 50.42 and 870.33, df = 9, 40, p < 0.0001 in all cases) 

and spine orientation (F-values ranged between 11.20 and 46.43, df = 49, 50, p < 0.0001 in 

all cases). Intra-class correlation coefficients for both repeatability estimates were calculated 

following Lessells and Boag (1987) with standard errors calculated following Becker (1984): 

these estimates ranged between 0.91 ± 0.001 and 0.99 ± 0.000001, confirming high 

repeatability in the consistency of landmark applications and the orientation of spines.  

 

Landmarks were then applied to the full dataset, and relative warp analysis was conducted 

in tpsRELW to generate relative warp scores and centroid size values for each of five 

spines per individual. These were then averaged to give mean scores for each individual per 

site. The relative warp scores were generated by principal component analysis of partial 

warp scores, which reduces the multivariate shape data described by all partial warp scores 

into a number of relative warps (equivalent to principle components). Variation in each 

RW score was then used to describe major deviations from a consensus shape. Centroid 

size, calculated as the square root of the summed square distances between each landmark 

and the geometric centroid of the structure, provides a measure of size that, in the absence 

of allometry, is independent of shape (Zelditch et al. 2004). Regression analyses were then 

used to determine whether body size (as test diameter) had a confounding influence on 

spine morphology. 
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Figure  2.1:  Typical  spine morphology  exhibited  by A. H.  e.  armigera  and B. H.  e.  erythrogramma  in 
Western  Australia.  In  addition,  A.  shows  the  distribution  of  15  landmarks  applied  for  geometric 
morphometric analysis on spine shape (solid circles = fixed, open circles = sliding). 
 

 

Discrimination between subspecies 

From the 26 relative warps produced, RW1 and RW2 explained the majority (> 93%) of 

the variance in spine shape, and were therefore applied as the dependent variables in all 

subsequent multivariate analyses of spine morphology. The mean RW scores for each 

individual were plotted against the two warp axes to visualise the variation in spine shape 

found across H. erythrogramma within Western Australia. To explore the possibility of 

subspecies differentiation within this dataset, a sample of individuals was included from the 

eastern distribution of the species’ range, where only H. e. erythrogramma is known to occur. 

A total of 40 individuals from Victoria (37°52’S 144°50’E) and Tasmania (41°01’S 

148°18’E) were collected and their spines were analysed for shape variation using the 

geometric morphometric analysis described above. Samples from each location included 

both RV and WG morphs, so that they were comparable with colour morphs found within 

Western Australia. The consistency of spine morphology was confirmed for this subspecies 

using permutational analyses of variance (PERMANOVA), with 9999 permutations in the 

Primer-E v.6 statistical package. There was no significant variation in shape between the 

collection sites in Victoria and Tasmania (Pseudo-F1, 38 = 0.28, p = 0.74) or between colour 

morphs (Pseudo-F1, 38 = 0.13, p = 0.87).  
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RW scores for the eastern H. e. erythrogramma were included in the ordination of RW1 

against RW2, and each Western Australian individual was assigned to a given subspecies 

based on its position in multivariate space in relation to these individuals. Specifically, the 

most extreme limits of variation in these eastern individuals were used to determine the 

boundary for H. e. erythrogramma; any Western Australian individuals clustering within this 

group could be confidently classified to this subspecies. In turn, any individuals falling 

outside of this range were classified as H. e. armigera. Following this subspecies assignment 

based upon relative spine shape, individuals were sorted by colour morph to determine 

whether colour had any additional association with spine morphology or subspecies in 

Western Australia. For this analysis PERMANOVA was applied to RW1 and RW2 using 

the four major colour morphs (RV, RVG, RG, and WG) as a random factor. Site was not 

included as a factor in the model because not all morphs occurred in all sites.  

 

Specific patterns of spine morphology and colour were investigated within and between 

subspecies. The differentiation in spine morphology was quantified by partitioning the 

variance in spine shape: 1) between subspecies, 2) between sites within each subspecies 

group, and 3) within sites. In these analyses subspecies were classified as a fixed factor and 

site as a random factor. Additionally, PERMANOVA was used to look for temporal 

variation in spine shape during the course of this study. Changes in shape were tested 

within subspecies (fixed) between years (fixed), with sites (South Fremantle and Jervoise 

Bay for H. e. armigera and Mindarie Key and Point Peron for H. e. erythrogramma) nested 

within each subspecies as a random factor. 

 

χ2 tests for independence were used to examine patterns of colour variation within and 

between subspecies. However, the dominance of a single dermis colour within most sites 

and the strong disparity of colour morphs between subspecies (see Results) created an 

imbalanced design, restricting statistical analyses of colour variation at both the site and 

subspecies level. As a result, analyses could be applied only by pooling data across the 

relevant sites, to gain insight into general patterns of colour variation and qualitatively 

describe the more specific patterns. A global χ2 test was applied by pooling data across all 

morphs from all sites to test for a general relationship between dermis and spine colour. 

Because of low pooled frequencies, individuals with brown spines or the pink dermis were 

omitted from this analysis. χ2 analyses were also used to identify any temporal variation in 

the proportion of colour morphs within sites for either subspecies between 2008 and 2010. 

Again, due to single morphs dominating sites, the data for the major colour morphs was 

combined across two sites for each subspecies (South Fremantle and Jervoise Bay for H. e. 
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armigera and Mindarie Key and Point Peron for H. e. erythrogramma). Rare colour morphs 

were pooled within each subspecies group.  

 

Associations with wave exposure 

To investigate whether variation in colour and spine shape were associated with wave 

exposure in each subspecies of H. erythrogramma, morphological variation was assessed 

across Western Australian sites with the most contrasting wave conditions. The reefs at 

Margaret South, Mindarie Key and Radar Reef are exposed to strong oceanic swell 

throughout the year, while those at South Fremantle, Jervoise Bay and Stragglers Rock are 

relatively sheltered, being protected from surging swell and wave action within bays or by 

surrounding reef. PERMANOVA was used to test whether spine shape (RW1 and RW2) 

differed between these exposed and sheltered sites. The main factor was exposure (high 

and low), with each of the three relevant sites nested within each exposure level. An 

association of dermal colour with wave exposure was also tested. Again, due to the lack of 

colour variation within sites, data across the three relevant sites were pooled within each 

exposure group and applied a χ2 test for independence to compare proportions of the red 

and white dermis between high and low wave exposure. Due to low pooled frequencies, 

individuals with a pink dermis were excluded.  

 

2.4 Results 

Colour variation  

Surveys of H. erythrogramma in Western Australia showed moderate levels of colour 

variation in the dermis and spines (Figure 2.2). Dermis colour was typically red (86% of the 

total abundance); this was the major dermis colour at all sites with a single exception 

(Mindarie Key). This site consisted almost entirely of the white dermis but elsewhere, the 

white dermis was relatively uncommon making up 13% of the total abundance. A very 

limited number of individuals exhibited the pink dermis (< 1%) (Figure 2.2A). Spines 

occurred in four colour categories; violet spines were the most common (58%), but there 

were also green spines (18%), and sometimes violet spines had green tips (23%). Brown 

spines were also observed but in very low frequencies (< 1%) (Figure 2.2B).  

 

The above dermal and spine colours combined to produce a total of eight individual colour 

morphs that occurred in uneven proportions both within and among sites (Figure 2.2C). 

Across sites, most were dominated by a single colour morph (RV), which accounted for 

56% of all specimens collected. The second-most frequent morph was the very similar 

RVG morph (23%), which occurred in low to moderate frequencies within most sites. The 
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WG morph dominated at Mindarie Key, accounting for most of its total abundance (10%); 

it occurred in very low frequencies elsewhere. Finally, the RG morph occurred in moderate 

abundances within a few sites to produce an overall frequency of 7%. The remaining four 

colour combinations (PG, PV, WB, WV) occurred in very low frequencies (each < 2% of 

individuals) and within a limited number of sites. All spines were of solid colouration, 

except for WB and WV individuals, which instead exhibited distinct bands of brown or 

violet, alternating with white bands. Within sites, colour variation was limited; most sites 

dominated by RV and RVG individuals. Notable exceptions were Mindarie Key, which 

almost entirely consisted of WG individuals, and Point Peron, which exhibited more even 

proportions of RG, WG and some RV individuals. Given that both these sites were paired 

with adjacent sites almost entirely consisting of RV and RVG morphs within two locations 

(Quinns Reef and Shoalwater Islands), it is clear that marked changes in colour patterns can 

occur at very fine spatial scales.  
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Figure 2.2: Spatial distribution of A. dermal colouration, B. spine colouration, C. overall colour morphs, 
and  D.  subspecies  of  H.  erythrogramma,  by  proportion  in  each  site  along  the Western  Australian 
coastline.  Paired  sites  at  each  location  (<5  km  apart)  from  top  to bottom  are  as  follows;  Jurien Bay 
(Jurien North,  Jurien  South), Quinns  Reef  (Quinns  Rock, Mindarie  Key),  Rottnest  Island  (Radar  Reef, 
Strickland  Bay),  Fremantle  (South Mole,  South  Fremantle),  Stragglers  Rock,  Jervoise  Bay,  Shoalwater 
Islands (Point Peron, Penguin Island), and Margaret River (Margaret River North, Margaret River South). 
The  first  letter of each morph  code  refers  to  the  colour of  the dermis  (Red, White or Pink), and  the 
subsequent  letter(s)  refer  to  the  colour  of  the  spines  (Violet,  Violet‐Green,  Green,  or  Brown). 
‘Unclassified’ individuals refer to those that could not be confidently assigned to either subspecies based 
on the combination of spine morphology and colouration. The coloured lines around the small figure of 
Australia  show  the  currently  known  distribution  of H.  e.  erythrogramma  (white)  and H.  e.  armigera 
(black).  
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Spine morphology 

The first two relative warps explained over 93% of the total variation in spine shape. RW1 

(66.16%) describes slight variation in the width of the spine shaft but more notably, 

changes in the width of the distal portion, to produce evenly tapered edges ending in a 

pointed tip or a constricted neck, which widens again to form a blunt, square tip. RW2 

(27.52%) describes reinforced modification in the width of the spine, particularly at the 

base relative to the tip, forming either concave or slightly convex contours along the 

proximal end of the spine. Spine shape showed a weak relationship with test diameter 

(RW1: r2 = 0.015, F1, 506 = 7.58, p = 0.01 and RW2: r2 = 0.03, F1, 506 = 15.43, p < 0.01) 

indicating that, in mature adults, spine shape is largely independent of body size. 

Accordingly, while centroid size did show a correlation with body size (r2 = 0.32, F1, 506 = 

239.8, p < 0.0001), demonstrating that spine size tends to increase with increasing body 

size, this increase in size had no substantial effect on spine shape (RW1: r2 = 0.006, F1, 506 = 

2.92, p = 0.09 and RW2: r2 = 0.039, F1, 506 = 20.73, p < 0.01). 

 

Discrimination between subspecies  

The two components of shape identified above combined to produce a fairly continuous 

gradient of spine morphologies across a range of spine thicknesses and distal processes 

(Figure 2.3). The inclusion of eastern H. e. erythrogramma, however, grouped all 40 

individuals in the left hand corner of this ordination, marking the boundaries of this 

subspecies characterised by spines with a narrow shaft and a pointed tip. Individuals 

outside of this tight cluster, displaying a wider range of spine morphology with thicker 

spine shafts or wider tips were interpreted as H. e. armigera. Because these two broad groups 

are largely separated by RW1, the outermost limit of the variation in eastern H. e. 

erythrogramma along this axis was used as a conservative boundary to separate the Western 

Australian dataset into each subspecies. Consequently, any Western Australian individuals 

with a RW1 score of less than -0.032 was classified as H. e. erythrogramma and any individual 

scoring above this value was assigned to H. e. armigera (Figure 2.3A).  
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Figure 2.3: Ordination of relative warp one (RW1) against relative warp two (RW2) showing the major 
variations  in  spine  morphology  exhibited  by  H.  erythrogramma  as  determined  by  geometric 
morphometric analysis. A. Combined Western and eastern Australian datasets  showing  the boundary 
(dashed  line)  between  subspecies  (HEE  =  H.  e.  erythrogramma  and  HEA  =  H.  e.  armigera).  B.  The 
Western Australian dataset only, with  individuals  sorted  into  the  four major  colour morphs. The  first 
letter  of  each morph  code  refers  to  the  colour  of  the  dermis  (Red,  or White)  and  the  subsequent 
letter(s) refer to the colour of the spines (Violet, Violet‐Green, or Green).  
 

 

In addition, PERMANOVA showed a significant association between spine morphology 

and colouration within Western Australia (Pseudo-F1, 493 = 222.16, p < 0.0001). This 

association coincides with the subspecies boundary identified above and is clearly seen in 

Figure 2.3B, where H. e. armigera individuals predominantly exhibited RV and RVG 

colouration, while those classified as H. e. erythrogramma tended to occur as RG and WG 

morphs. Individuals of rarer colour morphs were also classified as H. e. erythrogramma (data 

not shown). A small proportion of individuals exhibited discordant patterns of spine shape 

and colouration however, occurring on the opposite side of the ordination, i.e., some RV 

individuals exhibited slightly narrower spine morphology (4%) while some RG and WG 
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individuals had thickened spines (4%). To avoid confusion, these individuals remained 

unclassified to subspecies and were not included in subsequent analyses. Interestingly, most 

of these unclassified individuals were from locations in which both subspecies co-occurred 

(i.e., Jurien Bay and Shoalwater Islands). The distributions of both subspecies and 

unclassified individuals within Western Australia are shown in Figure 2.2D. 

 

Almost 55% of the total variation in spine shape for H. erythrogramma within Western 

Australia was attributed to differences between the two subspecies (Table 2.1). Variation 

within subspecies was also significant, with 15% of the variation found among sites within 

subspecies and 30% within sites. Global χ2 testing across all morphs from all sites indicated 

a significant association between dermis and spine colour (χ2 = 217.81, df = 2, p < 0.0001). 

This relationship reflects the colour differentiation between subspecies, where H. e. armigera 

always occurred with a red dermis and either violet or violet-green spines, while H. e. 

erythrogramma occurred fairly equally with a red or white dermis but with a very strong bias 

towards green spines (Table 2.2). Finally, neither spine morphology or colour morph 

frequencies changed for either subspecies over the duration of this study. Average spine 

shape remained consistent within sites for both subspecies between 2008 and 2010 

(Pseudo-F1, 2 = 0.69, p = 0.59). Moreover, frequencies of colour morphs did not change for 

either H. e. armigera (χ2 = 4.27, df = 3, p = 0.23) or H. e. erythrogramma (χ2 = 5.92, df = 3, p = 

0.17). Both Jervoise Bay and South Fremantle maintained stable populations of RV and 

RVG H. e. armigera between 2008 and 2010. Likewise, the range of colour morphs for H. e. 

erythrogramma in Point Peron remained consistent, while Mindarie Key also maintained a 

stable population dominated by the WG colour morph.  

 

Dried voucher specimens of the major colour morphs of both subspecies can be found at 

the Western Australian Museum under Collection Numbers 605-71 (RV: H. e. armigera), 

596-71 (RVG: H. e. armigera), 9511 (RG: H. e. erythrogramma), 637-75(4) (WG: H. e. 

erythrogramma), and 608-71 (WV: H. e. erythrogramma). 

 

Table 2.1: Results of PERMANOVA partitioning variation in spine morphology (RW1 + RW2) within and 
between subspecies of H. erythrogramma. 

Source  df  MS  Pseudo‐F  p   % of total variance 

Between subspecies     1  0.046  24.00  <0.001  55 

Between sites within subspecies    20  0.008  11.76  <0.001  15 

Within sites  462  0.001      30 
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Table  2.2:   Numbers  of  urchins  sampled with  various  combinations  of  the major  dermis  and  spine 
colours from data, A. pooled across all individuals from all sites and separated into B. H. e. armigera and 
C. H. e. erythrogramma. 

Spine colour  Dermis colour  Total 

  Red  White   

A. Pooled 

Violet 

Violet‐Green 

Green 

Total 

 

305 

125 

40 

470 

 

9 

0 

57 

71 

 

305 

125 

97 

527 

B. H. e. armigera 

Violet 

Violet‐Green 

Green 

Total 

 

305 

125 

0 

430 

 

0 

0 

0 

0 

 

305 

125 

0 

430 

C. H. e. erythrogramma 

Violet 

Violet‐Green 

Green 

Total 

 

0 

0 

40 

40 

 

9 

0 

57 

66 

 

9 

0 

97 

106 
   
 

 

Associations with wave exposure 

There was no difference in spine shape between exposed and sheltered sites (Pseudo-F1, 4= 

0.044, p = 0.99), but there was a significant difference among sites within exposure levels 

(Pseduo-F4, 299= 56.627, p = 0.0001). Both results can be explained by the distribution of 

subspecies across these factors. Although this could not be tested empirically, the high 

exposure level included sites dominated by alternate subspecies with contrasting spine 

shapes, while sites within the low exposure level consisted only of thick-spined H. e. 

armigera. There was, however, a significant relationship between dermis colour and wave 

exposure (χ2 = 50.90, df = 1, p < 0.0001). While the red and white dermis colours occurred 

equally within highly exposed sites, the red dermis was significantly more common within 

sites of low wave exposure (Table 2.3).  

 

Table  2.3:  Numbers  of  each  dermis  colour  found  within  exposed  (pooled  across  Margaret  River, 
Mindarie  Key  and  Radar  Reef)  and  sheltered  (pooled  across  South  Fremantle,  Jervoise  Bay,  and 
Stragglers Rock) sites for H. erythrogramma within Western Australia. 

Dermis colour   Relative wave exposure   Total 

  High  Low   

Red  81  108  189 

White  54  4  58 

Total  135  112  247 
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2.5 Discussion  

Since Mortensen (1943) described two subspecies for the sea urchin Heliocidaris 

erythrogramma on the east and west coasts of Australia, no study has quantitatively confirmed 

that they are, indeed, morphologically distinct. Most ecological studies for this species have 

concentrated on eastern populations, where only H. e. erythrogramma is present (e.g., 

Laegdsgaard et al. 1991; McMillan et al. 1992; Growns and Ritz 1994; Beck and Styan 

2010), and the few studies conducted within Western Australia have not made any mention 

of subspecies (e.g., Vanderklift and Kendrick 2004; Vanderklift and Wernberg 2008). This 

study is, therefore, the first to describe quantitatively the variation in both colouration and 

spine morphology that distinguishes these subspecies and to document their sympatric 

distribution within Western Australia. 

 

The geometric morphometric analysis revealed two extremes in spine shape that fit with 

Mortensen’s (1943) descriptions of these subspecies. While the fairly continuous gradient 

of spine morphology between these extremes caused difficulties in distinguishing between 

subspecies, the inclusion of known H. e. erythrogramma specimens from eastern populations 

made these boundaries clear. This boundary is likely to be more flexible than stated in this 

study, although the relatively narrow range of variation detected indicates that spine 

morphology for this subspecies is quite consistent. Parallel variation in colour pattern 

further supports the strength of this proposed subspecies boundary. While Mortensen 

(1943) acknowledged this continuous range in spine morphology, he did not allude to any 

colour differentiation between the two subspecies. The broad differences in spine 

morphology between subspecies are fairly obvious upon observation; H. e. erythrogramma 

have narrow, tapered spines with pointed tips and H. e. armigera have thickened, more 

bulbous spines with wider, blunt tips.  However, such a narrow error margin (8%), suggests 

that colour morph also represents a useful diagnostic character that can be used in 

conjunction with observations of spine morphology to discern subspecies with high 

accuracy. 

 

This study provides the first empirical documentation of the distribution of these two 

subspecies in Western Australia. Previous literature on their specific distributions are vague 

and while Mortensen (1943) suggests that H. e. erythrogramma is absent from this western 

coastline, McMillan et al. (1992) mention that both thin and thick-spined H. erythrogramma 

do occur in Western Australia. The current study clarifies the situation, confirming the 

presence of both subspecies, albeit in highly unequal proportions. Most locations are 

overwhelmingly dominated by H. e. armigera, with H. e. erythrogramma occurring in high 
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abundances only within a few, localised sites. As revealed by the occurrence of alternate 

subspecies between adjacent sites within two locations sampled (Quinns Reef and 

Shoalwater Islands), the dominant subspecies of a given area can change quite markedly 

over fine spatial scales (<5 km). Interestingly, this spatial scale is an order of magnitude 

smaller than the spatial scales at which colour patterns vary among eastern populations (10-

100s km) within H. e. erythrogramma (Beck and Styan 2010). The consistency of these 

morphological associations across multiple sites and particularly over such short spatial 

scales, suggests that this morphological variation may be indicative of genetic 

differentiation between these subspecies.   

 

Those individuals that were unable to be classified by the combination of colour and spine 

morphology represent an interesting group that may further indicate genetic distinction 

between subspecies. This unclassified group included RV individuals with narrower spines 

(4%), but also some WG and RG morphs exhibiting slightly thicker spine morphology 

(4%). This could reflect one of two situations. Assuming that spine morphology is the 

defining feature in assigning the correct subspecies, it is possible that these outliers simply 

represent rare colour morphs of the respective subspecies. This is not unreasonable, 

particularly for those misclassified as H. e. erythrogramma, because RV morphs do occur for 

this subspecies in eastern populations (Growns and Ritz 1994; Beck and Styan 2010). 

Alternatively, given that these unclassified individuals are most common within locations 

where both subspecies co-exist, it is also possible that they represent intermediate 

phenotypes produced from hybridisation. This latter possibility relies on assumptions of 

genetic differentiation, heritability for colouration and spine morphology, as well as 

reproductive compatibility between subspecies. There is no current information regarding 

the genetic relationships underlying morphological variability within the species, and while 

heritability for both traits has been demonstrated in other echinoid species (Marcus 1980; 

Pawson and Miller 1982; Louise and Benard 1993; Rahman et al. 2001), it is yet to be 

determined for H. erythrogramma. Furthermore, the spawning season and larval development 

of H. e. erythrogramma has been well-studied in eastern populations (Williams and Anderson 

1975; Dix 1977; Laegdsgaard et al. 1991), but it is currently unknown whether H. e. armigera 

shares the same reproductive biology to permit hybridisation. Distinguishing between these 

hypotheses, therefore, is currently restricted by a lack of knowledge for the species and 

requires further investigation of the genetic and reproductive biology of these subspecies.  

 

The apparent association between subspecies and colour variation also contributed to the 

significant relationship found between dermis and spine colour. While H. e. armigera 
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exhibited only the red dermis with violet or the very similar, violet-green spines, H. e. 

erythrogramma occurred equally with a red or white dermis but in either case, with a strong 

prevalence of green spines. This is particularly interesting because such a dermis-spine 

colour relationship does not exist for H. e. erythrogramma across eastern populations. 

Outside of Western Australia, a wider range of spine colours, including violet and violet-

green, can occur with either dermis colour (Growns and Ritz 1994; Beck and Styan 2010), 

which do not signify subspecific differentiation. Clearly the range of spine colours is 

severely limited for H. e. erythrogramma within Western Australia relative to its eastern 

counterpart. Furthermore, in comparing general patterns of colour variation, Western 

Australian populations are most similar to those on the Pacific coastline of the east coast, 

which are strongly dominated by the red dermis and violet-green-violet spines. By contrast, 

Southern Ocean populations (i.e., Victoria and Tasmania) exhibit a much greater range of 

dermis and spine colour combinations. This may reflect broad-scale processes, unrelated to 

subspecies classifications, producing similar colour patterns on parallel east-west coastlines 

and contrasting colour patterns along the lower latitudes of the Southern Ocean region.  

 

There was no strong association between dermis colour and relative wave exposure in 

Western Australia. This result is consistent with the pattern found in Pacific Ocean 

populations of H. e. erythrogramma, but contrasts with the association between the white 

dermis and exposed areas among Southern Ocean populations (Growns and Ritz 1994; 

Beck and Styan 2010) and the common association between colour and wave exposure in 

other echinoid species (e.g., Serafy 1973; Lawrence 1980; Lewis and Storey 1984; Appana et 

al. 2004; Rahman et al. 2005). While the white dermis only occurred in high abundances 

within high wave exposure, it was not common at all exposed sites. Further, the red dermis 

was found to occur equally within exposed and sheltered locations. The constancy of 

morph frequencies over time suggests that any environmental variables that may influence 

colour variation are stable, but this remain unknown. In light of this result, it is interesting 

that despite the frequent association between colouration and wave exposure among 

echinoids, these studies do not show a consistent, directional response of lighter or darker 

colours with varying wave exposure. Therefore, the environmental cues that influence 

colour variation among echinoids, including H. erythrogramma, are likely to be much more 

complex than wave exposure alone.  

 

The potential association between spine morphology and wave exposure was also 

examined, with the expectation that thicker spines (i.e., H. e. armigera) would be more 

common in exposed sites, having a more robust structure for stability and protection from 
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higher wave forces, as found in other echinoid species (e.g., McPherson 1965; Dix 1970; 

Serafy 1973; Marcus 1983; Lewis and Storey 1984). However, this study failed to support 

this prediction. Not only did H. e. armigera occur within most sites, regardless of wave 

exposure, but narrow-spined H. e. erythrogramma occurred with high abundances only within 

an exposed site. This supports Vanderklift and Kendrick’s (2004) finding that the species 

has no preference for exposed reef flats or protected, subtidal rock faces in Western 

Australia. While the authors of this previous study did not mention subspecies or 

morphological variation, the similarity of their sites with those used in the current study 

suggests that they sampled mostly H. e. armigera. The relative scarcity of H. e. erythrogramma 

within Western Australia makes it difficult to speculate on any association of thinner spines 

with wave exposure. Nevertheless, the subspecies is known to occur in both sheltered and 

exposed areas in eastern populations, but with noticeable behavioural differences. In 

sheltered areas, H. e. erythrogramma is widely abundant, aggregating across rock faces. By 

contrast, in areas of higher wave exposure, H. e. erythrogramma is limited to subtidal areas 

where it becomes noticeably more cryptic within crevices and under rock ledges (Keesing 

2001; Ling et al. 2010). In the few sites where H. e. erythrogramma occurred in this study, it 

was always found in subtidal areas, a noticeable contrast to H. e. armigera which was 

abundant on intertidal platforms as well as subtidal areas (R.M. Binks, pers. obs.). It may 

be, therefore, that the buffering effects of water depth, as well as behavioural 

modifications, negate any limitations that wave exposure may pose for the distribution of 

this subspecies with more delicate spine morphology. 

 

Given that there are no clear environmental correlates for either spine morphology or 

colour patterns, these morphotypes cannot be considered ecotypes. Despite the presence 

of H. e. erythrogramma within Western Australia, its relative abundance is so low that the 

broad geographic distribution for each morphotype remains largely split between eastern 

and Western Australia, which is consistent with Mayr’s (1982) definition of subspecies. 

Furthermore, while species should be consistently differentiated, subspecies are generally 

recognized when distinctive features are useful for at least 75% of specimens (Blackwelder 

1967). This percentage may be somewhat arbitrary, but the differentiation between H. e. 

erythrogramma and H. e. armigera is substantially greater and far more distinct than within-

subspecies variability, and the minimal overlap in colour patterns (8%) is sufficient to 

satisfy this generalisation. I therefore, encourage the continued recognition of these 

morphotypes as distinct subspecies, as distinguished by spine morphology and colour 

patterns. Further insights into the morphological differentiation between these subspecies 

may be provided with quantitative assessments of colour variation or by investigating 
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internal spine morphology as an additional diagnostic character (Coppard and Campbell 

2004). 

 

It is unfortunate that surveys along the southern coastline of Western Australia did not 

detect sufficient abundances of either subspecies to report confidently morphological 

variation or subspecies distributions in this region. However, this in itself may be 

ecologically relevant. Despite the lack of data from these surveys, individuals of both 

subspecies were observed in very low densities in this southern region. This marked 

reduction in abundance may be related to the distinct change in reef substrate, from the 

soft, structurally complex limestone on the west coast, to hard, smooth granite boulders 

along the south coast. In the narrow region of limestone-granite overlap between Cape 

Naturaliste and Cape Leeuwin on the south-west corner, H. erythrogramma becomes more 

abundant in areas with limestone reefs (R.M. Binks, pers. obs.), which supports a 

preference in this reef substrate. Such smooth boulders may present unfavourable habitat 

due to the relative lack of crevices for maintaining stability within the substrate or 

differences in algal composition or bacterial biofilms that limit recruitment for the species 

(Huggett et al. 2006; 2008). However, given that H. e. erythrogramma is common in 

sandstone boulder reef along the eastern portion of its distribution (Keesing 2001; 

Smoothey and Chapman 2007), the factors inhibiting abundant populations in this south-

western region appear to be particularly localised.  

 

Notwithstanding the ecological factors that preclude H. erythrogramma from southern 

Western Australia, this granite region of low abundance may represent a physical barrier 

between the H. e. erythrogramma-dominated eastern Australia and the H. e. armigera-

dominated Western Australia. Mortensen (1943) describes the distribution of H. e. armigera 

from Shark Bay, Western Australia to South Australia but specific details of where the 

dominant subspecies changes from H. e. armigera to H. e. erythrogramma are currently 

unknown. However, the highly abbreviated larval development for this species has been 

shown to restrict gene flow across spatial scales of 800-3400 km (McMillan et al. 1992), 

which spans the length of this south-western region of granite reefs. It seems plausible, 

therefore, that this stretch of less favourable habitat, coupled with limited long-distance 

dispersal in this species, may explain the largely east-west spatial distributions of these 

subspecies in Australia.  
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Conclusions  

This study provides the first quantitative assessment of morphological variation 

distinguishing members of the two subspecies of the Australian sea urchin H. erythrogramma, 

and describes their distribution within Western Australia. Both colour and spine 

morphology represent diagnostic traits, but only where they occur sympatrically within 

Western Australia. This study also provides a complementary, western perspective to 

previous studies that have documented spatial variability in colour variation along the 

eastern range of the distribution for H. e. erythrogramma (Growns and Ritz 1994; Beck and 

Styan 2010). Broadly speaking, patterns and spatial scales of colour and spine variation 

differ from those found in eastern populations, indicating substantial variability in the 

processes influencing these traits. Given that neither trait showed consistent associations 

with wave exposure, unlike many other echinoid species, the ecological significance of such 

variation remains unknown. Nevertheless, spatial patterns of distribution within Western 

Australia are characterised by marked morphological changes across fine spatial scales 

which likely reflect sharp genetic and/or environmental boundaries between subspecies. 

Western Australia, therefore, presents an interesting region of overlap between these two 

morphologically distinct subspecies. Further investigation is required to determine the 

factors maintaining variation within and between these subspecies. 
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CHAPTER THREE 

 

 

 

 
Characterisation of microsatellite loci for the Australian sea 

urchin Heliocidaris erythrogramma 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preamble 

This chapter details the development and optimisation of microsatellite loci for H. erythrogramma. 

These markers provide a powerful molecular tool for detecting fine-scale patterns of genetic 

structure, as applied in Chapter 4. A modified version of this chapter has been published in 

Molecular Ecology Resources (See Appendix II). 
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3.1 Abstract 

This chapter reports 16 polymorphic microsatellite loci from Heliocidaris erythrogramma, a 

common sea urchin endemic to temperate Australian waters. These microsatellites were 

tested in a minimum of 30 individuals, which yielded between five and 14 alleles per locus. 

Expected heterozygosity ranged from 0.52 to 0.92 with four loci deviating from Hardy-

Weinberg expectations. These markers are expected to be useful for experimental studies 

involving paternity analysis and for quantifying population structure in H. erythrogramma 

across its geographic range. 

 

3.2 Introduction 

The sea urchin Heliocidaris erythrogramma, endemic to temperate Australian waters (Dix 

1977), is an emerging model species in studies of evolutionary biology (e.g., Marshall et al. 

2004, Evans et al. 2007), population genetics and evolution (e.g., McMillan et al. 1992; 

Zigler et al. 2003) and ecology (e.g., Keesing 2001, Huggett et al. 2006; Ling et al. 2010). 

This interest is, in part, due to its external fertilisation, which allows for ease of 

experimentation with high levels of control, but is largely due to the species’ unusual 

lecithotrophic larval development (Williams and Anderson 1975), which has significant 

ecological and evolutionary implications. These microsatellite markers were developed 

specifically to provide a powerful molecular tool for mapping population structure and 

connectivity for H. erythrogramma across fine spatial scales. 

 

3.3 Materials and methods 

Genomic DNA was extracted from muscle tissue using a salting out procedure outlined in 

Simmons et al. (2006). Genetic Information Services used these samples to construct DNA 

libraries and isolate potential di- and tri-nucleotide microsatellites. Methods for the 

construction and enrichment of the libraries are as outlined in Jones et al. (2002). Briefly, 

fragments in the size range of 300-750 bp were adapted and subjected to magnetic bead 

capture (CPG, Inc.) to produce four libraries and enrichment levels were expressed as the 

fraction of sequences that contained a microsatellite. The CA(15) library produced 25 

microsatellites out of 25 clones, the GA(15) library produced 23 microsatellites out of 24 

clones, the AAC(12) library produced 18 microsatellites out of 24 clones, and the ATG(12) 

library produced 18 microsatellites out of 24 clones. Polymerase chain reaction (PCR) 

primers were developed for 73 of these microsatellite containing clones using 

DesignerPCR v.1.03 (Research Genetics, Inc.) software. 
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Locus amplification in H. erythrogramma was tested with total genomic DNA extracted from 

the muscle tissue of 30 individuals collected from Radar Reef on Rottnest Island, Western 

Australia (32°01’S, 115°27’E). All individuals exhibited red-violet colouration and 

thickened spines (i.e. H. e. armigera morphology). PCR reactions of 10 µL contained: 1 µL 

(~10 ng) of DNA, 0.3 µM of each primer (forward primer fluorescently labelled), and 8 µL 

of reaction buffer (Invitrogen’s Platinum PCR Supermix: 22 U/mL complexed 

recombinant Taq DNA polymerase with Platinum Taq antibody, 22 mM Tris-HCl (ph 8.4), 

2.5 µM MgCl2, 55 mM KCl, 220 µM dGTP, 220 µM dATP, 220 µM dTTP, 220 µM dCTP 

and stabilizers). PCR amplifications were carried out in an Eppendorf thermal cycler and 

consisted of an initial denaturation at 94 °C for 3 min, then 35 cycles of 30 s at 94 °C; 30 s 

at the annealing temperature (see Table 3.1), 30 s at 72 °C, and a final elongation step at 72 

°C for 4 minutes. PCR products were analysed on an ABI 3730 Sequencer and sized using 

GeneScan500 LIZ internal size standard. Alleles were scored using GeneMapper v.3.7 

(Applied Biosystems) software.  

 

3.4 Results  

In total, 16 polymorphic microsatellite markers were identified, from which genotypes 

consistently amplified within expected range sizes (Table 3.1). Microsatellite Analyser 

software (Dieringer & Schlotterer 2003) was applied to measure summary statistics, and 

Genepop v.3.7 (Raymond & Rousset 1995) to test for conformity to Hardy-Weinberg 

expectations and linkage disequilibrium between all pairs of loci. The number of alleles per 

locus ranged from five to 14. Expected heterozygosity ranged from 0.51 to 0.92, with four 

loci significantly deviating from Hardy-Weinberg expectations after applying sequential 

Bonferroni corrections (Rice 1989). For two of these loci (HerC104 and HerC109), 

deviations were due to heterozygote deficits, which is a fairly common occurrence in 

broadcast-spawning invertebrates (Addison & Hart 2005). Additional testing with 

Microchecker software (Van Oosterhout et al. 2004) did not detect null alleles for these 

loci. The other two deviating loci (HerC10 and HerC102) showed excess heterozygosity 

and may be linked to functional genes being acted upon by selection. Further testing with 

additional populations may reveal more information for these loci. Tests for linkage yielded 

three weakly significant p-values out of 120 pairwise comparisons between HerC102-

HerD105 (p = 0.01), HerA2-HerD3 (p = 0.03) and HerC101-HerD5 (p = 0.03), however, 

none were significant following sequential Bonferroni corrections, indicating that these loci 

are unlikely to be physically linked. These 16 microsatellite loci will, therefore, be useful for 

quantifying fine-scale population structure in H. erythrogramma across its geographic range 
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and may also have wider applications for use in studies of evolutionary biology, such as 

paternity analyses.  
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NEXT PAGE: 
Table 3.1: Primer sequences and characteristics of 16 polymorphic microsatellite loci for Heliocidaris 
erythrogramma, including annealing temperatures (Ta), sample size (N), and the number of alleles (Na). 
Expected (HE) and Observed (HO) heterozygosity are given, as well as estimated null allele frequencies. 
Asterisk (*) indicates significant deviation from Hardy‐Weinberg expectations (p < 0.05) following 
sequential Bonferroni corrections for multiple tests. 
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Locus  Primer Sequences (5’ – 3’)  Repeat Motif  Ta (°C)  N  Na  Size Range (bp)  HE  HO  Null  GenBank No. 

HerA2  F: TGTCCACATGCTACTTATCTCC
R: ATAACGTAGTTCGCAGTTGATG 

(CA)17 53 43 11  169‐189 0.88 0.84 0.017 FJ532225 

HerA5  F: CCATTCCTTTTACCATCTTACC
R: GCCTACAAACTGACTCTGACTG 

(GT)14 53 39 10  220‐245 0.81 0.64 0.068 FJ532226 

HerA103 F: ACCGCTTAACTTTACATACCC
R: GGAGGATTATGGGATATTGAG 

(CA)4 55 42 9  159‐200 0.60 0.74 ‐0.091 FJ532228 

HerA106 F: AATGCGGCTCCTGTTCTC 
R: CGTCTTTCGGATGTGACG 

(GT)11 55 36 7  261‐280 0.72 0.56 0.059 FJ532229 

HerA113 F: CCGATGACGAGTAACAATAGAG
R: AATCCACATGCTATCATAGACG 

(GT)18 53 30 10  135‐176 0.84 0.70 0.061 FJ532230 

HerB103 F: AATGAACGAATCGCAGTGA
R: GCTTTGTTATTTCCCTTCCCTA 

(GA)4AAGGGG(GA)14 55 40 14  209‐237 0.92 0.88 0.018 FJ532231 

HerB118 F: TAGCCAATTTTGGTCTAATGC
R: TTCGGTTAGTGTGCAGTATTG 

(CT)6CCCG(CT)6 53 43 11  134‐166 0.77 0.79 ‐0.019 FJ532233 

HerC10  F: ATGACTGATGGACCGACTGAC
R: GCAAGAACCGATGTAGTGGAT 

(AAC)11 57 42 9  194‐220 0.74 0.88* ‐0.086 FJ532234 

HerC101 F: CGGGATTCACAGTCTGAGC
R: GCTGCCTTGAGTTGGGTC 

(AAC)9 53 43 8  125‐146 0.79 0.79 ‐0.005 FJ532235 

HerC102 F: TAATGGCGTCGTCTATTCTG
R: CGTCTTGATGGGTTCTCAC 

(AAC)6 55 42 5  136‐147 0.52 0.83* ‐0.207 FJ532236 

HerC104 F: CACCTTACGACCAATGTGA
R: TCGGTTGTATGTCTATCCTTG 

(AAC)7 53 41 7  151‐167 0.69 0.61* 0.041 FJ532237 

HerC109 F: GGCTTCAAAAGACTGTATTCAC
R: TAACTGGCACAAAGGACACTA 

(TTG)7 53 31 9  244‐276 0.71 0.58* 0.062 FJ532238 

HerC115 F: CGGGACTTGCATAGCAAC
R: TCACGTTTCCCCATTTATG 

(AAC)6 55 41 6  239‐253 0.72 0.66 0.033 FJ532239 

HerD3  F: CACGGTCTGAAGACATTGAAAT
R: AAGCAACGATTCTGATTGGTTA 

(CAT)15 55 41 9  111‐158 0.76 0.83 0.051 FJ532240 

HerD5  F: GCATCACCATCATTGTCAG
R: AGGACCCAGATTGGATTG 

(CAT)7 55 38 14  141‐219 0.82 0.79 ‐0.044 FJ532241 

HerD105 F: CGGAGATAATTGTTCTATGGAG
R: ATCGTAGGGCCTGTAATTTAG 

(CAT)5 53 43 7  175‐193 0.75 0.65 0.012 FJ532243 
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CHAPTER FOUR 

 

 

 

Fine-scale patterns of genetic divergence within and between 

morphologically variable subspecies of the sea urchin 

Heliocidaris erythrogramma 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preamble 

This chapter presents an extensive analysis of contemporary genetic structure in H. erythrogramma. 

The microsatellite markers developed in Chapter 3 are used to demonstrate the relative importance 

of morphology versus life history, as well as local oceanographic and land barriers, to shaping fine-

scale patterns of gene flow and connectivity in this species along the Western Australian coastline. 

A modified version of this chapter has been published in the Biological Journal of the Linnean Society 

(See Appendix III). 
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4.1 Abstract 

The spatial scale over which genetic divergences occur between populations and the extent 

that they are paralleled by morphological differences can vary greatly among marine 

species. In the present study, I use a hierarchical spatial design to investigate genetic 

structure within and between morphologically distinct subspecies of Heliocidaris 

erythrogramma that co-occur in Western Australia. Microsatellite markers were applied to 

determine whether patterns of genetic structure were influenced more by the species’ 

morphological or life history limitations to dispersal. Using both individual and population-

level analyses, significant genetic differentiation was found between subspecies, which was 

independent of geographical distance. Genetic diversity was considerably lower within H. e. 

erythrogramma than within H. e. armigera, and genetic divergence was four times as great 

between subspecies than among populations within subspecies. This pattern was consistent 

even at fine spatial scales (<5 km). Some evidence of gene flow was detected between the 

subspecies; however, it appears to be highly restricted. Within subspecies, genetic structure 

was more clearly driven by dispersal capacity, although weak patterns of isolation-by-

distance suggest there may be other factors limiting gene exchange between populations. 

These results show that spatial patterns of genetic structure in Western Australian H. 

erythrogramma are influenced by a range of factors but are primarily correlated with the 

distribution of morphologically distinct subspecies. This suggests the presence of 

reproductive barriers to gene exchange between them, and demonstrates that 

morphological variation can be a good predictor of genetic divergence.  

 

4.2 Introduction 

Knowledge of the factors limiting connectivity among marine populations is important for 

understanding the evolutionary processes leading to divergence and speciation (Palumbi 

1994). It can also have important implications for fisheries and conservation management 

(e.g. Palumbi 2004; Underwood et al. 2007; 2009). The spatial extent of genetic structure is 

largely dependent on the dispersal capacity of individuals.  In marine environments, 

dispersal can occur via adult migration or passive larval movement. As such, life history and 

demographic traits are often useful predictors for the spatial patterns of gene flow and 

connectivity among populations; structure is restricted simply by the geographic limits of 

dispersal (Hedgecock 1986; Sherman et al. 2008; Palumbi 1994). Generally speaking, 

species with high dispersal potential, such as migratory species or free-spawning species 

with planktotrophic larvae, tend to maintain relatively panmictic populations with mild 

genetic structure across large geographic scales (e.g. Martinez & Zardoya 2005; Sandoval-

Castellanos et al. 2010). Alternatively, poor dispersers, such as sedentary, direct developing 
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invertebrates, typically exhibit high levels of genetic subdivision across fine spatial scales 

(e.g. Sherman et al. 2008; Lee & Boulding 2009). Patterns of connectivity, however, are not 

always predictable based on life history or demographic traits alone. In addition to 

biological regulation of gene flow, physical barriers such as geographic formations and 

oceanographic processes, also influence dispersal and gene exchange among populations 

(e.g. Lessios et al. 2001; Johnson & Black 2006; Banks et al. 2007).  

 

Another means of predicting genetic structure is through spatial patterns of morphological 

variation. Marine species tend to have large populations that often experience diverse 

environmental conditions across their geographic ranges. If populations are isolated from 

each other, differences between them are likely to be found in the frequencies of neutral 

genetic markers, and sometimes also in the variability of external morphology (Slatkin 

1985). Such variation may arise by selection or by the neutral process of genetic drift, 

particularly if populations are small and/or highly isolated. In both cases, geographic 

patterns of morphological variation can be useful in identifying spatial limits of gene 

exchange and underlying genetic structure (e.g. Johannesson et al. 1993; Clegg et al. 2002; 

Kai et al. 2002). In addition, reproductive barriers between morphological variants or 

subspecies, for example via assortative mating, can also result in strong correlations 

between morphological and genetic structure (e.g. Planes & Doherty 1997; Bernardi et al. 

2002). There are, however, also many examples of polymorphic species where spatial 

patterns in morphology do not match patterns of genetic structuring (e.g. Medioni et al. 

2001; Harley et al. 2006; Schultz et al. 2007). This is often due to environmental drivers of 

morphological variation, for example phenotypic plasticity, where morphological traits can 

change to suit variable environments. Such plasticity is particularly advantageous for 

species that may inhabit or encounter heterogeneous environmental landscapes, but may 

have little reflection upon genetic structure (Via et al. 1995; Zieritz et al. 2010).  

 

The sea urchin Heliocidaris erythrogramma (Valenciennes, 1846) provides an excellent system 

to study spatial patterns of genetic structure in the context of morphological variation. This 

ecologically important macro-herbivore is endemic to temperate Australian rocky reefs, and 

bears lecithotrophic larvae, which is unusual among echinoids. This provision of yolk 

allows rapid larval development, and results in a relatively short (3-4 days) planktonic phase 

before settlement and metamorphosis (Williams & Anderson 1975). In addition, the species 

exhibits extensive morphological variation, and is currently split into two subspecies based 

on spine morphology: Heliocidaris erythrogramma erythrogramma has narrow spines that taper to 

a sharp point, while Heliocidaris erythrogramma armigera bears thickened, more bulbous spines 
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with blunt tips (Mortensen 1943; Binks et al. 2011a). The distribution of these subspecies is 

broadly segregated between eastern and Western Australia respectively. However, recent 

work has shown that H. e. erythrogramma is also present in low abundances within Western 

Australia (see Figure 4.1). Furthermore, within this sympatric range, colour is also a useful 

diagnostic character for discriminating between subspecies; H. e. armigera occurs only as 

red-violet (RV) and red-violet-green (RVG) morphs, while H. e. erythrogramma exhibits 

white-green (WG), white-violet (WV) and red-green (RG) morphs. Shifts in the dominant 

subspecies, and therefore marked changes in both spine morphology and colour pattern, 

can occur across very fine spatial scales (<5 km), which may reflect environmental or 

genetic structure between these subspecies (Binks et al. 2011a).  

 

To date, there have been no molecular studies specific to morphological variation in H. 

erythrogramma, although McMillan et al. (1992) have shown that that genetic subdivision 

occurs at much shorter spatial scales in this species compared to its planktotrophic 

congener H. tuberculata. This result is consistent with the unusually short planktonic phase 

in H. erythrogramma. McMillan et al. (1992) also reported a relatively high level of divergence 

in RFLP markers (2.33%) between eastern Australian H. e. erythrogramma and Western 

Australian H. e. armigera. However, given the limited dispersal of this species and the 

thousands of kilometres separating these sampling locations, this measure of subspecies 

divergence is confounded by geographic distance. In order to disentangle the relative 

importance of isolation versus reproductive barriers in creating this apparent genetic 

divergence between subspecies, molecular studies need to focus on fine-scale patterns of 

genetic structure.  

 

The overlapping distributions of both subspecies within Western Australia provide the 

opportunity to explore spatial patterns of genetic structure for H. erythrogramma, within and 

between subspecies, without the confounding effects of geographic distance. Specifically, I 

document fine-scale patterns of structure in this species using microsatellite markers, and 

assess the relative importance of geographical distance versus morphology in explaining 

genetic structure in Western Australia. If the most important factor influencing genetic 

structuring in H. erythrogramma is geographical distance, then patterns of isolation-by-

distance should dominate. Alternatively, if there are reproductive barriers between these 

morphologically differentiated subspecies, patterns of genetic structure will reflect their 

local geographic distributions.  
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4.3 Materials and methods 

Study sites and collections 

The sampling design concentrated on the coastline along the Perth Metropolitan area 

where H. erythrogramma is most abundant. In total, 13 sites were sampled in a hierarchical 

design (Figure 4.1). Four locations (~30 km apart) encircled the broad range of Perth reefs 

with paired sites (<5 km apart) nested within each location: Quinns Reef (Mindarie Key & 

Quinns Rock), Shoalwater Islands (Point Peron & Penguin Island), Rottnest Island (Radar 

Reef & Strickland Bay) and Fremantle (South Mole & South Fremantle). A single site at 

Stragglers Rock was sampled in the centre of these locations. Two additional locations were 

also included, each with paired, nested sites, approximately 250 km north in Jurien Bay 

(Jurien North & Jurien South) and south in Margaret River (Margaret North & Margaret 

South) from the central sampling region. The individuals used in this study were the same 

as those collected for morphological analyses in Binks et al. 2011a to allow for direct 

comparisons between genotypic and phenotypic data. 

 

During 2008-2009 approximately 50 individuals were collected from each site, and 

categorised into subspecies based on spine morphology and colouration (Binks et al. 

2011a). All individuals were genotyped, however, not all individuals were included in 

molecular analyses; individuals that could not be confidently classified to subspecies were 

used only in analyses testing for their subspecific genetic assignment. Additionally, for 

population-level analyses, the minimum sample size considered acceptable for any given 

subspecies was 24 individuals. While the two subspecies occurred sympatrically within 

some sites, one was always dominant over the other (Binks et al. 2011a) such that no site 

achieved the minimum sample size for both subspecies. Each site in this study, therefore, 

was represented by a single subspecies. Due to the dominance of H. e. armigera within 

Western Australia, 11 of these sites consisted of H. e. armigera, while the remaining two sites 

(Mindarie Key and Point Peron) represented H. e. erythrogramma (Figure 4.1). 

 



44 
 

 
Figure 4.1:  Locations of  sampling  sites  for H. erythrogramma along  the Western Australian  coastline. 
Paired  sites are arranged  in  six  locations as  follows.  Jurien Bay:  Jurien North  (JN) +  Jurien South  (JS), 
Quinns Reef: Mindarie Key (MK) + Quinns Rock (QR), Rottnest  Island: Radar Reef (RR) + Strickland Bay 
(SB),  Fremantle:  South Mole  (SM)  +  South  Fremantle  (SF),  Shoalwater  Islands:  Point  Peron  (PP)  + 
Penguin Island (PI), and Margaret River: Margaret North (MN) + Margaret South (MS) with an additional, 
central site at Stragglers Rock (SG). Colour is used to denote the currently known distributions of each 
subspecies  on  the  small map  of  Australia  and  the  subspecies  collected  from  each  site  in Western 
Australia (Black =   H. e. armigera, White = H. e. erythrogramma). 
 

Genotyping 

Genomic DNA was extracted from muscle tissue using a salting out procedure as 

described in Simmons et al. (2006). All individuals were genotyped at 14 loci, 13 of which 

(HerA2, HerA5, HerA103, HerA106, HerA113, HerB118, HerC10, HerC101, HerC102, 

HerC104, HerC115, HerD3, and HerD105) were amplified using PCR conditions outlined 

in Binks et al. (2009). The remaining locus (HerD8) was developed at a later stage as a tri-

nucleotide CAT repeat which amplified at an annealing temperature of 55 °C with the 

following forward and reverse primers respectively: 5'-TCGTCGTCATCACTTTCATG-'3 

and 5'-TGCTTGTGACTGTGAAGACG-'3. PCR products were analysed on an ABI 3730 

Sequencer and sized using GeneScan500 LIZ internal size standard. Allele scoring was 

automated using GeneMapper v.3.7 (Applied Biosystems) software, although 

chromatograms were always checked manually to minimise genotyping errors.   

 

Statistical analyses 

Genetic diversity within each site was measured using expected heterozygosity and allelic 

richness. One-way analyses of variance (ANOVA) were used to test for differences in both 
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measures between sites of alternate subspecies using JMP® v8.0.1 (SAS Institute Inc.). To 

account for the non-normality of proportion data, all expected heterozygosity values were 

arcsine-transformed. Departures from Hardy-Weinberg Equilibrium (HWE) were tested 

using Fishers exact test in GENEPOP v3.4 (Raymond & Rousset 1995) and significance 

levels were adjusted with sequential Bonferroni corrections (Rice 1989) to control for Type 

I errors in multiple testing. When loci significantly deviated from equilibrium, FREENA 

(Chapuis & Estoup 2007) was used to test for the presence of null alleles and adjust 

genotypic datasets as required. GENEPOP v3.4 (Raymond & Rousset 1995) was also used 

to test for linkage disequilibrium between all pairs of loci, again with sequential Bonferroni 

correction for multiple comparisons.  

 

Evidence of recent bottlenecks was tested, within each site and subspecies, to determine 

whether the limited abundance of H. e. erythrogramma in Western Australia may be the result 

of a recent founder event. Due to rapid declines in effective population size, bottlenecked 

populations incur a loss of rare alleles, which results in excessive heterozygosity relative to 

those levels expected under stable, mutation-drift equilibrium (Luikart & Cornuet 1998). 

The Wilcoxon sign-rank test in BOTTLENECK v. 1.2.02 (Cornuet & Luikart 1996) was 

used to test for significant heterozygosity excess within each site separately and also pooled 

into each subspecies, using the two-phase model (TPM) of mutation. This model combines 

the stepwise mutational model (SMM) with the infinite allele model (IAM) to provide a 

more appropriate model for mutational processes in microsatellite markers (Di Rienzo et 

al. 1994). A range of SMM:IAM proportions (70:30, 80:20 and 90:10) was applied. Allele 

frequency distributions were also assessed to determine whether sites exhibited a full range 

of common and rare alleles (producing a typical, L-shaped distribution) or had lost rare 

alleles (producing a shifted distribution) which would indicate a bottleneck event (Luikart 

et al. 1998).  

 

As an initial means of exploring genetic structuring within H. erythrogramma in Western 

Australia, I used STRUCTURE v2.2.3 (Pritchard et al. 2000), which identifies genetic 

groups, without a priori information on geographic, population, or taxonomic identities. 

This should, therefore, provide an unbiased indication of the natural structure within and 

between subspecies, without imposing any limits on the data. Furthermore, because this is 

individual-based, the analysis was not restricted by the sample sizes of each subspecies 

within sites. Consequently, data from all individuals of both subspecies collected from all 

sites were included to gain the most comprehensive view of differentiation within this 

species. This dataset also included a small minority of individuals that could not be 
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confidently classified to either subspecies based on the combination of colouration and 

spine morphology (see Binks et al. 2011a). I therefore attempted to resolve whether these 

outliers represented rare morphotypes of a given subspecies or hybrids with morphological 

attributes of both subspecies. Rare morphotypes should exhibit consistently high levels of 

assignment with a particular subspecies, while hybrid individuals would be expected to 

show a more even spread of assignment between both subspecies.  

 

Because strong patterns of differentiation between subspecies may mask those present 

within subspecies, the STRUCTURE analysis was repeated for individuals of each 

subspecies separately. For all three analyses, the admixture ancestry model was applied, 

along with the assumption of correlated allele frequencies among samples with a 50,000 

burnin period and 100,000 Markov chain Monte Carlo (MCMC) replications to test the 

range of potential K values (1-13 for both subspecies, 1-11 for H. e. armigera, and 1-5 for H. 

e. erythrogramma), with 20 independent iterations for each value of K. The maximum value of 

K tested for each analysis was based on the total number of sites in which the relevant 

individuals came from. The number of potential genetic clusters (K) was determined with 

the ad hoc statistic ΔK, which is based on the rate of change of the log-likelihood of the 

present data set between consecutive K values (Evanno et al. 2005).  

 

Population-based measures of genetic differentiation were quantified using pairwise FST 

and RST between sites, as calculated by Weir & Cockerham (1984) and Slatkin (1995) 

respectively. RST is analogous to FST but also incorporates information on allele size, and, 

therefore, can be a more appropriate statistic than FST for microsatellite data, which incurs 

a higher mutation rate than other molecular markers. However, an allele permutation test 

for RST performed in SPAGeDi v1.2G (Hardy & Vekemans 2002) with 20,000 

permutations showed that RST provided no additional information regarding population 

structure and therefore only data using FST values is reported. To visualise these 

relationships, a genetic distance matrix derived from pairwise FST was used by GENALEX 

v6 (Peakall & Smouse 2006) with 999 permutations to construct a principle co-ordinate 

ordination of the genetic distance among sites and, in turn, between subspecies. 

 

To examine these relationships further and quantify the spatial scales at which 

differentiation occurs, hierarchical analyses of molecular variance (AMOVA) were applied 

using ARLEQUIN v3.11 (Excoffier et al. 2005). These analyses were performed using 

pairwise FST estimates to partition the following sources of genetic variation: 1) between 

subspecies, 2) between sites within each subspecies group, and 3) within sites. Again, 



47 
 

because the variation between subspecies may inflate the structure found geographically, 

two additional AMOVA’s were applied within each subspecies to look for geographic 

structure: 1) among locations; 2) between paired sites within locations (H. e. armigera only); 

and 3) within sites.  

 

Additional insights into spatial patterns of gene flow and connectivity were provided by 

examining the correlation between genetic differentiation and geographical distance for 

patterns of isolation-by-distance (IBD) at both the population and individual level. The 

population-level analysis involved Mantel testing (9999 permutations) between matrices of 

pairwise genetic and geographic distances among sites using GENALEX v6 (Peakall & 

Smouse 2006). Genetic distance was derived from pairwise FST values and transformed to 

FST/(1-FST), and geographic distance was calculated as the shortest distance between sites 

that can be traversed by water and transformed using natural logarithm (Rousset 1997). 

Spatial autocorrelation was implemented to infer the spatial extent of gene flow at the 

individual level using SPAGeDi v 1.2g (Hardy & Vekemans 2002). Two analyses were run 

to look at 1) overall patterns across all individuals from both subspecies and 2) within H. e. 

armigera only. For both analyses, Moran’s I was used as a measure of correlation between 

individual genetic and geographic matrices across 11 distances classes ranging between 5 

and 500 km. Significance was determined with 999 permutations and jack-knifing across 

loci to calculate confidence intervals and standard errors for each distance class.  

 

4.4 Results 

Genetic diversity within sites and subspecies 

Genetic diversity was significantly different between subspecies (Table 4.1). Both the 

average heterozygosity (F1, 179 = 25.78, p < 0.001) and allelic richness (F1, 180 = 26.57, p < 

0.001) were lower within H. e. erythrogramma sites than those of H. e. armigera. Significant 

departures from HWE were detected within all 13 sites (Table 1). Out of a total of 182 

tests, 71 showed significant deviations, 63 of which were due to heterozygote deficiencies. 

These deviations were spread across all sites, with no consistent pattern, except for 

HerA113, which remained deficient in heterozygotes across all sites. Excluding HerA113 

from the analyses had no effect on the main results of this study, and therefore I report 

results including this locus to maximize statistical power. Potential null alleles were 

identified at deviating loci, although adjusted datasets returned near identical pairwise and 

global FST values to the un-adjusted dataset. Heterozygote deficiencies are a known 

common feature of marine invertebrate populations (see Addison & Hart 2005 for a 

review), however, and these deviations are more likely to be a result of alternate biological 
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factors associated with spatial or temporal admixture and non-random mating within 

populations. No pairs of loci were found to be in linkage disequilibrium following 

Bonferroni correction. Finally, there was no evidence for recent bottleneck events within 

any site or for either subspecies pooled across sites. No significant heterozygosity excesses 

were detected and this was consistent across all proportions of SMM:IAM applied 

(Wilcoxon p - values ranged between 0.15 to 0.97). Furthermore, all sites exhibited the 

typical, L-shaped distribution with common and rare alleles, as expected under mutation-

drift equilibrium. 

 

Table  4.1: Measures  of  genetic  diversity  for  all  sites  sampled:  sample  size  (n),  allelic  richness  (NA), 
untransformed  heterozygosity  (HE),  and  the  inbreeding  coefficient  (FIS).  Sites  are  sorted  by  A.  H.  e. 
armigera  and B. H. e.  erythrogramma. Values  for each  site  are  calculated  across  all  loci with overall 
means ± standard errors across sites for each subspecies (bold). Total sample size for each subspecies is 
given in brackets. 

Subspecies/Site   n  NA  HE  FIS 

A. H. e. armigera         

Jurien North (JN)  26  5.9 ± 0.53  0.72 ± 0.03  0.148 ± 0.07* 

Jurien South (JS)  27  6.1 ± 0.54  0.71 ± 0.03  0.156 ± 0.08* 

Quinns Rock (QR)  32  5.9 ± 0.49  0.76 ± 0.03  0.241 ± 0.04* 

Radar Reef (RR)  31  6.2 ± 0.54  0.72 ± 0.03  0.080 ± 0.11* 

Strickland Bay (SB)  43  5.7 ± 0.43  0.71 ± 0.03  0.101 ± 0.11* 

Stragglers Rock (SG)  47  6.3 ± 0.53  0.74 ± 0.04  0.259 ± 0.06* 

South Mole (SM)  42  6.2 ± 0.50  0.73 ± 0.04  0.215 ± 0.08* 

Fremantle (FR)  31  6.4 ± 0.64  0.76 ± 0.04  0.216 ± 0.07* 

Penguin Island (PI)  32  6.1 ± 0.49  0.76 ± 0.03  0.213 ± 0.06* 

Margaret North (MN)  24  6.4 ± 0.53  0.74 ± 0.04  0.243 ± 0.08* 

Margaret South (MR)  27  6.4 ± 0.47  0.76 ± 0.03  0.218 ± 0.08* 

Mean ± S.E  (362)  6.1 ± 0.07  0.74 ± 0.01   0.190 ± 0.02     

         

B. H. e. erythrogramma         

Mindarie Key (MK)  47  3.9 ± 0.46  0.56 ± 0.07  0.091 ± 0.08* 

Point Peron (PP)  40  4.4 ± 0.47  0.61 ± 0.05  0.067 ± 0.08* 

Mean ± S.E  (87)  4.2 ± 0.24  0.59 ± 0.03   0.079 ± 0.01 
   

* sites with significant deviation from Hardy‐Weinberg Equilibrium across loci (p < 0.01) following 
Bonferroni correction. 
 

 

Genetic structure among sites and between subspecies 

Clear peaks in ΔK allowed simple determination of the number of genetic clusters within 

each STRUCTURE analysis. The complete dataset revealed two genetic clusters (K = 2) 

that each closely correspond to individuals of H. e. armigera or H. e. erythrogramma (Figure 

4.2A-B). This assignment remained remarkably consistent even within sites dominated by 
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one subspecies but with few individuals of the other. However, these two subspecies are 

not completely distinct; most individuals retain small proportions of the alternate genetic 

cluster, indicating low levels of gene flow between these subspecies. This admixture was 

more pronounced within H. e. armigera individuals than H. e. erythrogramma. Within each 

subspecies, there was little structure. Two genetic clusters (K = 2) were detected within H. 

e. armigera, which were fairly equally distributed across sites, indicating moderate levels of 

gene flow among sites but with a slight increase in assignment to cluster two in the Jurien 

Bay and Rottnest Island sites (Figure 4.2C). H. e. erythrogramma showed more distinct 

population structure between sites (K = 2), effectively separating Mindarie Key individuals 

from the remaining sites where this subspecies occurred (Figure 4.2D). Finally, the 

unclassified group of individuals showed mixed ancestry. Thick-spined individuals with H. 

e. erythrogramma-like colouration tended to cluster with either subspecies but without 

intermediate associations, while the thin-spined individuals with H. e. armigera-like 

colouration were more varied, with a relatively even spread of assignment between both 

genetic clusters (Figure 4.3A-B). 
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Figure 4.2: Summary of STRUCTURE analyses within H. erythrogramma. Each column represents a single  individual and the proportion of each  individual’s genome that comes 
from  each  cluster,  shown by different  shades of  grey.  Figures A.  and B.  show  all  individuals of H.  erythrogramma  (K  = 2)  sorted by  site  and  subspecies  respectively.  Those 
individuals that could not be classified to subspecies based on both spine morphology and colour are indicated: thin‐spined individuals with red‐violet colouration (U1) and thick‐
spined  individuals with White‐Green, White‐Brown, White‐Violet or Red‐Green colouration  (U2). Figures C. and D. show separate analyses  for H. e. armigera  (K = 2) and H. e. 
erythrogramma  (K = 2) respectively. Site abbreviations refer to  Jurien North  (JN),  Jurien South  (JS), Mindarie Key  (MK), Quinns Rock  (QR), Radar Reef  (RR), Strickland Bay  (SB), 
Stragglers Rock (SG), South Mole (SM), South Fremantle (SF), Point Peron (PP), Penguin Island (PI), Margaret North (MN) and Margaret South (MS). 
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Figure  4.3:  Summary  of  assignment  for  one  genetic  cluster  identified  within  H.  erythrogramma  by 
STRUCTURE analysis. A.  the average proportion of assignment  to cluster 1, and B.  the distribution of 
these proportions among each of H. e. armigera, H. e. erythrogramma, and unclassified  individuals of 
mixed morphology (thin‐spined individuals with RV colouring = U1 and thick‐spined individuals with WG 
or RG colouration = U2). The first  letter of each colour morph code refers to the colour of the dermis 
(Red, or White) and the subsequent letter(s) refer to the colour of the spines (Brown, Green, Violet, or 
Violet‐Green). 
 
 
 
Similar indications of subspecies differentiation were revealed by population-based analyses 

(Table 4.2). Pairwise FST comparisons between sites showed low, but significant structure 

for all within-subspecies site comparisons, except between adjacent paired sites within 

locations and the Stragglers Rock/Penguin Island and Penguin Island/Margaret River 

comparisons. In contrast, pairwise values between sites of alternate subspecies were four 

times as great. Furthermore, unlike within-subspecies comparisons, this level of 

differentiation was consistent even between paired sites separated by short distances (<5 
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km). These patterns are visualised by PCA in Figure 4.4, which clearly separate H. e. 

armigera sites from those of H. e. erythrogramma and show the close proximity of paired H. e. 

armigera sites. AMOVA confirmed these relationships; approximately 9% of the total 

genetic variation was partitioned between the two subspecies, with only 2% variation 

among sites within each of those subspecies groups, and approximately 89% within sites. 

Furthermore, geographic structuring within H. e. armigera showed slight but significant 

differences among locations (2%), no variation between paired sites within each location 

and the majority of variation (98%) within sites. Within H. e. erythrogramma, 7% of the total 

genetic variation occurred between the two locations, with 93% within sites. See Table 4.3 

for summaries of all three analyses.  

 

 
Figure  4.4:  Ordination  of  the  first  two  principle  coordinates  of  genetic  variation  within  H. 
erythrogramma across 13 sites  in Western Australia. Closed diamonds  indicate sites consisting of H. e. 
armigera and open diamonds indicate sites consisting of H. e. erythrogramma. 
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Table 4.2: FST values between all pair‐wise combinations of 13 sites along the Western Australian coastline. All comparisons were significant at p < 0.001 except for the six non‐
significant comparisons indicated by an asterisk (*). Pairwise comparisons between sites of alternate subspecies were considerably larger than within‐subspecies comparisons and 
are shown in bold.  

 
Jurien 

North 

Jurien 

South 

Mindarie 

Key 

Quinns 

Rock 

Radar 

Reef 

Strickland 

Bay 

Stragglers 

Rock 

South 

Mole 

South 

Fremantle 

Point 

Peron 

Penguin 

Island 

Margaret 

North 

Margaret 

South 

Jurien North  ‐                         

Jurien South    0.006*  ‐                       

Mindarie Key  0.129  0.130  ‐                     

Quinns Rock  0.019  0.023  0.162  ‐                   

Radar Reef  0.030  0.014  0.147  0.041  ‐                 

Strickland Bay  0.026  0.016  0.152  0.032    0.000*  ‐               

Stragglers Rock  0.021  0.018  0.133  0.014  0.039  0.033  ‐             

South Mole  0.016  0.018  0.117  0.023  0.022  0.017  0.010  ‐           

Fremantle  0.018  0.021  0.134  0.021  0.022  0.018  0.013    0.004*  ‐         

Point Peron  0.104  0.112  0.074  0.135  0.128  0.127  0.114  0.097  0.110  ‐       

Penguin Island  0.017  0.018  0.125  0.014  0.034  0.030    0.003*  0.009  0.010  0.106  ‐     

Margaret North  0.020  0.032  0.143  0.011  0.049  0.041  0.013  0.020  0.022  0.119  0.008  ‐   

Margaret South  0.018  0.024  0.130  0.014  0.037  0.033  0.011  0.013  0.012  0.108    0.005*    0.002*  ‐ 
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Table 4.3: Analyses of molecular variance partitioning genetic variation in H. erythrogramma: A. within 
and  between  subspecies,  and  geographically  within  each  of  B.  H.  e.  armigera  and  C.  H.  e. 
erythrogramma. 
Source   df  SS  Est. Variance  % Variation 

A. Both subspecies         

Among subspecies  1  160.09  0.482 ***  9% 

Among sites within subspecies  7  130.66  0.133 ***  2% 

Within sites  913  4626.76  5.068 ***  89% 

         

B. H. e. armigera          

Among Locations  6  90.90  0.084***  2% 

Between sites within Locations  4  25.50  0.017NS*  0% 

Within sites  727  3857.03  5.305***  98% 

         

C. H. e. erythrogramma          

Between Locations  1  34.40  0.329***  7% 

Within sites  172  745.62  4.097***  93% 
   

NS Not significant, ***p < 0.001 

 

 

Due to this striking differentiation between subspecies and its consistency regardless of 

spatial scale, no pattern of isolation-by-distance was detected across the geographic scope 

of this study for H. erythrogramma with either Mantel testing (r = 0.1, p = 0.393) or spatial 

autocorrelation. When H. e. armigera sites were considered alone, plots of genetic versus 

geographic distance at the population level showed a general trend of increasing genetic 

differentiation with geographic distance, but this relationship was also not significant (r = 

0.25, p = 0.063). This can be attributed to two factors: 1) the apparent homogeneity 

between the abovementioned Stragglers Rock/Penguin Island and Penguin 

Island/Margaret River sites despite considerable geographic separation between these 

locations, and 2) the slightly greater differentiation between Rottnest Island sites and those 

on the mainland despite occurring at relatively shorter geographic distances (see Table 4.2). 

However, spatial autocorrelation based on pairwise individual comparisons for H. e. 

armigera did reveal a pattern of isolation-by-distance with significant positive correlation (p 

< 0.001) at very fine spatial scales (< 10km) and a subsequent decline to zero (no genetic 

correlation) at greater geographic distances (Figure 4.5). 
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Figure 4.5: Spatial autocorrelation analysis for the relationship between genetic and geographic distance 
between  pair‐wise  comparisons  of  H.  e.  armigera  individuals  spanning  all  sites.  The  permuted  95% 
confidence interval (dashed lines) and jack‐knifed standard error bars are shown for each distance class.  
 

 

4.5 Discussion 

Predicting patterns of genetic structure among marine populations is not an easy task due 

to the variety of processes that can be involved. Here, I report significant genetic 

structuring across fine spatial scales in the sea urchin H. erythrogramma that matches the 

spatial distributions of morphologically differentiated subspecies that co-occur in Western 

Australia. Such high levels of differentiation indicate limited gene flow between these 

subspecies that occurs independently of geographical distance and therefore, in this region 

of sympatry, reproductive barriers to gene flow appear to be more important in structuring 

H. erythrogramma than does the species’ limited dispersal capacity.  

 

Remarkably, the results showed that between-subspecies differentiation was four times as 

great than that within-subspecies at moderate spatial scales (>30km). Furthermore, these 

high levels of differentiation were repeatedly maintained over distances where within-

subspecies comparisons were genetically homogeneous (<5 km). The presence of such 

differentiation within the spatial realms of gene flow suggests the presence of some 

reproductive barrier between the two subspecies. Indeed, such genetic divergence in 

combination with distinct morphological differentiation gives the appearance of assortative 

mating. Mate discrimination, however, is unlikely to occur in a free-spawning species such 

as H. erythrogramma; rather, any pre-zygotic limitations to gene exchange must occur at the 

gamete-larval level. These barriers are well studied among marine species, including 

echinoids (Palumbi 1994; Lessios 2007). The gamete recognition protein, bindin, can be 

effective at preventing hybridisation between closely related species. Gamete 
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incompatibility via bindin gene divergence can occur in allopatry through random drift, as 

well as by selection in sympatry (Knowlton et al. 1993; Lessios & Cunningham 1990; 

Palumbi 1994), and such divergence is thought to play a key role in the speciation of 

echinoids (for reviews see Swanson & Vacquier 2002; Palumbi 2009). Other gamete 

isolating mechanisms common to sea urchins and other marine invertebrates that may 

restrict gene exchange include temporal barriers to synchronous spawning (e.g. Lessios 

1984; Harriot 1985; Levitan et al. 2004) and spatial barriers via spawning aggregations (e.g. 

Billet & Hausen 1982; Pernet 1999).  

 

Those individuals that could not be identified as either subspecies based on morphology 

alone represent a small group that may provide further insight into possible reproductive 

barriers between H. e. erythrogramma and H. e. armigera. Instead of showing consistent genetic 

associations with a particular subspecies, both groups of unclassified individuals were 

characterised by mixed ancestry. This indicates that rather than being rare colour morphs 

of each subspecies, these individuals likely represent hybrids resulting in mixed 

morphological features. This is not surprising because most of these individuals were found 

within locations where both subspecies occurred (i.e. Jurien Bay, Fremantle and Shoalwater 

Islands: Binks et al. 2011a), and the occurrence of hybridisation may be expected to be 

highest here, simply due to proximity of both subspecies in surrounding sites. However, 

the relative scarcity of these individuals across the sampling range suggests that rates of 

such hybridisation are fairly low or alternatively, that the survival rates of hybrids may be 

low. The former case strengthens the concept of pre-zygotic barriers mentioned above, 

while the latter fits in line with post-zygotic barriers between subspecies. If post-zygotic 

barriers are important for this species, hybrids may experience intrinsic developmental 

incompatibilities or perhaps their mixed morphological features are simply not favourable 

in local environments that may suit each respective subspecies. Unfortunately, post-zygotic 

mechanisms of reproductive isolation are rarely studied in marine species due to logistic 

difficulties (Palumbi 1994) and studies that have produced hybrids and backcrosses have 

shown mixed results regarding post-zygotic failure in echinoids (e.g. Rahman et al. 2001; 

Zigler et al. 2003; Rahman et al. 2005). 

 

While the reproductive biology of H. e. erythrogramma has been extensively studied in eastern 

Australian populations (Williams & Anderson 1975; Dix 1977; Laegdsgaard et al. 1991), it 

has not been studied for either subspecies within Western Australia. Given that within-

subspecies structure was detected across the relatively fine spatial scale of this study, it 

seems likely that both subspecies possess the same lecithotrophic larval development. This 
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also suggests that their gametes are similar at the most basic level. However, H. e. 

erythrogramma does exhibit strong gamete incompatibilities with the congeneric H. tuberculata 

via strong bindin divergence where their distributions overlap in eastern Australia (Zigler et 

al. 2003). While Lessios (2007) mention that there is no bindin divergence between 

allopatric populations of eastern H. e. erythrogramma and Western Australian H. e. armigera, 

this does not negate the possibility of stronger incompatibilities within Western Australia 

where their distributions overlap. In addition, H. e. erythrogramma is known to spawn 

between December and February each year in eastern Australia (Williams & Anderson 

1975; Dix 1977), and while spawning seasons have never been empirically assessed within 

Western Australia, the species has been recorded to spawn in March and April (Evans et al. 

2007), which may indicate some spawning asynchrony, at least between east and west coast 

populations. There are several avenues, therefore, for prezygotic reproductive barriers 

within H. erythrogramma, while the potential for post-zygotic barriers remains unknown. To 

explore these avenues, further assessment of the reproductive biology, gamete 

compatibility and hybrid viability for these subspecies within Western Australia is required.  

 

The results of this study show parallels with the well-studied Echinometra species complex, 

where morphotypes of the sea urchin Echinometra mathaei were found to exhibit strong 

genetic and reproductive isolation, leading to the description of four new species (Uehara 

& Shingaki 1985; Palumbi & Metz 1991, Metz & Palumbi 1996; Rahman et al. 2000). This 

study may well have detected a similar situation for the two subspecies of H. erythrogramma, 

although evidence of limited gene flow between the two subspecies suggests that speciation 

is not complete. Furthermore, with the current dataset it is unclear whether such 

divergence may have formed in allopatry or sympatry. Given the broad, east-west 

distribution of each subspecies across Australia, it is possible that these rare H. e. 

erythrogramma populations represent secondary contact, and previous isolation may have 

lead to current pre- or post-zygotic barriers restricting gene exchange between these now 

sympatric subspecies. On the other hand, there may be no reproductive barriers, and the 

current genetic structure may simply represent a stage in the process of introgression 

following secondary contact, although such low levels of hybridisation make this 

suggestion unlikely. Moreover, if broad-scale allopatric divergence is the case, the lack of 

evidence for bottleneck events suggests that such a range expansion of H. e. erythrogramma 

into Western Australia has not occurred recently or has been a slow process spanning 

generations. Alternatively, these subspecies may have diverged in sympatry, and H. e. 

erythrogramma may simply represent relic populations of a rare subspecies. In order to better 

elucidate these historical demographic events and the evolutionary relationship between   
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H. e. erythrogramma and H. e. armigera, further molecular investigation is required with 

mitochondrial markers that are more appropriate for inferring deeper phylogenies.  

 

In addition to the patterns of genetic structuring found to occur between subspecies, this 

study has also revealed interesting spatial patterns of gene flow and connectivity within 

each subspecies along the Western Australian coastline. Across the 500 km range of this 

study, H. e. armigera showed low, but significant population structure, which is unusual for a 

broadcast spawning species over such distances. Indeed, pairwise FST values between sites 

at spatial scales of 10-100s km in this study were similar to those found at spatial scales of 

1,000s of km in other echinoid species (e.g. Addison & Hart 2004; Banks et al. 2007). In 

addition, significant patterns of isolation-by-distance revealed by spatial autocorrelation 

suggest that the spatial extent of unrestricted gene exchange is approximately 10 km. The 

results of this study, therefore, indicate the finest geographic scale at which dispersal is 

known to be limited for this species and further emphasises the genetic consequences of 

lecithotrophic larval development in species like H. erythrogramma relative to those with 

planktonic larvae that have greater dispersal capacity.  

 

This pattern of isolation-by-distance, however, was difficult to detect, which reveals the 

influence of oceanographic processes on localised patterns of connectivity in H. e. armigera. 

The low genetic divergences between geographically disjunct sites running parallel to the 

coast (e.g. Penguin Island with Stragglers Rock and Margaret River) relative to those 

between geographically close, but cross-shore orientated sites (e.g. Stragglers Rock and 

Fremantle) suggest differences in the strength and direction of gene flow among sites. The 

prevailing currents along this coastline, the Leeuwin Current (Cresswell & Golding 1980; 

Legeckis & Cresswell 1981) and the Capes Current (Pearce & Pattiaratchi 1999), are known 

to drive strong dispersal in southward and northward directions respectively, relative to low 

cross-shore movement (Feng et al. 2010). These irregular patterns of gene flow in H. e. 

armigera, therefore, are most likely the result of these currents directing the movement of 

larvae vertically along the coastline, rather than across the horizontal, east-west plane. This 

10 km genetic neighbourhood, therefore, should be taken with caution, and always be 

considered in the context of local oceanographic processes. These results highlight the 

importance of such external processes that can be highly influential on patterns of genetic 

structure, in addition to life history (Palumbi 1994; Lessios et al. 2001; Banks et al. 2007). It 

would be interesting to expand the spatial scale of this study to explore broader patterns of 

connectivity within H. e. armigera to determine whether the localised patterns found here 

match broad-scale patterns of genetic structure for this subspecies.  
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Given the relative scarcity of H. e. erythrogramma within Western Australia, it is difficult to 

speculate on patterns of connectivity in this subspecies. Nevertheless, the greater 

divergence between sites within this subspecies compared to H. e. armigera is not 

unexpected, given its sporadic distribution. Furthermore, Garden Island, which harbours 

no H. e. erythrogramma populations but stretches across the direct pathway between the two 

H. e. erythrogramma sites, is likely to present an additional physical obstacle to larval 

dispersal. The scarcity of H. e. erythrogramma within Western Australia and low gene 

exchange between the subspecies may also explain why genetic diversity was lower in H. e. 

erythrogramma compared to H. e. armigera. These isolated populations may, in fact, warrant 

ongoing monitoring to ensure the long-term preservation of this scarce and genetically 

distinct subspecies within Western Australia.  

 

Conclusions 

In summary, spatial patterns of genetic structure in Western Australian H. erythrogramma are 

primarily influenced by the spatial distributions of its morphologically distinct subspecies. 

The mechanisms that maintain such strong differentiation between populations of H. e. 

erythrogramma and H. e. armigera are unknown, but appear to be incomplete and operate at 

fine spatial scales. Within subspecies, genetic structure is driven by the limited dispersal 

capacity of the species’ lecithotrophic larvae, in conjunction with local oceanographic 

processes. This study therefore reveals the integrative nature of processes influencing 

patterns of connectivity and gene flow in marine systems, while emphasising that 

morphological variation can be a useful predictor of genetic divergence. Further 

investigation of the molecular and reproductive biology of these two subspecies is required 

to determine the evolutionary processes that have lead to their divergence, which, in turn, 

may provide valuable insights into the processes of speciation in marine species. 
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CHAPTER FIVE 

 

 

 

More than bindin divergence: reproductive isolation between 

sympatric subspecies of a sea urchin by asynchronous 

spawning 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preamble 

This chapter expands on the spatial and temporal scales of the previous chapter to investigate 

phylogenetic relationships within the Heliocidaris genus and determine the historical nature of 

divergence between H. e. armigera and H. e. erythrogramma. In addition, potential pre-zygotic 

reproductive barriers are explored to explain the limited gene exchange detected between these 

subspecies in Chapter 4. A modified version of this chapter is currently under review in Evolution. 
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5.1 Abstract 

The evolution of reproductive barriers is crucial to the process of speciation. In the 

Echinoidea, studies have focused on divergence in the gamete recognition protein, bindin, 

as the primary isolating mechanism among species. As such, the capacity of alternate 

mechanisms to be effective reproductive barriers and the phylogenetic context in which 

they arise is unclear. This study examines the evolutionary histories and factors limiting 

gene exchange between two subspecies of Heliocidaris erythrogramma that occur sympatrically 

in Western Australia. Low but significant differentiation was found between the subspecies 

in two mitochondrial genes. Further, coalescent analyses suggest that they diverged in 

isolation on the east and west coasts of Australia, with a subsequent range expansion of H. 

e. erythrogramma into Western Australia.  Differentiation in bindin was minimal, indicating 

gamete incompatibility is an unlikely reproductive barrier. However, strong asynchrony in 

spawning seasons was detected; H. e. erythrogramma spawned over summer while H. e. 

armigera spawned in autumn. Taken together, this study provides compelling evidence for a 

recent divergence of these subspecies and their reproductive isolation without gamete 

incompatibility. Western Australian H. erythrogramma may therefore present an intriguing 

case of incipient speciation, which depends on long-term persistence of the factors 

underlying this spawning asynchrony.  

  

5.2 Introduction 

The process of speciation is initiated by barriers to gene exchange, which over time lead to 

the accumulation of genetic differences and reproductive isolation (Mayr 1942; 1963). 

Initial barriers to gene flow can arise by geographic displacement (i.e. allopatry), through 

biological, topographic or oceanographic limitations to dispersal (e.g. Lessios et al. 2001; 

Johnson & Black 2006; Sherman et al. 2008), or in the same geographic location (i.e. 

sympatry) through ecological shifts and habitat specialization (e.g. Feder et al. 1988; 

Barluenga et al. 2006). Following extended periods of isolation and subsequent genetic 

differentiation, a variety of reproductive barriers can arise, which can be split into two 

categories: pre-zygotic barriers, which reduce the opportunity or ability for gametes to 

successfully fertilize, and post-zygotic barriers, which impact the fitness of hybrid 

offspring, either through impaired survival or sterility (Mayr 1963; Dobzhansky 1970). 

Studying these barriers in recently diverging groups can provide considerable insight into 

the evolutionary processes leading to speciation. 

 

Marine species, particularly broadcast spawners, have been especially well-studied in the 

context of understanding the evolution of pre-zygotic reproductive barriers owing to the 
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ease of gamete access and manipulation (Palumbi 1994; Lessios 2007). In such species, 

reproductive isolation can arise in the form of temporal barriers by asynchronies in the 

timing of spawning (e.g. Lessios 1984; Harriot 1985; Toro et al. 2002; Kruse et al. 2004; 

Levitan et al. 2004), while others may have spatial barriers to reproduction by aggregating 

in discrete habitats (e.g. Billet & Hausen 1982; Pernet 1999), or chemical barriers, including 

gamete attraction by species-specific chemo-attractants that direct sperm towards 

conspecific eggs (e.g. Miller 1979; 1997; Riffell et al. 2004). Finally, where gametes do 

interact directly, proteins expressed on the surface of gametes can exhibit species-specific 

structural differences that generate functional failures during heterospecific fertilisation 

attempts (reviews in Swanson & Vacquier 2002; Zigler et al. 2005; Palumbi 2009).  

 

The Echinoidea have recently gained considerable attention in marine speciation studies 

owing to the characterization of the gamete recognition protein, bindin. The extent of 

divergence in the bindin gene between species is directly correlated with gamete 

incompatibility (Zigler & Lessios 2003b; Zigler et al. 2005) and these proteins are therefore 

thought to play a major role in the reproductive isolation and ultimately speciation, of 

echinoids. Divergence can arise rapidly by positive selection and as a result, strong 

incompatibility can be found between both distantly (e.g. Strathman 1987) and closely 

related congeneric species (e.g. Palumbi & Metz 1991). Moreover, only genera consisting of 

sympatric species show bindin evolving under selection (Echinometra: Metz & Palumbi 1996; 

Strongylocentrotus: Biermann 1998; Heliocidaris: Zigler et al. 2003), whereas genera of allopatric 

species typically show neutral bindin evolution (Arbacia: Metz et al. 1998; Tripneustes: Zigler 

& Lessios 2003b; Lytechinus: Zigler & Lessios 2004). While the resulting functional 

incompatibility is rarely 100% efficient or symmetric (e.g. Lessios & Cunningham 1990; 

Vacquier et al. 1995; Rahman et al. 2001; McClary & Sewell 2003; Rawson et al. 2003; 

Zigler et al. 2003), bindin divergence and gamete incompatibility is generally considered to 

be a major factor underlying speciation processes in echinoids.  

  

As a result of the recent interest in bindin evolution, relatively little attention has been paid 

to alternate reproductive barriers among echinoid species. Asynchronous spawning is a well 

known isolating mechanism among mass-spawning species, such as corals (e.g. Wilson & 

Harrison 2003; Levitan et al. 2004; Mangubhai & Harrison 2009), but has also been 

reported across a wide range of marine invertebrates (e.g. Toro et al. 2002; Kruse et al. 

2004), fish (e.g. Danilowicz 1995) and algae (e.g. Pearson & Serrão 2006). Such spawning 

events are typically triggered by species-specific environmental cues that may allow for 

reproductive isolation in heterogeneous environments. However, while lunar cycles have 
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been shown to allow temporal gamete isolation among some Diadema species (Lessios 

1984), the temperature and photoperiod cues that tend to trigger annual spawning cycles in 

echinoids are considered too spatially or temporally variable for spawning asynchrony to be 

an effective reproductive barrier (See Lessios 2007 for a review).  

 

The sea urchin Heliocidaris erythrogramma (VALENCIENNES 1846) is a well known species 

for studies of developmental biology and evolution due to its unusual shift in reproductive 

strategy from the typical planktotrophic larvae to lecithotrophic larvae (e.g. Laegdsgaard et 

al. 1991; Raff et al. 1999; Wilson et al. 2005; Smith et al. 2009). As a consequence of this 

shift, H. erythrogramma larvae develop rapidly and have a relatively short planktonic phase, 

such that genetic subdivision occurs at much lower spatial scales in this species compared 

to its planktotrophic congener H. tuberculata (McMillan et al. 1992). In addition to this 

reproductive shift is strong bindin divergence and gamete incompatibility between these 

two species where they occur sympatrically in eastern Australia (Zigler et al. 2003). More 

recently, questions have arisen as to whether similar reproductive barriers may be present 

within H. erythrogramma. Two subspecies, H. e. erythrogramma and H. e. armigera, are broadly 

distributed between east and west coasts of Australia, respectively (Mortensen 1943), but 

recent work has revealed that they both occur within Western Australia, albeit with a strong 

dominance of H. e. armigera (Binks et al. 2011a). In this region of sympatry, these subspecies 

can be distinguished by spine morphology and colouration, where the thicker spined H. e. 

armigera consistently occurs with red-violet and red-violet-green colouration while the 

thinner spined H. e. erythrogramma typically exhibits white-green, red-green and white-violet 

morphs (Binks et al. 2011a). Further examination with microsatellite markers revealed 

genetic differentiation four times greater between subspecies than within either subspecies. 

This trend remained consistent even across very fine spatial scales (<5 km) despite the 

spatial potential for gene exchange (Binks et al. 2011b). With a lack of any obvious 

environmental barriers to gene flow, the question remains as to how this morphological 

and molecular differentiation is maintained across such fine spatial scales. 

 

This study had two major objectives. First, I examine the phylogenetic relationships within 

and between these subspecies by sequencing CO1 and 16S for the Heliocidaris genus across 

the species’ Australian distribution. These data were then combined with microsatellite data 

for a coalescent IMa analysis to test alternate hypotheses for the biogeographic origins of 

these subspecies. The second objective was to test for the presence of pre-zygotic 

reproductive barriers between H. e. erythrogramma and H. e. armigera within Western 

Australia. To address this, I assessed the likelihood of gamete incompatibility by 
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sequencing the bindin gene and investigated the potential for asynchronous spawning by 

measuring spawning and gonadal activity for each subspecies in Western Australia over a 

two year period. 

 

5.3 Methods and materials 

Study sites and collections 

Collections were taken from a range of locations around Australia for different aspects of 

the study (Fig. 1). In Western Australia, the two subspecies occur sympatrically, but often 

in uneven abundances; H. e. armigera tends to dominate most populations, with low 

frequencies of H. e. erythrogramma, although there are limited locations where H. e. 

erythrogramma is dominant (Binks et al. 2011a). Thus, to avoid statistical issues with small 

sample sizes and gain sufficient samples for assessing ongoing reproductive activities, 

subspecies had to be collected from separate locations where each occurred in reliable 

abundances. For mitochondrial and bindin gene sequencing, single collections were taken 

from the same four sites (H. e. erythrogramma: Mindarie Key and Point Peron, H. e. armigera: 

Radar Reef and South Fremantle) within Western Australia. In addition, mitochondrial 

analyses included H. e. erythrogramma collections from six eastern Australian sites spanning 

New South Wales (Little Bay and Bass Point), Victoria (Altona and Beaumaris) and 

Tasmania (Hobart and St Helens). H. tuberculata was also collected from each of the two 

New South Wales sites. To study spawning and gonadal activity, individuals of each 

subspecies were collected repeatedly from two sites (H. e. erythrogramma: Mindarie Key, H. e. 

armigera: Jervoise Bay) within Western Australia. These two sites were chosen based on the 

ability to regularly access and collect individuals in sufficient numbers without affecting 

natural population sizes.  

 

Western Australian collections consisted only of individuals that could be confidently 

assigned to subspecies and the most common colour morph for each (H. e. armigera: red 

dermis, violet primary spines = RV; H. e. erythrogramma: white dermis, green primary spines 

= WG) (See Binks et al. 2011a). In turn, only RV and WG colour morphs of eastern 

Australian H. e. erythrogramma were collected to maintain consistency. All sea urchins were 

collected by snorkelling or reef-walking where appropriate.  
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Figure  5.1:  Locations  for  the  complete  range  of  sampling  sites  across  Australia.  The  coloured  lines 
indicate  the Australian distributions of  the  species  and  subspecies  collected  and  the  coloured  circles 
indicate collection sites for each respective group. Red represents H. e. armigera, yellow represents H. e. 
erythrogramma and green represents where both H. e. erythrogramma and H. tuberculata co‐occur and 
were sampled from the same sites. Site abbreviations (and Australian state) in alphabetical order: AL = 
Altona (VIC), BM = Beaumaris (VIC), BP = Bass Point (NSW), HO = Hobart (TAS), JB = Jervoise Bay (WA), 
LB = Little Bay (NSW), MK = Mindarie Key (WA), PP = Point Peron (WA), RR = Radar Reef (WA), SF = South 
Fremantle (WA), ST = St Helens (TAS). 
 

 

Mitochondrial sequencing and analysis 

Muscle tissue was dissected from a minimum of eight individuals per site and stored in 

100% ethanol until required. Whole genomic DNA was extracted using the salting out 

procedure as described in Simmons et al. (2006). PCR amplification was performed in 25 

µL reactions containing 1 x PCR Buffer, 2.5 mM MgCl2, 200 µM of each dNTP, 0.2 µM of 

primer, 1 U of Platinum Taq DNA polymerase (Invitrogen) and 2-3 µL of DNA template 

(approximately 20-30 ng). CO1 primers were designed using Oligo Primer Analysis 

Software v.8.0 (Rychlik 2007) to amplify approximately 675 bp for both H. erythrogramma 

subspecies and H. tuberculata: CO1HeF; GCA CAA CCT GGC TCC CTA CTA and 

CO1HeR; TCC TCG CTT TCC AGA GTA GTG, with an annealing temperature of 53°C. 

For 16S, approximately 630 bp were amplified using primers described in Jeffery et al. 

(2003): 16SechF; CGC CTG TTT ACC AAA AAC AT and 16SechR; TCG TAG ATA 

GAA ACT GAC CTG, with a modified annealing temperature of 49°C to remove non-

specific products. Amplifications were performed in an Eppendorf Mastercycler gradient 
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thermal cycler. PCR conditions for both genes involved a preliminary 5 minute 

denaturation stage at 94°C, followed by 30 amplification cycles of 30s denaturation at 94 

°C, 30s at the annealing temperature and 1 min extension at 72°C. The final cycle included 

a 7 minute extension at 72°C. PCR products were purified with an AxyPrep PCR Cleanup 

Kit (Axygen Biosciences Inc.) and sequenced in both directions with an ABI 3730 96 

capillary machine using BigDye Chemistry. Sequences were aligned and edited using 

Sequencher v.4.5 (Gene Codes Corp.). Haplotype sequences for all Heliocidaris subspecies 

and species have been deposited in GenBank under Accession Numbers JF827309 to 

JF827329 for CO1 and JF827330 to JF827344 for 16S. 

 

As an initial exploration of the mitochondrial differentiation expressed within H. 

erythrogramma, haplotype networks were generated for each of CO1 and 16S using tcs v.1.21 

software by statistical parsimony (Clement et al. 2000). A CO1 phylogeny for the 

Heliocidaris genus was then generated to infer the demographic history between the two 

subspecies; H. tuberculata was included for a known measure of species-level divergence. 

The appropriate model of nucleotide substitution was determined using ModelTest v.3.7 

(Posada & Crandall 1998), which identified the Tamura & Nei (1993) model. PAUP* 

v.4.0b10 (Swofford 2003) was used to generate a phylogeny for all haplotypes of CO1 by 

neighbour joining methods with gamma correction and 9999 iterations for bootstrap 

support. To form an outgroup, two randomly chosen CO1 Echinometra mathaei sequences 

(Palumbi et al. 1997) were included using data available on GenBank (Accession numbers 

AF018882, AF018884). Kimura two-parameter sequence divergences (Kimura 1980) were 

calculated between clades found in the CO1 phylogeny and with a particular focus on H. 

erythrogramma, and assessed these divergences with hierarchical analyses of molecular 

variance (AMOVA) using Arlequin v. 3.11 (Excoffier et al. 2005). To first assess 

geographic structure without the confounding effects of subspecies, the geographic 

variance in CO1 for H. e. erythrogramma was partitioned into: 1) east versus west coastlines; 2) 

sites within coastlines; and 3) within sites. In turn, to determine the significance of 

divergence between subspecies without the confounding effects of geographic distance, I 

then used the Western Australian dataset to partition the variation 1) between subspecies, 

2) between sites within subspecies and 3) within sites.  

 

Finally, Isolation with Migration (IM) coalescent analyses were undertaken using IMa 

software (Hey & Nielsen 2007). This IM model assumes a panmictic ancestral population 

of effective size, θA, which at time t in the past, split into two daughter populations of sizes 

θ1 and θ2 that have since undergone regular rates of gene flow, m1 and m2 in each direction. 
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IMa estimates posterior probabilities for each of these demographic parameters between 

any two populations using Monte Carlo Markov Chain methods. I was particularly 

interested in estimating the time since divergence between H. e. erythrogramma and H. e. 

armigera within Western Australia (tA) and within H. e. erythrogramma between east and west 

coastlines (tB) to examine three possible scenarios explaining how the two subspecies came 

to occur sympatrically in Western Australia: 1) geographic isolation between coastlines 

generated alternate subspecies with a subsequent range expansion of H. e. erythrogramma into 

Western Australia (i.e. broad vicariance: tA > tB); 2) geographic barriers formed within 

Western Australia to isolate and differentiate subspecies in allopatry within Western 

Australia (i.e. local vicariance: tA < tB); or 3) ecological barriers formed within Western 

Australia to isolate and differentiate each subspecies in sympatry (also tA < tB). I was also 

interested in estimations of m1 and m2 to determine the extent and direction of gene flow 

between H. e. erythrogramma and H. e. armigera since their divergence.  

 

To strengthen these two analyses, the mitochondrial data from this study were combined 

with microsatellite data; all Western Australian microsatellite data were acquired from a 

previous study (Binks et al. 2011b) while eastern Australian data were obtained by 

amplifying individuals collected in the current study with the methods described in Binks et 

al. (2011b). Thus, both analyses were run with a total of five loci; CO1 and 16S (nA = 32, nB 

= 44 for each locus) were run under the Hasegawa-Kishino-Yano (HKY) mutational model 

and all three microsatellite loci (C101, C115 and D105) were run under the stepwise 

mutational model using a subsample of randomly selected individuals (nA = 378, nB = 268 

for each locus). For each analysis, several preliminary runs were performed with wide prior 

parameter distributions to optimize the final run which consisted of 150 chains for a total 

of 10 million steps (sampling every 100), following a burnin period of 1, 000, 000 steps. A 

geometric heating scheme was applied to increase mixing (g1 = 0.9, g2= 0.8). During 

preliminary trials, the posterior distributions for t contained flat tails that did not reach 

zero. To set a logical upper bound for this prior I followed the methods of Peters et al. 

(2007); I assumed that the time since divergence could not be older than the time of the 

most recent common ancestor (TMRCA). The posterior distribution of TMRCA was 

averaged across loci and the upper 95% HPD of TMRCA was used as the upper bound for 

t. For each analysis, three identical runs with different random seed numbers were 

performed to ensure consistency, ESS values were all above 1000 and ASCII plots showed 

no trends, which together, indicated convergence had been reached. To convert the IMa 

parameter estimates to biologically meaningful demographic values, the methods described 

and implemented in Won & Hey (2005) were followed. In doing so, I applied a mutation 
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rate of 3.5% per million years for CO1 evolution in sea urchins (Zigler et al. 2003) and a 

generation turnover of two years. 

 

Bindin sequencing and analysis 

Pure genomic DNA, extracted as detailed above, was utilised from ten individuals of each 

subspecies (i.e. five from each Western Australian site). Approximately 1537 bp of the 

mature gene and its intron were amplified using primers HeF1 and HeR1 and sequenced 

using primers HeF1, HeR1, Heout5, Heout51, and MB1130+ ( Zigler et al. 2003). PCR 

conditions involved a preliminary 3 minute denaturation stage at 95 °C, followed by 

35amplification cycles of 45 s denaturation at 94°C, 45 s at the annealing temperature 

(56°C) and 150 s extension at 72°C with a final extension cycle for 10 minutes at 72°C. All 

individuals were sequenced twice to ensure data quality against sequencing errors. Once the 

intron was excluded, no more than one heterozygous site was detected throughout the 

mature gene within a single individual and therefore cloning was not necessary to obtain 

haplotype data. Sequences were aligned and edited using Sequencher v.4.5 (Gene Codes 

Corp.). Haplotype sequences for H. e. armigera have been deposited in GenBank under 

Accession Numbers JQ364936-38. 

 

Following Zigler et al. (2003), the bindin gene was divided into three regions: 31 amino 

acids of the hotspot of rapid evolution (Metz & Palumbi 1996; Biermann 1998); 55 amino 

acids of the highly conserved core region (Vacquier et al. 1995; Zigler & Lessios 2003a) and 

117 amino acids that flank either side of these two regions making up the rest of the gene. 

However, the low levels of variation detected among the Western Australian sequences 

across all regions negated the typical application of statistical analyses to compare the ratio 

of synonymous to non-synonymous substitutions or tests for selection within or between 

subspecies. Patterns of bindin divergence between these subspecies were therefore 

described qualitatively for each region. I added all Western Australian haplotypes to the 

eastern Australian Heliocidaris bindin phylogeny generated by Zigler et al. (2003) to 

determine where these Western Australian subspecies fit in the Heliocidaris genus, 

particularly for comparison with the CO1 phylogeny. PAUP* v.4.0b10 (Swofford 2003) 

was used to regenerate the phylogeny using the substitution model of Tamura & Nei (1993) 

with gamma correction and 9999 iterations for bootstrap support by neighbour joining 

methods.  In doing so, I included bindin haplotypes from eastern Australian H. e. 

erythrogramma (Accession numbers AF529574-80; AF530401-13) and H. tuberculata 

(Accession numbers AF529581-84; AF530414-43) (Zigler et al. 2003), as well as two E. 
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mathaei haplotypes (Metz & Palumbi 1996; Accession numbers U39511-12) as an outgroup; 

all available on GenBank. 

 

Spawning Seasonality 

Between 2008 and 2010, regular collections of approximately 15 individuals of each 

subspecies were taken from each respective site, starting in October each year and 

continuing fortnightly until all spawning activity had ceased (June). October was chosen as 

an early starting point because eastern populations of H. e. erythrogramma are known to 

spawn annually between the summer months of December and February (Williams & 

Anderson 1975; Dix 1977; Laegdsgaard et al. 1991). Only individuals greater than 50 mm in 

test diameter were collected to ensure sexual maturity (Dix 1977) and the size range was 

kept to a minimum to avoid any influence of body size on gonad measures (Gonor 1972).  

 

Each individual was weighed to the nearest 0.001 g and then spawning was induced with a 

3 ml injection of 0.5 M KCl through the peristomial membrane. For both subspecies, the 

proportion of each sex spawning at a given sampling time was assessed within a 30 minute 

period following the injection. Only individuals that spawned copiously (>0.2 ml) were 

considered successful, i.e. those most likely to be ready to spawn naturally. Individuals with 

limited response were classified as not spawning given that they may be in early stages of 

the gametogenic cycle or have already spawned (Lessios 1984). Following spawning trials, 

each individual was dissected for a quantitative measure of reproductive activity. The gonad 

somatic index (GSI) was calculated as the total gonad wet weight (g) divided by the total 

body wet weight (g), multiplied by 100 (%). Previously spawned gametes were collected dry 

and recombined with gonad tissue to be included in the gonad wet weight measure. Gonad 

indices were calculated during the second spawning season only (October 2009 to June 

2010).  

 

Each bimonthly sample was tested for deviations from a 1:1 sex ratio using χ2 tests and 

then calculated the overall significance for each subspecies by summing the independent χ2 

values and associated degrees of freedom. Proportion data for both spawning responses 

and gonad indices were arcsine transformed (Zar 1984) and used in two-way analyses of 

variance (ANOVA) using JMP® v.8.0.1. Variation in spawning response between sexes 

(fixed) and years (fixed) was tested for each subspecies, and no significant difference was 

found in the proportion of males and females spawning responses (HEA: F1, 40 = 0.15, P = 

0.70 and HEE: F1, 28 = 4.23, P = 0.05), or spawning between years (HEA: F1, 40 = 0.33, P = 

0.57 and HEE: F1, 28 = 3.47, P = 0.07). Variation in gonad indices between sexes (fixed) and 
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bimonthly sample (fixed) was also tested for each subspecies which found significant 

differences between sampling times (HEA: F17, 170 = 6.16, P < 0.0001 and HEE: F16, 187 = 

15.25, P < 0.0001), but no difference between sexes (HEA: F1, 170 = 0.41, P = 0.53 and 

HEE: F1, 187 = 0.36, P = 0.55) or their interaction (HEA: F17, 170 = 0.22, P = 0.99 and HEE: 

F16, 187 = 0.23, P = 0.99). This suggests that the changes in GSI over time were synchronous 

between the sexes. Data for both spawning receptivity and gonad indices, therefore, were 

pooled across the sexes and data for spawning were also pooled across years. These pooled 

data were then used in two separate ANOVAs to test for differences in both spawning 

receptivity and gonad indices between bimonthly samples (fixed) and subspecies (fixed). 

 

Sea surface temperature (SST) and photoperiod data for all sites over the study period were 

obtained for comparison with spawning and GSI data. Monthly averages of SST data were 

provided by GIovanni Ocean Colour Radiometry: Online Visualization and Analysis 

(http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=ocean_month) and data 

for photoperiod were obtained from Geoscience Australia 

(http://www.ga.gov.au/bin/astro/sunrisenset). There was very little spatial or temporal 

variation in either SST or photoperiod, so data were averaged across sites and years for 

each parameter. 

 

Fertilisation Assays 

Fertilisation trials were performed during late January 2010 because this was the only 

month in which gametes could be obtained from both subspecies simultaneously. Gamete 

release was induced in H. e. erythrogramma with the KCl injection as described above, but 

this method proved unreliable for H. e. armigera during this time period. Gonad indices in 

January were large for this subspecies, however, and gametes of ripe appearance could be 

extracted manually from the dissected gonad tissue for most individuals. Each extraction 

was performed in a separate container of aerated seawater to avoid contamination, and 

gametes were always used within 20 minutes of being extracted. Sperm concentrations were 

measured using a modified Fuch-Rosenthal haemocytometer (three counts per male), and 

standardized to a concentration of 7 x 105 sperm/ml. Sperm was added to aerated seawater 

containing egg concentrations of 50 eggs/ml (Evans & Marshall 2005). Reciprocal crosses 

with a male and female of each subspecies produced four crosses per block: HEE x HEE, 

HEA x HEA (i.e. intra-subspecific crosses), and HEA x HEE, HEE x HEA (i.e. inter-

subspecific crosses). In this notation the female is always stated first, HEE refers to H. e. 

erythrogramma and HEA refers to H. e. armigera. Each individual was only used once within 

each block, with a total of 15 blocks performed. Inter-subspecific crosses tested gamete 
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compatibility between subspecies and intra-subspecific crosses were used as a relative 

control to assess gamete viability within each subspecies.  

 

Fertilisation success was measured two hours after gamete exposure by examining the 

proportion of eggs that were fertilised from 100 randomly selected eggs from each cross. 

Eggs were classified as fertilised if regular cell division had begun. From these samples, 50 

developing embryos were randomly selected and transferred them into larger containers 

with aerated seawater for continued development into the free-swimming larval stage 

which occurs just prior to metamorphosis (Williams & Anderson 1975). Samples were 

therefore maintained at identical densities and temperatures within and among blocks. 

Embryo viability was estimated from each sample of 50 embryos approximately 40 hours 

post-fertilisation by calculating the proportion that had successfully reached this free-

swimming stage (Evans et al. 2007). The proportion data for successful fertilisation and 

free-swimming development for each cross were arcsine transformed (Zar 1984) and 

ANOVA was applied to test for differences between intra- and inter-subspecific crosses 

using JMP® v.8.0.1. 

 

5.4 Results 

Mitochondrial divergence and phylogeny 

Haplotype networks of H. erythrogramma for each of CO1 and 16S are shown in Fig. 2A-B. 

A total of 14 haplotypes were found for CO1, of which five were singletons. Two of these 

haplotypes were found within Western Australia and the remaining 12 in eastern Australia, 

with no shared haplotypes between east and west coasts. Within Western Australia, the two 

haplotypes were differentiated by four substitutions and each haplotype was consistently 

associated with either the red-violet (RV) H. e. armigera or the white-green (WG) H. e. 

erythrogramma. In contrast, there was no haplotype differentiation between RV and WG H. 

e. erythrogramma in eastern Australia, and while each state tended to be dominated by one or 

two haplotypes, there were three haplotypes shared across the entire eastern coastline. As 

expected in a more conserved gene, less variation was observed for 16S, but the results 

support those from CO1. A total of nine haplotypes were found, five of which were 

singletons. Most of the variation was found in Western Australia (five haplotypes). Again, 

each was unique to the west coast and no haplotypes were shared between H. e. armigera 

and H. e. erythrogramma. There was very little variation across eastern Australian samples, 

with almost all NSW and Victorian samples sharing a single haplotype and almost all 

Tasmanian samples having another. Again, there was no differentiation of haplotypes 

between colour morphs of H. e. erythrogramma in these eastern sites.  
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Figure 5.2: Haplotype networks for A. CO1 and B. 16S mitochondrial genes for H. erythrogramma across 
Australia,  estimated  by  statistical  parsimony  using  tcs  software.  Each  oval  represents  a  different 
haplotype;  its  relative  area  is  proportional  to  its  frequency.  The  shaded  colouration  reflects  the 
subspecific and geographic status of each haplotype; either H. e. erythrogramma or H. e. armigera and 
whether the subspecies was sampled in Eastern Australia (E) or Western Australia (W). The open circles 
denote the number of additional mutational steps between adjacent haplotypes.  
 

 

These haplotype patterns were supported by the CO1 phylogeny for the Heliocidaris genus 

(Fig. 3A). H. tuberculata is clearly shown to be a distinct species in a separate clade with 

approximately 14% sequence divergence from H. erythrogramma. Within H. erythrogramma, 

the eastern and Western Australian samples are separated into distinct subclades, with 1.5% 

divergence between eastern and western H. e. erythrogramma. Despite low levels of sequence 

divergence within Western Australia, the two subspecies shared no haplotypes and their 

sequence divergence of 0.7% is low, but highly consistent among individuals. In contrast, 

the eastern Australian H. e. erythrogramma showed no phylogenetic structure with regard to 

colour morphs.  
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Figure 5.3:   Phylogeny of the A. CO1 and B. bindin genes for the Heliocidaris genus, as determined by 
neighbour  joining methods. The tree has been rooted using two Echinometra mathaei sequences  (not 
shown). Only distinct haplotypes are shown and labels correspond to the species or subspecies (HT= H. 
tuberculata, HEE = H. e. erythrogramma, HEA = H. e. armigera), and whether they were collected from 
the  east  (E)  or  west  (W)  coasts  of  Australia.  Haplotypes  for  each  subspecies  collected  in Western 
Australia are highlighted in grey for ease of interpretation. All branches with bootstrap support of >90% 
are indicated by an asterisk.  
 

 

AMOVA showed significant effects of both geographical distance and subspecies on 

variability of CO1 divergence (Table 1). Of the total genetic divergence within H. e. 

erythrogramma (1.5%), approximately 75% occurred between the east and west coasts of its 

Australian distribution, with only 7% variation among sites within each coastline and 18% 

within sites. Within Western Australia, all of the genetic variation was attributed to 

differences between the two subspecies, with no variation among sites within each 

subspecies or within sites. 

 

The demographic parameters estimated with the IMa analyses provide further insight on 

the origins of H. erythrogramma. Within Western Australia, the effective population size for 

H. e. erythrogramma was estimated to be considerably smaller (13,000; 90% HPD interval: 

6,000 – 26,000) than that for H. e. armigera (49,000; 27,000 – 92,000). The ancestral 

population size of the two subspecies was estimated to be 111,000 (1,200 – 250,000) and 

the timing of their divergence at approximately 65,000 (46,000 – 250,000) years ago. The 

migration parameters indicated an asymmetric pattern of gene flow since this split, with 

low levels of ongoing gene flow (0.31; 0.02 – 2.94 migrant gene copies per year) from H. e. 

erythrogramma to H. e. armigera but negligible gene flow  in the opposite direction (0.0002; 
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0.00 – 0.001 migrant gene copies per year). In comparison, the analysis within H. e. 

erythrogramma between east and west coastlines revealed fairly even effective population 

sizes of 20,000 (11,000 – 38,000) and 24,000 (11,000 – 42,000), with an ancestral 

population size of 164,000 (32,000 – 630,000). These two groups were estimated to have 

split approximately 24,000 (10,000 – 190,000) years ago with ongoing gene flow from 

eastern Australia to Western Australia (0.76; 0.08 – 3.54 migrant gene copies per year) but 

minimal gene flow from west to east (0.06; 0.00 – 1.99 migrant gene copies per year).  

 

 
Table 5.1: Analyses of molecular variance (AMOVA) partitioning the genetic variation in CO1: A. across 
different spatial scales within H. e. erythrogramma only; and B. within and between subspecies of H. 
erythrogramma within Western Australia.  
Source  df  SS  % Variation 

A. Geographic structure       

Between coasts  1  111.69  75.24** 

Among sites within coasts  6  27.41  7.01* 

Within sites  80  70.56  17.74** 

       

B. Subspecies structure       

Between subspecies  1  30.19  100.00** 

Among sites within subspecies  2  0.00  0.00NS 

Within sites  27  0.00  0.00NS 
   

NS Not significant, * p < 0.001, ** p < 0.0001 
 

 

Bindin divergence and phylogeny 

From 20 individuals spanning four populations, minimal bindin divergence was detected 

within or between the two Western Australian subspecies. Throughout the mature gene, no 

variation was found within the conserved core region, one polymorphic site was detected 

in the hotspot and three polymorphic sites in the remainder of the gene. All of these sites 

represented replacement substitutions, two of which were consistently differentiated 

between subspecies (outside of the hotspot) and two singletons. This generated a total of 

four haplotypes; three for H. e. armigera and a single haplotype for all H. e. erythrogramma 

individuals. While the H. e. armigera haplotypes were novel, the Western Australian H. e. 

erythrogramma haplotype was also present in eastern Australia (GenBank Accession 

#AF530401) and the two replacement substitutions found in H. e. armigera are common in 

eastern H. e. erythrogramma. Consequently, unlike the east-west subclades formed within the 

CO1 gene phylogeny, these two Western Australian bindin haplotypes simply integrated 



75 
 

within the range of eastern Australian haplotypes with no significant subspecific or 

geographic structure in bindin across the species’ entire Australian distribution (Fig. 3B).  

 

Spawning seasonality 

Sex ratios within bimonthly samples did not differ significantly from 1:1 for H. e. armigera 

(Overall χ2 = 29.4, df = 36, P > 0.1) or H. e. erythrogramma (Overall χ2 = 26.2, df = 36, P > 

0.1). Table 2 shows that there was no significant difference in the total proportions of 

individuals spawning between the subspecies, but there was a significant difference in 

spawning responses between bimonthly samples. There was also a significant sampling 

period-by-subspecies interaction for spawning response, which indicates that each 

subspecies spawned differentially across sampling times. H. e. erythrogramma spawned 

between November and February each year, while H. e. armigera, spawned between 

December and June, but only spawned consistently from late February/March each year 

(Fig. 4A).  

 

Data for gonad indices supported the pattern of asynchronous spawning seasons between 

subspecies. The gonadal somatic index (GSI) was significantly different between bimonthly 

sampling times and between subspecies. There was also a significant sampling time-by-

subspecies interaction indicating that GSI differed between subspecies at different 

sampling times (Table 2). GSI values for H. e. erythrogramma peaked between October and 

January and decreased thereafter, showing slight overlap with GSI values for H. e. Armigera, 

which were initially low in October and increased with time to peak between January and 

April (Fig. 4B).  These patterns coincide with spawning data to reveal a typical pre-

spawning peak in GSI with a subsequent decline in GSI during the spawning period for 

each subspecies (Fig. 4A-B). 

 

Fluctuations in photoperiod and sea surface temperature were closely associated with each 

other, but with a slight lag in SST (Fig. 4C). The longest photoperiod was in December 

each year, while the highest sea surface temperatures occurred in January and February. 

This was followed by the shortest photoperiod in June, with a corresponding minimum in 

sea surface temperatures from July through to September. The onset of consistent 

spawning occurred at a lower temperature for H. e. erythrogramma (19.9°C ± 0.23) than for 

H. e. armigera (22.11°C ± 0.09) and each respectively occurred before and after the peak 

SST of 23.15°C ± 0.22 over January and February (Fig. 4A-C). 
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Figure  5.4:    Changes  in  A.  spawning  response  and  B.  gonad  indices  for  each  subspecies  of  H. 
erythrogramma  in Western Australia between 2008 and 2010. Data has been pooled across sexes and 
years  where  applicable.  Also  provides  averaged monthly  data  for  C.  sea  surface  temperatures  and 
photoperiod, also pooled across sites and years. 
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Table  5.2:  Analyses  of  variance  (ANOVA)  for  A.  spawning  and  B.  gonad  indices  between  sampling 
periods and subspecies. Data for each analysis were pooled across years and sexes, where applicable.  

Source  df  SS  F 

A. Spawning (2008‐2010)       

Sampling Period  15  1.46   3.40* 

Subspecies   1  0.02   0.70NS 

Sampling Period x Subspecies  15  6.85  15.98* 

Residual  90  2.57   

       

B. Gonad Index (2009‐2010)       

Sampling Period   16  0.24   5.56* 

Subspecies   1  0.12  45.50* 

Sampling Period x Subspecies  16  0.73  16.63* 

Residual  380  1.04   
   

NS Not significant, * p < 0.001 

 

 

Fertilisation assays 

The fertilisation trials detected no indication of gamete incompatibility within H. 

erythrogramma (F3, 56 = 0.134, p = 0.94). All reciprocal crosses, both within and between 

subspecies, achieved consistently high fertilisation success (> 90%; Figure 5.5). Further 

development into the free-swimming larval stage was, however, not consistent between 

crosses (F3, 56 = 54.056, p < 0.0001). While a relatively large proportion of HEE x HEE 

crosses reached the free-swimming stage (65.6 ± 4.16%), all treatments involving H. e. 

armigera experienced high mortality, and consequently limited proportions of these 

treatments reached the free-swimming stage (8-10%).  
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Figure 5.5:  The average proportion of individuals successfully reaching fertilisation and free‐swimming 
larval stages for all inter‐ and intra‐subspecific crosses. Each cross along the x‐axis is presented with the 
female first, with H. e. armigera denoted by HEA and H. e. erythrogramma by HEE. 
 

 

5.5 Discussion 

The Echinoidea is a model group for marine speciation studies, with a particular focus on 

the evolution of gamete recognition proteins as primary mechanisms of pre-zygotic 

reproductive isolation (reviews in Swanson & Vacquier 2002; Zigler et al. 2005; Palumbi 

2009). Here, I have investigated the possibility of speciation occurring within H. 

erythrogramma and show a recent divergence between H. e. erythrogramma and H. e. armigera 

but in the absence of gamete incompatibility. Instead this study provides evidence that the 

primary reproductive barrier between these subspecies within Western Australia is an 

asynchrony in the timing of spawning.  

 

The demographic parameters estimated with the IMa analyses help to resolve the 

biogeographic origins of these two subspecies. Estimates of the time since divergence 

showed that Western Australian H. e. erythrogramma split from H. e. armigera before splitting 

from eastern Australian H. e. erythrogramma (i.e. tA > tB), thus supporting the hypothesis of 

broad vicariance and a subsequent range expansion of H. e. erythrogramma into Western 

Australia. The overlapping 90% HPD intervals of these estimates might be narrowed down 

with more data but is most likely an artefact of such recent divergence coupled with the 

low levels of divergence between these subspecies. Nevertheless, these results effectively 

rule out the possibility that the two subspecies split within Western Australia, either by 

local vicariance or in sympatry. Moreover, the low effective population size of H. e. 
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erythrogramma in Western Australia reflects the low abundance and patchy distribution 

described previously for this subspecies (Binks et al. 2011a); such low relative abundance, 

combined with lower genetic diversity (Binks et al. 2011b) and the asymmetric migration 

estimates from H. e. erythrogramma to H. e. armigera, is consistent with such a range 

expansion of H. e. erythrogramma into Western Australia. 

 

Following the demographic history of a recent divergence, the phylogenetic analyses 

showed low but highly consistent levels of mitochondrial divergence between the two 

subspecies within Western Australia. And given that we found no equivalent haplotype 

distinction between RV and WG morphs of H. e. erythrogramma in the eastern Australian 

dataset, I am confident that this low, but consistent divergence is due to subspecies 

differentiation rather than an artefact of colour variation within Western Australia. It would 

be useful, however, to obtain data for populations along southern Australia, between the 

east and west coasts; such data could provide more insight into how these two lineages are 

distributed. Particularly given that IMa analyses detected low levels of ongoing gene flow 

from eastern populations into Western Australia, but not vice versa, it would be interesting to 

explore the possible oceanographic factors mediating such an asymmetric exchange across 

southern Australia. Moreover, the current study incorporated only individuals that could be 

confidently assigned to subspecies; it would also be of value to assess individuals of 

intermediate morphology to determine whether they represent intermediate haplotypes 

between the two subspecies. Nevertheless, the phylogenetic and coalescent analyses in this 

study support the assertion of that these subspecies are not freely interbreeding, as 

previously suggested by morphological (Binks et al. 2011a) and microsatellite (Binks et al. 

2011b) differentiation, despite their sympatric distribution in Western Australia. 

 

The limited, asymmetric patterns of gene flow found between H. e. erythrogramma and H. e. 

armigera cannot be explained by gamete incompatibility. Bindin divergence was minimal, 

with only two polymorphic sites between subspecies, both of which occurred outside of 

the hotspot region. While the build-up of non-synonymous substitutions is highly 

correlated with gamete incompatibility in echinoids, a review by Zigler et al. (2005) 

suggested that such substitutions only result in effective incompatibility when they make up 

more than 1% of the mature gene. This typically means that at least 4-10 amino acid 

changes are required for partial gamete incompatibility, and a minimum of 8-10 changes for 

complete isolation (Zigler et al. 2005); such levels of substitution were not found within 

this study. Moreover, irrespective of subspecies, the bindin phylogeny showed no 

differentiation between Western Australian and eastern Australian alleles, which is 
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consistent with unpublished data cited by Lessios (2007). Moreover, a lack of gamete 

incompatibility between H. e. erythrogramma and H. e. armigera is also supported by the 

fertilisation trials which demonstrated high fertilisation success in both intra- and inter-

subspecific crosses. Taken together, these results strongly argue against gamete 

incompatibility as a factor explaining the limited gene flow between these subspecies within 

Western Australia. 

 

While there was no evidence for gamete incompatibility, a significant asynchrony was 

detected in the spawning seasons of each subspecies within Western Australia. While H. e. 

erythrogramma spawned within the same summer spawning season found in eastern H. e. 

erythrogramma (December – early February), spawning was later in H. e. armigera (late 

February – June) each year. Even with slight overlap, this reveals that H. e. armigera gametes 

are only becoming mature when H. e. erythrogramma is coming to the end of its spawning 

season. This accounts for the asymmetric nature of gene flow between these subspecies 

found by the IMa analysis; some gene flow from H. e. armigera to H. e. erythrogramma is 

possible via the low numbers of H. e. armigera spawning earlier, during the peak H. e. 

erythrogramma season. In contrast, no H. e. erythrogramma were found to spawn later during 

the H. e. armigera autumn season, hence the lack of gene flow in this direction. The 

fertilisation trials also confirmed the low proportion of early-spawning H. e. armigera, where 

90% of crosses involving this subspecies failed to develop successfully into a free-

swimming larval stage. Both the inability to induce spawning and the developmental failure 

are most likely attributed to inviability of the H. e. armigera gametes so early in the year. And 

given that the effects of planktonic dilution are so strong, even a narrow temporal delay 

should effectively reduce heterospecific gamete interaction (Pennington 1985). Thus this 

asynchrony spanning weeks and potentially up to months, should be more than sufficient 

to limit the majority of gamete interactions between H. e. erythrogramma and H. e. armigera.  

  

How such a shift in spawning season may have arisen is unclear, particularly because the 

environmental triggers and underlying genetics of gametogenesis and spawning in H. 

erythrogramma are poorly understood. However, it follows that the broad vicariance of the 

two subspecies on opposite coastlines, which experience differing oceanographic 

conditions, may have led to different spawning seasons, and in turn, subsequent expansion 

of H. e. erythrogramma into Western Australia explains the asynchrony that was found. 

Temperature is thought to be important for eastern H. e. erythrogramma, where spawning 

commences when temperatures reach approximately 19°C and cease before the summer 

peak of 23°C (Laegdsgaard 1989). This is consistent with the pattern found in this study for 
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Western Australian H. e. erythrogramma. Alternatively, the autumn shift of spawning in H. e. 

armigera is similar to Rottnest Island populations of Echinometra mathaei, which exhibit a 

prolonged spawning season through the winter months relative to other regions of the 

species’ distribution (Pearse & Phillips 1968). This is attributed to warmer winter waters of 

the Leeuwin Current (Cresswell & Golding 1980; Legeckis & Cresswell 1981), enabling 

reproductive processes to persist. Thus, in a similar manner, this extended period of 

warmer waters during the later part of the year may allow spawning and embryo 

development to persist in H. e. armigera during a time period that would not be possible in 

the colder waters on the east coast. Moreover, the Leeuwin Current is thought to have 

been present and more intense in the late Pleistocene (Li et al. 1999; McGowran et al. 

1997), during which time the two subspecies are estimated to have split. Other factors, 

such as egg predation or settlement conditions may also be crucial determinants to the 

timing of spawning that may differ between east and Western Australia. Whether this 

shifted spawning season was driven directly by selective pressures from such environmental 

factors, or simply as a consequence of prolonged local isolation between coastlines, is 

unclear. However, the small proportion of H. e. armigera shown to spawn synchronously 

with H. e. erythrogramma suggests that the processes mediating the shift in spawning season 

may not be complete, or that there may be other cues to spawning in addition to 

temperature. 

 

I acknowledge that further work needs to be done to identify the consistency of this 

asynchrony across the entire sympatric range of the two subspecies in Western Australia.  

There is likely to be some temporal or spatial variability in spawning for each subspecies 

and future work should perform a more intensive assessment of spawning or investigate 

patterns of recruitment, where recruits from each subspecies should appear at different 

times of the year. However, given that the spawning of H. e. erythrogramma matches that of 

its eastern counterparts and the autumn spawning of H. e. armigera has been documented in 

other studies from alternate locations and years (Stuart-Andrews 2005; Evans et al. 2007; 

Fitzpatrick et al. 2010), I believe this asynchrony to be widespread through Western 

Australia. It is unfortunate that the disproportionate abundances of each subspecies 

precluded us from incorporating fully sympatric populations in this study; in fact this 

slightly segregated distribution may also indicate some spatial barrier to reproduction. 

However, the microsatellite differentiation between these subspecies is upheld, even within 

sympatric populations (Binks et al. 2011a) and so spatial isolation alone cannot explain the 

limitations of gene flow between H. e. erythrogramma and H. e. armigera. Thus, in the absence 
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of gamete incompatibility, spawning asynchrony appears to form the major pre-zygotic 

barrier to gene exchange where these two subspecies co-occur within Western Australia. 

 

Conclusions 

In summary, this study reports the biogeographic history of two subspecies of H. 

erythrogramma and identifies asynchronous spawning as an isolating mechanism between 

them where they occur sympatrically within Western Australia. Evidence of ongoing gene 

flow between these taxa, albeit limited, suggests that they should not be regarded as distinct 

species. Nevertheless, this study suggests that asynchronous spawning can represent an 

effective reproductive barrier to gene exchange in echinoid species without the need for 

divergence in gamete recognition proteins. Should the factors responsible for driving this 

spawning asynchrony remain stable over time, the prolonged isolation between H. e. 

armigera and H. e. erythrogramma will continue to drive further divergence. These two 

subspecies may therefore represent an intriguing case of incipient speciation. 
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Intraspecific morphological variation can reveal much about the underlying ecological and 

evolutionary processes responsible for shaping populations. These processes can generate 

isolation and drive differentiation, not only in morphological traits, but also genetically and 

reproductively. Studying species with high levels of morphological variation, therefore, can 

provide insight into the steps mediating divergence and speciation. This thesis uses a 

combination of analyses to investigate the processes contributing to morphological 

variation in the Australian sea urchin Heliocidaris erythrogramma. Morphometric analyses 

quantified this variation and revealed the presence of two, morphologically distinct groups 

within Western Australia (Chapter 2). Microsatellite markers demonstrated that this 

morphological variation is a good predictor of contemporary genetic differentiation within 

the species (Chapter 4), and combined with mitochondrial markers, revealed the 

biogeographic origins of these subspecies (Chapter 5). Chapter 5 also revealed the presence 

of pre-zygotic reproductive isolation, in the form of asynchronous spawning, as the 

primary barrier to gene exchange between these subspecies (Chapter 5). Taken together, 

this thesis validates the existence of two, morphologically distinct subspecies as originally 

described by Mortensen (1943), and reveals much greater divergence between them than 

previously recognised. The following discussion draws together the results of this research, 

and highlights their significant implications for the future study of speciation in marine 

environments.  

  

6.1 The significance of morphological variation in Heliocidaris erythrogramma 

The primary aim of this research was to investigate the ecological and evolutionary 

processes contributing to variation in H. erythrogramma. The first step in this process was to 

quantify the species’ morphological variation (Chapter 2), which identified two 

morphological groups (i.e. subspecies), each discernable by variation in spine morphology 

and colouration. Despite the common correlation of these traits with wave exposure in 

other echinoid species (e.g. Dix 1970; Marcus 1983; Lewis and Storey 1984; Appana et al. 

2004; Rahman et al. 2005), the spatial patterns of these diagnostic traits showed no clear 

correlation in H. erythrogramma. This may be attributed to several possibilities. The highly 

skewed ratio of thick:thin spines and red:white dermal colouration, largely a consequence 

of the dominance of H. e. armigera in Western Australia, may have created difficulties in 

detecting a true pattern. It is also likely that the environmental factors influencing these 

traits are more complex than wave exposure alone, including variables that may not be 

obvious to the human observer. Alternatively, the variation in these morphological traits 

may simply have no functional basis, and thus no correlation with environmental variables. 
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Further study is required to resolve whether these broad morphological differences hold 

any functional role that may be adaptive in alternative environments.  

 

The evolutionary processes detected in Chapters 4 and 5, however, provide insight as to 

how the morphological variation between these subspecies is maintained. These chapters 

revealed limited gene exchange between subspecies that could not be explained by the 

species’ limited dispersal capacity or physical barriers; instead gene flow was found to be 

inhibited by asynchronous spawning seasons. Moreover, individuals with intermediate 

morphology were shown to be of mixed ancestry, suggesting hybridisation. Morphological 

variation between H. e. erythrogramma and H. e. armigera, therefore, is strongly paralleled by 

the extent of their gene exchange, suggesting that these morphological traits have some 

heritable component. Moreover, these results demonstrate a greater evolutionary 

significance of morphological variation in H. erythrogramma, than is found in many other 

polymorphic echinoid species that show little underlying genetic differentiation among 

morphs (e.g. Marcus 1977; Balakirev et al. 2008; Calderon et al. 2010; Vardaro 2010). 

 

Phylogenetic analyses provided insight into the historic relationship between H. e. 

erythrogramma and H. e. armigera (Chapter 5). The low mitochondrial divergence detected 

demonstrated a significant but recent split between H. e. armigera and H. e. erythrogramma. In 

addition, the coalescent analyses revealed the biogeographic nature of this recent 

divergence to be congruent with original descriptions of these subspecies. Mortensen 

(1943) described an east-west geographic separation for H. e. erythrogramma and H. e. 

armigera respectively, which implied that their divergence was a result of broad-scale 

geographic isolation between these coastlines of Australia. More significantly, this research 

identified the presence of H. e. erythrogramma in Western Australia and demonstrated this to 

be the result of a range expansion from asymmetric gene flow from the east to west coast 

of Australia. While the two subspecies are largely restricted from exchanging genes, the 

origins and evolutionary dynamics of these subspecies are much more interesting and 

complex than previously thought.  

 

Taken together, the results of this thesis reveal two morphologically distinct subspecies of 

H. erythrogramma that co-exist within Western Australia, but are restricted from gene 

exchange due to asynchronous spawning seasons. This has two major implications. Firstly, 

with the detection of both genetic and reproductive isolation, all the processes required for 

speciation are currently present within H. erythrogramma. Because their isolation is still 

relatively recent and is not yet complete, these subspecies cannot be considered distinct 
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species; however, should the factors facilitating this spawning asynchrony persist, their 

divergence will continue. This research, therefore, has detected a likely case of incipient 

speciation.  

 

The remarkable divergence between these morphologically variable subspecies bears 

similarities to those found within the Echinometra species complex, but through an 

alternative mechanism for reproductive isolation. And secondly, therefore, this study 

represents the first in situ example of annual asynchronous spawning as a major pre-zygotic 

reproductive barrier among echinoid species. While important in other free-spawning taxa 

such as corals (e.g. Levitan et al. 2004; 2011), asynchronous spawning is currently thought 

to play a minor role in the reproductive isolation of echinoids, instead acting in localised 

regions as a support to the primary isolating mechanism of gamete incompatibility (Lessios 

2007). However, by ruling out the possibility of gamete incompatibility between H. e. 

erythrogramma and H. e. armigera to explain their limited gene exchange, this thesis shows that 

asynchronous spawning can play an important role in the process of speciation among 

echinoids, either prior to, or perhaps instead of divergence in the gamete recognition 

protein, bindin. Investigating the processes contributing to variation in H. erythrogramma, 

therefore, has provided a unique snapshot into the crucial stages preceding the completion 

of speciation, revealing novel insights into the processes of divergence and reproductive 

isolation and presenting H. erythrogramma as a model species for future studies of speciation 

in marine environments. 

 

6.2 A wealth of biological data for H. erythrogramma 

In addition to providing valuable insights into speciation, this thesis has also contributed a 

wealth of new data for this important Australian species. Prior to this research, most 

studies of H. erythrogramma focussed on eastern Australian H. e. erythrogramma, and relatively 

little was known of the species in Western Australia. Moreover, the two subspecies 

described for H. erythrogramma by Mortensen (1943) were readily referred to in these eastern 

studies (McMillan et al. 1992; Zigler et al. 2003; Schultz 2006; Beck & Styan 2010), but not 

in any Western Australian studies (Stuart-Andrews 2005; Evans et al. 2007; Vanderklift & 

Wernberg 2010, and these subspecies, therefore, had never been quantitatively assessed. 

The most significant biological data to come from this thesis, therefore, are three-fold: the 

confirmation of these subspecies with their divergent spine morphology, revealing the 

additional importance of their colour differentiation, and the documentation of their 

sympatric distribution within Western Australia. The lack of clear environmental niches 

prevents their classification as ecotypes, and the discovery of underlying genetic and 
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reproductive divergence precludes them from being simple, morphological variants. This 

significant divergence, in conjunction with their broadly disjunct geographic distributions, 

therefore validates their recognition as important subspecies of H. erythrogramma. Moreover, 

given this multi-faceted differentiation, all future studies of H. erythrogramma in Western 

Australia, regardless of the subject matter, should acknowledge these subspecies, and 

specify whether samples include H. e. armigera or H. e. erythrogramma. The data provided in 

this thesis, particularly in Chapter 2, will aid in their identification for such future studies.  

 

The remaining chapters also provide valuable data on the previously unknown genetic and 

reproductive biology of H. erythrogramma within Western Australia. Chapter 4 provides 

additional insight into McMillan et al.’s (1992) study of the population genetic 

consequences of the species’ lecithotrophic larvae. The use of microsatellite markers 

permitted a fine-scale perspective, to complement the broad-scale patterns found by 

McMillan et al. (1992), and allow the spatial limitations of dispersal for this species to be 

quantified. This fine-scale approach also revealed the additional importance of local 

oceanographic and land barriers upon genetic connectivity in H. erythrogramma. For 

example, the Leeuwin and Capes currents appear to direct larval dispersal largely in long-

shore rather than cross-shore directions, and land masses, such as Garden Island, may 

represent an additional barrier to dispersal, at least between populations of the sparsely 

distributed H. e. erythrogramma. Such local barriers are likely to be operating in other regions 

of the species’ Australian distribution to influence genetic structure, in concert with the 

species’ life history limitations. These patterns of connectivity, in conjunction with the 

reproductive analyses conducted in Chapter 5, also confirm that H. e. armigera shares the 

species’ characteristic lecithotrophic larval development. Clearly, however, there are 

intrinsic differences in the reproductive biology of these subspecies to result in their 

temporally disjunct spawning seasons, which require further investigation. 

 

Finally, for the species in general, this thesis provides a western dataset for patterns of 

colour variation (Chapter 2) that complement comprehensive studies conducted in eastern 

Australian populations (Growns & Ritz 1994; Beck & Styan 2010) and the first assessment 

of genetic relationships among colour morphs within H. erythrogramma (Chapters 4 and 5). 

In Western Australia, genetic differentiation was found between the broad colour morphs 

differentiating subspecies, but not among the range of colour morphs within either 

subspecies. It therefore seems unlikely that colour variation in eastern H. e. erythrogramma 

has any correlation with genetic structure. Finally, during this research I optimised a library 

of microsatellite markers for H. erythrogramma, providing a tool for future studies of 
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population genetic and paternity analyses for the species (Chapter 3), as well as additional 

primers for sequencing the bindin gene, a nuclear marker which may facilitate further 

studies of speciation in H. erythrogramma and research with other, closely related species 

(Chapter 5). Taken together, this contribution of ecological, morphological, molecular and 

reproductive data for the species will no doubt be of great value to researchers specifically 

interested in H. erythrogramma, as well as to studies of speciation and marine processes in 

general.  

 

6.3 An integrative approach to species delimitation  

This thesis also demonstrates the importance of applying integrative approaches when 

investigating inter- and intra-specific morphological variation. With poorly defined 

taxonomic terms, extensive morphological variation often confuses species boundaries. 

This problem is further compounded by the use of single data sources to resolve 

classifications, and risks misinforming our understanding of evolutionary processes, 

biodiversity and management practices. This thesis effectively combines multiple 

morphological, molecular and reproductive data sources to classify the variation in H. 

erythrogramma; considering any of those data in isolation may have resulted in different 

conclusions. For example, while spine morphology is the defining trait distinguishing H. e. 

erythrogramma from H. e. armigera, these differences were largely continuous and may have 

been resolved as unimportant without the addition of colour data to support the 

recognition of these important morphological groups. Likewise, by investigating only 

gamete recognition as a mechanism for reproductive isolation, as is common throughout 

the echinoid literature, an important reproductive barrier (i.e. asynchronous spawning) 

between H. e. armigera and H. e. erythrogramma would have been overlooked. Moreover, a 

purely morphological assessment of the variation in H. erythrogramma would not have 

recognised the complex, evolutionary relationship between H. e. erythrogramma and H. e. 

armigera. In turn, a purely molecular investigation without the input of morphological data 

would have complicated interpretations of genetic structure. Through considering all 

available morphological, molecular and reproductive data, therefore, this thesis provides 

multiple lines of evidence to confirm that extensive morphological variation within H. 

erythrogramma does not reveal multiple species, but does highlight a remarkable case of 

intraspecific diversity that may be in the process of speciation.   

 

6.4 Future Directions  

As a result of this thesis, we now have a much clearer understanding of the evolutionary 

processes contributing to variation in H. erythrogramma, the species’ general biology, 
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particularly in Western Australia, and a solid resolution of the species’ classification. 

However, there is still much to be learned from this important Australian species and the 

remaining gaps in our knowledge present exciting prospects for future research. For H. 

erythrogramma specifically, I see three major avenues that would be of value to further 

understanding the ecology of this species, as well as broader lines of research that would 

benefit from the study of H. erythrogramma. 

 

First, a major aspect of this study that remains unclear is the potential ecological 

significance of the morphological variation both within and between subspecies. 

Anticipated correlations of broad differences in spine morphology and dermal colouration 

with wave exposure were not resolved in Chapter 2, and moreover, environmental patterns 

with finer morphological variation within subspecies were not assessed. Further 

experimentation should include more balanced designs that test additional environmental 

variables, such as water depth and substrate, as well as their interactive effects. Second, I 

did not have the opportunity to explore in detail the patterns of settlement and recruitment 

of H. erythrogramma in Western Australia and any potential differentiation between 

subspecies. Knowledge of the factors inducing larval settlement and observing spatial and 

temporal patterns of recruitment would contribute greatly to resolving questions 

concerning why H. e. erythrogramma is so rare in Western Australia and why neither 

subspecies is particularly abundant among the granite reefs of southern Western Australia. 

As recruits for each subspecies should appear at different times of the year, these 

experiments may also provide valuable information regarding their asynchronous spawning 

seasons. Finally, this research concentrated on Western Australian populations of the 

species where H. e. armigera were most abundant. However, Clark (1938) and Mortensen 

(1943) allude to a wider distribution of this subspecies, along the South Australian coastline 

to Willunga. It would be useful, therefore, to undertake an extensive survey along this 

southern coastline to detail the complete distribution of this subspecies and resolve its 

eastern-most geographic limits. This would also allow documentation of the shift in 

dominant subspecies from H. e. armigera to H. e. erythrogramma. Such a region presents an 

opportunity to document any parallel shifts in environmental parameters that may provide 

insight as to the limiting environmental factors, if any that preclude these subspecies from 

reaching high densities in each other’s geographic ranges. 

 

H. erythrogramma is currently used as a model species for studies of evolutionary biology 

(e.g. McMillan et al. 1992; Raff et al. 1999; Zigler et al. 2003; Evans et al. 2005; 2007; 

Fitzpatrick et al. 2010), and as an important macro-herbivore in temperate Australia (e.g. 
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(Keesing 2001; Valentine & Johnson 2005; Vanderklift et al. 2006; Ling et al. 2010). This 

thesis now also presents H. erythrogramma as a model species for studies of marine 

speciation in an exciting new direction. As mentioned above, asynchronous spawning 

seasons have not been given much merit in playing a major role in the speciation of 

echinoids (Lessios 2007) but the results of this thesis suggest otherwise. This presents the 

need to investigate more thoroughly the environmental and genetic factors involved in 

triggering the onset of gametogenesis and spawning for these subspecies to gain insight 

into the processes that can lead to such changes in the timing of spawning seasons. In turn, 

it may also be useful to examine more closely the apparent hybrids of these two subspecies 

which exhibited intermediate morphological features, as well as high levels of subspecies 

admixture. Clearly these individuals have not achieved the same stage of divergence, and 

they may hold the key to understanding the missing links in the completion of speciation 

between these subspecies. Thus, while this thesis contributes much to our knowledge of H. 

erythrogramma and the processes mediating speciation, it also presents a new set of 

challenging questions for future studies.  
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