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ABSTRACT 

 

This thesis aims to increase our understanding of the overall resilience of reef-building 

coral populations at the Houtman Abrolhos Islands (HAI) to rising temperatures and 

increasing thermal disturbances associated with anthropogenic climate change. To do 

this, I apply a number of genetic techniques and explore different components of 

resilience: resistance — the capacity to persist in the face of a disturbance; recovery —

 the capacity to recover from disturbance; and adaptation — the capacity to adapt to 

rapid environmental change.  

 

The first section of this thesis explores the capacity of coral populations to resist 

bleaching through a mechanism of acclimatization known as symbiont shuffling. In 

Chapter 2, I apply an amplicon pyrosequencing approach and target the chloroplast 23S 

and ITS2 rDNA regions of Symbiodinium to characterize the flexibility of the 

Acropora-algal symbiosis at the HAI. Acropora at the HAI exhibited a high level of 

specificity to clade C Symbiodinium, suggesting that the shuffling of different clades to 

increase the thermal tolerance of corals is limited; however, a lack of significant 

differences in symbiont communities between the high-latitude HAI and the low-

latitude extreme environment of the Kimberley Coast implies that a heightened thermal 

tolerance in Acropora in Western Australia is not facilitated by Symbiodinium alone, but 

instead is more likely a product of local adaptation of the symbiont, coral host, or their 

partnership.  

 

The second section of this thesis explores the capacity of coral populations to recover 

from bleaching events and associated mortality through the dispersal of larvae and 

maintenance of connectivity. In Chapter 3, I apply a seascape genetics approach and 
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combine population genetic data from a panel of microsatellite markers with an 

oceanographic dispersal model to better understand patterns of connectivity in the 

dominant plating coral Acropora spicifera across the HAI. Patterns of connectivity were 

consistent between the genetic data and the dispersal simulations, and revealed that 

coral populations throughout the archipelago maintained high levels of connectivity. A 

small pocket in the southern Pelsaert group, however, was genetically distinct from 

neighbouring reefs and demographically isolated from the greater larval pool. This 

chapter shows how complex ocean currents can create significant barriers to dispersal, 

and that some regions of the HAI are more likely reliant on self-recruitment to maintain 

healthy population levels. These areas are less likely to recover from disturbance and 

should be considered a priority area for conservation management. 

 

The third section of this thesis explores the capacity of coral populations to adapt to 

rising temperatures. In Chapter 4, I apply a genome-wide scan of local adaptation in 

Pocillopora damicornis across a temperate-tropical transition zone, spanning 10 degrees 

of latitude and a maximum temperature range of approximately 14°C. By focussing on 

loci under positive selection, I identified high levels of adaptive differentiation between 

tropical and high-latitude regions. In contrast to neutral loci, loci under positive 

selection revealed an increase in genetic diversity with increasing latitude. A number of 

these loci under positive selection exhibited strong clinal patterns and were linked to 

known functional genes involved in the coral thermal stress response, such as ubiquitin, 

which is a cellular protein tag involved in protein turnover and the elimination of 

damaged cells. The results of Chapter 4 show that high-latitude reefs of Western 

Australia represent evolutionarily significant units for conservation management 

distinct from their tropical counterparts, with a reservoir of genetic diversity in 

ecologically important loci under positive selection. This may prove to be a valuable 
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genetic resource, enhancing their relative capacity to cope with rapid environmental 

change. 

 

In summary, I apply a variety of genetic techniques to better understand the resilience of 

reef-building corals through the exploration of population resistance, recovery, and 

adaptation. This thesis broadens our understanding of coral resilience at this unique 

high-latitude archipelago and adds to the existing body of literature on the resilience of 

corals to stressors associated with anthropogenic climate change. It also directs future 

studies applying genomic techniques to further understand the capacity of corals to cope 

with a rapidly changing environment. 
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CHAPTER I 

 

 

General Introduction 

 

“Individuals die, populations disappear, and species become extinct. That is one view 

of the world. But another view of the world concentrates not so much on presence or 

absence as upon the numbers of organisms and the degree of constancy of their 

numbers.” − CS Holling 

 

Background 

 

An increasing human population and a growing demand on marine resources have led to 

a global decline in the health of our oceans (Worm et al. 2012; McCauley et al. 2015). 

The health of coral reef ecosystems in particular has decayed dramatically (Hughes and 

Connell 1999; Jackson et al. 2001; Gardner et al. 2003; Pandolfi et al. 2003; Bellwood 

et al. 2004). This decline has been driven by the synergistic effects of acute 

anthropogenic stressors such as pollution, overfishing and habitat destruction, as well as 

the global-scale impacts of climate change, including rising sea surface temperatures 

(SST) and an increase in frequency and severity of acute thermal anomalies (Hoegh-

Guldberg 1999; Knowlton 2001; Hughes et al. 2003; Goldberg and Wilkinson 2004). 

 

Thermal stress triggers the breakdown of the symbiotic relationship between the 

autotrophic dinoflagellates (genus Symbiodinium) and the coral host. Symbiodinium 

meet the majority of the coral’s energy requirements, so prolonged periods of bleaching 

usually result in the mortality of the coral host. Unlike many other parts of the world 
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that have experienced multiple major-bleaching events and mass mortality of coral on a 

regional scale (Hoegh-Guldberg 1999; Sheppard 2003; Wilkinson 2008), there had been 

little evidence of large-scale regional bleaching in Western Australia until a recent 

marine heatwave that struck the coastline in the austral summer of 2010/2011, which 

coincided with an extremely strong La Niña event and resulted in water temperatures 

2 – 5°C above the long-term maximum temperature for several weeks (Feng et al. 

2013). Bleaching-induced mortality extended from the northwest Pilbara region to the 

temperate waters of the southwest, with some reefs experiencing 100 % mortality and 

subsequent phase shifts to algal-dominated reefs (Moore et al. 2012; Depczynski et al. 

2013). This was the first documented case of bleaching for many coral reef systems 

along the coastline, including the Houtman Abrolhos Islands (HAI), the southern-most 

coral reef system in the Indian Ocean.  

 

The HAI are a high-latitude coral reef archipelago located 60 km off the central coast of 

Western Australia in a region of convergence between temperate and tropical waters. 

This overlap of bioregions is a product of the Leeuwin Current (LC), a southward-

flowing stream of warm, low-salinity water from the tropics (Feng et al. 2009). The 

Leeuwin current stretches over 5 500 km along the continental shelf from the North 

West Cape down to the Great Australian Bight (Batteen and Miller 2009) and runs 

directly adjacent to the HAI, which sit near the edge of the continental shelf. The 

overlap of bioregions provides for a diverse assemblage of flora and fauna that exhibit 

characteristics of both temperate and tropical systems (Watson and Harvey 2009). This 

makes the HAI particularly unique in comparison to other coral reef systems in 

Australia and worldwide. Unlike other high-latitude reef systems, coral diversity at the 

HAI is high with 183 species of scleractinian corals representing 42 genera, 70 % of 

which are at the southern boundary of their distribution (Veron and Marsh 1988). 
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The 2010/2011 marine heatwave highlighted the vulnerability of coral reefs at the HAI 

to this type of disturbance, which is particularly worrying considering that these 

extreme La Niña events are forecasted to increase in frequency and severity (Cai et al. 

2015). As a result, an improved understanding of the mechanisms by which reef-

building corals at the HAI cope with these thermal disturbances is therefore 

fundamental to predicting population level responses and mitigating those effects over 

the coming decades. 

 

Resilience 

 

The concept of resilience was first introduced by C.S. Holling (1973) to understand the 

capacity of ecosystems to persist in a stable state in the face of disturbance. More than 

40 years later, the concept has become a central focus in ecology. Resilience is defined 

here as the capacity of a system to absorb disturbance and reorganize while undergoing 

change so as to still retain essentially the same function, structure and feedbacks (Folke 

et al. 2010). Resilience is a complex and multifaceted concept influenced by a number 

of interconnected mechanisms ranging from cellular processes to trophic interactions 

that occur at various organisational levels; however, a recent review by Bernhardt and 

Leslie (2013) suggest there are three main components of resilience that emerge from 

the literature: resistance — the capacity to persist in the face of a disturbance; 

recovery — the capacity to recover from disturbance; and adaptation — the capacity to 

adapt to rapid environmental change.  

 

Today, it is widely accepted that managing coral reefs for resilience needs to be done at 

the ecosystem level in order to mitigate the effects of stressors associated with global 
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environmental change (Nystrom et al. 2000; Hughes et al. 2005; Hughes et al. 2010). 

While this high-level approach is important for management purposes, the future of 

coral reef ecosystems is ultimately hinged upon population-level responses of 

scleractinian corals (reef-building species), which are the foundation species of coral 

reefs. With this in mind, this thesis takes a more species-specific approach to resilience 

and explores mechanisms used by reef-building corals to cope with rising temperatures 

and increasing thermal disturbances associated with anthropogenic climate change. 

Specifically, I adopt the three components of resilience proposed by Bernhardt and 

Leslie (2013) and explore the capacity of corals at the HAI to 1) resist bleaching 

through a mechanism of acclimatization known as symbiont shuffling, 2) recover from 

bleaching associated mortality through the dispersal of larvae and the maintenance of 

connectivity, and 3) adapt to rising temperatures by examining genetic variation in loci 

under environmental selection (Figure 1.1). 

 

Resistance 

 

The first section of this thesis (Chapter 2) explores the capacity of corals at the HAI to 

resist bleaching through a mechanism known as symbiont shuffling. Symbiodinium is a 

highly diverse genus consisting of at least nine phylogenetic clades (i.e. A – I; Pochon 

and Gates 2010), with variable physiological tolerances to thermal stress and light 

severity (Sampayo et al. 2008). It is widely reported that a single coral host may 

harbour a variety of Symbiodinium clades at any one point in time (Apprill and Gates 

2007; Silverstein et al. 2012), which is thought to be a mechanism of acclimatization in 

a stochastic environment. During periods of prolonged thermal stress, thermally-tolerant 

Symbiodinium genotypes outcompete other strains and increase in proportion within the 

host gastrodermal cells, enhancing the overall thermal tolerance of the coral host 
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(Buddemeier and Fautin 1993). Levels of resistance to bleaching, therefore, may be 

increased by a diverse and flexible symbiotic relationship between the coral host and 

Symbiodinium (Baker 2003).  

 

The traditional method used to characterize Symbiodinium communities in corals 

utilizes molecular fingerprinting with denaturing gradient gel electrophoresis; however, 

this approach is limited and can only detect dominant symbiont types at greater than 

10 % abundance (Mieog et al. 2007). Next generation sequencing (NGS) technologies, 

on the other hand, can provide sequence-level resolution in a targeted “amplicon” or 

random “shotgun” sequencing approach to capture a more comprehensive view of 

Symbiodinium community diversity within a coral host. In Chapter 2, I apply high-

resolution NGS technology to investigate the coral-algal symbiosis from the 

geographical extremes of Acropora distribution in Western Australia, comparing 

Symbiodinium communities of the HAI with those of the remote Kimberley Coast in the 

far northwest of Australia. These extremes represent a gradient in latitude of 15 degrees 

and a mean temperature difference of approximately 6°C. An understanding of how this 

symbiotic relationship varies between high- and low-latitude environments and the 

levels of intra-colony symbiont diversity will offer some insight into the acclimating 

capacity of corals of the HAI to rising temperatures and altered disturbance regimes into 

the future.  

 

Recovery 

 

The second section of this thesis (Chapters 3) explores the capacity of coral populations 

at the HAI to recover from bleaching events and associated mortality through the 

dispersal of larvae and maintenance of connectivity. The bleaching response to a 
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disturbance is often patchy, and when connectivity is high areas that elude damage can 

act as a lifeline to bleached areas by providing larval recruits to facilitate a recovery. 

Isolated reefs, on the other hand, are entirely reliant on local sources of larvae to 

maintain healthy populations (Smith et al. 2007; Gilmour et al. 2013). If these sources 

are compromised, recruitment levels may drop below an ecological threshold of 

recovery, and populations will fail to be maintained (Hoegh-Gulberg et al. 2007). In 

general, marine populations occur along a spectrum of connectivity, from 

demographically-open populations that regularly exchange larvae and rely on 

recruitment from outside sources to demographically-closed populations that are 

isolated from one another and are more-or-less self-sustained by locally-sourced recruits 

(Waples and Gaggiotti 2006). A comprehensive understanding of the levels of 

connectivity is therefore necessary for predicting recovery potential following 

disturbance, which can be used to prioritize key conservation areas for management. 

 

Neutral genetic markers, such as microsatellite loci, are commonly used to quantify 

gene flow and levels of genetic divergence between populations (see Selkoe and 

Toonen 2006 for a review). Variation in allele frequencies between populations across 

space (and time) are analysed under theoretical models of evolution to derive estimates 

of connectivity between populations. This approach is particularly useful to studies of 

highly-fecund sessile marine organisms with pelagic larval stages, e.g. corals, where the 

size and sheer numbers of larvae make it difficult to apply more traditional methods to 

understand the propagation of individuals, such as tag and recapture. In Chapter 3, I 

combine nuclear microsatellite markers with an oceanographic biophysical dispersal 

model to characterize patterns of connectivity among reefs in the dominant plating coral 

Acropora spicifera. I combine estimates of genetic connectivity with larval dispersal 

simulations to identify high-risk areas that are isolated from the greater larval pool and 
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are therefore less likely to recover from bleaching-induced mortality or other localised 

disturbances. 

 

Adaptation 

 

The third component of this thesis (Chapter 4) explores the capacity of coral 

populations to adapt to rising temperatures by examining levels of variation in loci 

under positive selection in populations from thermally distinct environments along the 

coastline of Western Australia. Local adaptation occurs when individual genotypes are 

favoured by specific environmental conditions and for species with wide geographic 

distributions across heterogeneous environments, this can result in individuals of a local 

population with higher levels of fitness than conspecific counterparts from different 

environments (Kawecki and Ebert 2004; Savolainen et al. 2013). Delineating locally 

adapted units along environmental clines is therefore important for identifying 

evolutionarily significant units (ESUs) for conservation (Crandall et al. 2000; Funk et 

al. 2012), for guiding restoration and translocation efforts (Hoegh-Guldberg et al. 2008; 

van Oppen et al. 2014), and for predicting population levels response to a changing 

climate (Davis and Shaw 2001; Steane et al. 2014).  

 

In contrast to studies of population connectivity using neutral genetic markers, studies 

seeking to understand adaptive differences focus on loci that show higher than expected 

levels of genetic differentiation between populations (Narum et al. 2011; Prunier et al. 

2012; Brieuc et al. 2015). These ‘candidate loci’ represent genetic variation that cannot 

be explained by neutral evolutionary processes and represent loci under directional 

selection. In Chapter 4, I explore genome-wide patterns of local adaptation in coral 

populations across a gradient in latitude of 10 degrees and a range in temperature of 
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14°C. I use an outlier analysis approach to understand the adaptive divergence of coral 

populations along the WA coastline and examine clinal patterns in allele frequencies to  

identify candidate loci for thermal tolerance.  

 

Appendices  

 

The three appendices included in this thesis represent additional work completed during 

my PhD candidacy on closely related projects. Appendix A is a population genetic 

study on a brooding coral species along the Ningaloo Reef Marine Park. This study 

couples mitochondrial sequence data with microsatellite genotyping to understand the 

spatial scale of connectivity in the Pocillopora damicornis morphospecies along the 

World Heritage listed fringing reef system. Samples for this study spanned the entire 

length of the marine park and were collected on an opportunistic trip in November 2012 

in collaboration with the Department of Parks and Wildlife. Appendix B details the 

development of a fluorescence-based single-nucleotide polymorphism approach to 

accurately identify samples of P. damicornis from morphologically cryptic sister 

species. Finally, Appendix C documents a decline in anemones and anemonefishes 

from a premier tourist attraction in the HAI.  

 

It is the overall aim of this thesis is to better understand the resilience of reef-building 

coral populations at the HAI to rising SST and increasing thermal disturbances. This is 

obviously a multifaceted and highly-complex process and cannot fully be addressed 

within the scope of a doctoral thesis; however, by taking a broad approach and 

addressing different mechanisms through which corals cope with thermal stress, this 

thesis represents a step forward in this pursuit, particularly for coral reefs of the HAI, 

which have received less attention than other reef systems in Australia. 
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Figure 1.1 Conceptual model of this thesis that illustrates how Chapter II – IV fit under 

a single theme of resilience. 
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CHAPTER II1 

 

 

Exploring Symbiodinium diversity and host specificity from 

geographical extremes of Western Australia with amplicon 

pyrosequencing 

 

 

Thomas L, Kendrick GA, Kennington WJ, Richards ZT, Stat M 

 

Abstract 

 

Scleractinian corals have demonstrated the ability to shuffle their endosymbiotic 

dinoflagellate communities (genus Symbiodinium) during periods of acute 

environmental stress. This has been proposed as a mechanism of resilience through 

acclimatization, which is increased by a diverse and flexible association with 

Symbiodinium. Conventional molecular techniques used to evaluate Symbiodinium 

diversity lack the sensitivity to capture accurate estimates of diversity and are unable to 

identify genetic lineages present at background levels below 10 %. Next generation 

sequencing (NGS) offers a solution to this problem and can resolve microorganism 

diversity at much finer scales. Here we apply NGS to evaluate Symbiodinium diversity 

and host specificity in Acropora corals from contrasting regions of Western Australia. 

We detected Symbiodinium operational taxonomic units (OTUs) occurring at 

                                                 
1The work contained in this chapter has been published as: Thomas L, Kendrick GA, WJ Kennington, 
Richards ZT, Stat M (2014) Exploring Symbiodinium diversity and host specificity in Acropora corals 
from geographical extremes of Western Australia with 454 amplicon pyrosequencing. Molecular Ecology 
23, 3113–3126. 
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frequencies as low as 0.001 %, offering a 10 000-fold increase in sensitivity compared 

to traditional methods. All coral species from both regions were overwhelmingly 

dominated by a single clade C OTU (accounting for 98 % of all recovered sequences). 

Only 8.5 % of colonies associated with multiple clades (clades C and D, or C and G), 

suggesting a high level of symbiont specificity in Acropora assemblages in Western 

Australia. This contrasts with recent literature that have applied highly-sensitive 

molecular techniques and identified widespread flexibility in symbiont associations 

across a number of coral taxa in other geographic regions. While only 40 % of the 

OTUs were shared between regions, the dominance of a single OTU resulted in no 

significant difference in Symbiodinium community structure, demonstrating that the 

coral-algal symbiosis can remain stable across more than 15 degrees of latitude and a 

range of sea surface temperature profiles. This study validates the use of NGS platforms 

as tools for providing fine-scale estimates of Symbiodinium diversity and can offer 

critical insight into the flexibility of the coral-algal symbiosis. 

 

Introduction 

 

The resilience of coral reefs towards stressors associated with climate change will partly 

rely on their ability to cope with heightened temperature anomalies and associated 

bleaching events, a host stress response where the autotrophic endosymbiotic 

dinoflagellates (genus Symbiodinium) are expelled from the host tissue. As symbionts 

meet up to 95 % of the coral’s energy requirements (Trench 1979; Muscatine et al. 

1984; Muscatine 1990), prolonged periods of bleaching usually result in the mortality of 

the coral host (Brown 1997; Hoegh-Guldberg 1999). 

 

Symbiodinium is a highly diverse genus consisting of at least nine phylogenetically 
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discrete clades (A – I; Pochon and Gates 2010), with variable physiological tolerances 

to temperature and light stress (Sampayo et al. 2008). While a number of studies show 

that a single symbiont generally dominates a coral colony (e.g. Loh et al. 2001; 

LaJeunesse 2002; Goulet 2006), recent literature suggests that individual colonies form 

associations with multiple Symbiodinium clades at any one point in time (Rowan et al. 

1997; Baker 2003; Ulstrup and van Oppen 2003; Apprill and Gates 2007; Stat et al. 

2012; Silverstein et al. 2012). The flexibility of the coral host to associate with multiple 

Symbiodinium clades has been proposed to be a mechanism of adaptation to fine-scale 

environmental differences (e.g. light levels; van Oppen et al. 2001) and enhances the 

capacity of the coral to acclimate to acute disturbance (e.g. thermal stress; Buddemeier 

and Fautin 1993; Baker 2001). With a forecasted rise in the frequency of bleaching 

events due to climate change (Hoegh-Guldberg et al. 2007), a comprehensive evaluation 

of symbiont diversity and host flexibility in scleractinian corals is central to predicting 

the response of coral reef systems to a changing climate. 

 

Symbiodinium diversity in cnidarians is most often assessed using conventional 

molecular fingerprinting of the non-coding internal transcribed spacer two region 

(ITS2) with denaturing gradient gel electrophoresis (DGGE; reviewed by Stat et al. 

2012). However, this technique is only capable of detecting dominant types in a sample 

and lacks the sensitivity to identify rare ITS2 genotypes present at frequencies below 

10 % (Mieog et al. 2007). This has led to an underestimation of symbiont diversity and 

host flexibility in a number of coral taxa. Recently, the application of high-resolution 

approaches, such as real-time quantitative polymerase chain reaction (qPCR), has 

provided as much as 1000-fold increase in Symbiodinium clade detection sensitivity. 

This has led to improved estimates of Symbiodinium diversity in scleractinian corals, 

allowing for measurements of proportional abundance of different symbiont clades 
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within a single colony (Mieog et al. 2007; Correa et al. 2009; Keshavmurthy et al. 

2012; Silverstein et al. 2012). qPCR, however, is not without limitations; this technique 

is a targeted approach that requires specific primers to recover and quantify the diversity 

of interest and has only been applied to resolve a subset of Symbiodinium clades. 

 

Next generation sequencing (NGS) technology offers an alternative, non-targeted 

approach with the ability to detect variants at the sequence level. NGS has provided a 

means of investigating microorganism diversity at an extraordinarily fine scale (see 

Shokralla et al. 2012 for a review). Capable of generating hundreds of thousands of 

reads from a single run, NGS offers the ability to capture a complete and realistic 

estimate of total diversity from environmental samples. Although NGS technology has 

been widely applied to the marine environment for the analyses of microbial diversity in 

a variety of organisms and environments (Giovannoni and Sting 2005; Huber et al. 

2007; Rusch et al. 2007; Lee et al. 2010; Jackson et al. 2012; Bik et al. 2012), including 

bacterial communities associated with corals (Bayer et al. 2013; Carlos et al. 2013; 

Rodriguez-Lanetty et al. 2013), its application to evaluating the coral-algal symbiosis 

has yet to be fully explored. NGS has recently been shown to be capable of providing 

highly-sensitive and quantitative measurements of symbiont diversity from samples of 

known Symbiodinium densities (Quigley et al 2014), vindicating the application of this 

this technique to natural coral populations. 

 

Here, we apply a NGS Roche 454 GS FLX platform to investigate patterns of 

Symbiodinium community structure in the genus Acropora from two contrasting marine 

environments along the Western Australia coastline: the Houtman Abrolhos Islands 

(HAI), a high-latitude reef archipelago (29 S) situated along a tropical-temperate 

transition zone, and offshore reefs of the northern Kimberley, the northern most tropical 
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region of the Western Australia (14 S) coastline. These two regions represent the 

geographical extremes of Acropora distribution in Western Australia and provide an 

excellent opportunity to test the flexibility and diversity of the symbiotic relationship 

within this group of dominant habitat-forming corals. 

 

Methods 

 

Sample Sites 

 

The HAI are located 60 km off the central coast of Western Australia between 28 15’ S 

and 29 00’ S. The system is comprised of 122 low-lying coral islands built on a 

Pleistocene coralline limestone foundation (Veron and Marsh 1988) and represents the 

southern-most coral reef system in the Indian Ocean. The islands are situated along a 

region of convergence between the temperate waters of the south coast and the tropical 

waters of the northwest coast. Unlike other high-latitude coral reef systems, coral 

diversity at the HAI is high with 183 species of scleractinian corals representing 42 

genera (Veron and Marsh 1988). Acropora corals dominate and form extensive thickets 

in both lagoonal and exposed areas along the leeward side of the islands, with some 

reefs showing 100 % live coral cover (personal observation; Veron and Marsh 1988). 

Mean monthly SST range from 20.0°C at the end of the Austral winter (September and 

October) to 25.0°C in the summer months (NOAA Coral Reef Watch Virtual Stations; 

Figure 2.1). This is a comparatively small temperature range for such a high-latitude 

location (Wicks et al. 2010; Yamano et al. 2001). 

 

The Kimberley Coast bioregion (KIM) in the northwest coast of Australia comprises 

over 12 000 kilometres of coastline, with more than 2500 islands fringed by coral reefs 
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and an unquantified expanse of deeper reef (Figure 2.1). Bordered by the Western 

Australia coastline, the Timor Sea and Indian Ocean, this region is characterized by 11 

metre tides, strong currents and variable turbidity. Offshore reefs of the KIM experience 

mean monthly sea surface temperatures (SST) ranging from 26 to 31°C (Figure 2.1), 

and maximum air temperatures remain above 35°C for eight months of the year. 

Extreme spring tides occur twice annually (autumn and spring equinoxes), when 

subtidal coral communities are exposed for up to one hour (Rosser and Veron 2011). 

 

Sample Collection and DNA Isolation 

 

A total of 70 samples of the most dominant Acropora species were collected from the 

KIM (n = 35 colonies) in October of 2010 and from the HAI (n = 35 colonies) in 

October 2012 (Table 2.1). Samples were collected from multiple sample sites (n = 4) in 

each region at uniform depths (5 – 10m) on SCUBA using a hammer and chisel (see 

Table S2.1 for specific locations of sample sites). There were large differences in 

assemblage composition between regions, and only two species (A. muricata and A. 

spicifera) overlapped as dominant members of both systems. Genomic DNA was 

extracted from small coral fragments (~2 mm) placed in an extraction buffer (50 % w/v 

guanidinium isothiocyanate; 50 mM Tris pH 7.6; 10 μM EDTA; 4.2 % w/v sarkosyl; 

2.1 % v/v β-mercaptoethanol) for four days and then incubated at 70°C for 10 minutes 

and centrifuged at 14 000 rpm for 10 minutes. The resulting supernatant was mixed with 

an equal volume of isopropanol and incubated at -20°C overnight and then centrifuged 

at 14 000 rpm for 15 minutes. The DNA pellet was washed with 70 % analytical reagent 

(AR) grade ethanol and stored in 100 μL of TE Buffer. 

 

Sanger Sequencing 
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The 23S-rDNA domain V region of Symbiodinium chloroplast was amplified in PCR 

using primers 23S1 (F: 5-GGCTGTAACTATAACGGTCC-3) and 23S2 (R: 5-

CCATCGTATTGA ACCCAGC-3, Zhang et al. 2000) in a 25 μL reaction containing 

12.5 μL of MyTaq Mix (Bioline®), 0.5 μL BSA (10mg/mL), 0.5 μL of each primer 

(10 μM), 20 ng of DNA template, and water to volume. Thermal cycling conditions 

were as follows: denaturation at 95°C for 7 min followed by 40 cycles of 45 s at 95°C, 

45 s at 55°C, 45 s at 72°C and a final extension at 72°C for 5 min. Amplicons were 

sequenced on an AB3730 xl platform at the Australian Genome Research Facility 

(AGRF), Perth Node and sequence chromatograms were edited and analysed in 

Geneious Pro 6.0.1 (Drummond et al. 2011). Sequences were aligned using a gap-

opening penalty of 12 and a gap extension penalty of three. 

 

Next Generation Sequencing 

 

The 23S-rDNA hyper variable region (HVR) of the Symbiodinium was amplified in 

PCR using barcoded fusion primers that contained the Roche-454 sequencing adapter 

(A or B), a template specific sequence (Pochon et al. 2010) and a unique barcode tag 

(10 base pairs in length), which was inserted between the sequencing adapters and the 

template specific sequence. This barcoded approach allows for the detection of 

symbionts from individual samples and without any prior knowledge of what clades are 

present. An example of the full fusion primer sequence was (F: 5 – CCA TCT CAT 

CCC TGC GTG TCT CCG ACT CAG ATA CGA CGTA TCA GTA CAA ATA ATA 

TGC TG – 3) and (R: 5 – CCT ATC CCC TGT GTG CCT TGG CAG TCT CAG CGA 

GAG ATAC TTA TCG CCC CAA TTA AAC AGT – 3), where the Roche sequencing 

adapters are in italics, the barcoded sequence are in bold, and the template specific 

https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=601642&tab=DetailInfo
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sequence are underlined. To explore the possibility that biases in the amplification 

process may influence diversity estimates (e.g. preferential amplification of a particular 

sequence), we tested for consistencies with a second gene and amplified a conspecific 

subset of samples (n = 18) using the ITS2 region of the rDNA. This was done following 

the same barcoded process as above, but using different template specific sequences 

(Stat et al. 2009). All sequences were amplified in a 50 μL reaction containing 25.0 μL 

of Platinum® PCR Supermix (Invitrogen™), 1.0 μL BSA (10mg/mL), 0.5 μL of each 

primer (10 μM), 20 ng of DNA template and water to volume. Reactions were run on an 

Eppendorf Mastercycler® EP Gradient S. Thermal cycling conditions were as follows: 

denaturing at 95°C for 2 min followed by 35 cycles of 45 s at 95°C, 45 s at 55°C (52°C 

for ITS2), 45 s at 68°C and a final extension at 68°C for 5 min. Amplicons underwent 

purification and normalization at AGRF (Brisbane node). 454 sequencing was carried 

out on a ¼ of a plate using a Genome Sequencer™ FLX 454 (Roche Applied 

Biosystems). 

 

Data Processing and Bioinformatics 

 

The intrinsic error rate of pyrosequencing can lead to an inflation of taxon diversity 

unless strict quality control and sequence filtering measures are in place. To remove 

noise that can arise during the amplification and sequencing process (Kunin et al. 2010; 

Quince et al. 2011; Patin et al. 2013), sequences were subjected to quality control in 

Geneious® 6.0.5, which included filtering sequences with short reads (< 100 base 

pairs), low read quality (high quality base pairs (HQ %; < 30 %), sequences with one or 

more ambiguous base calls and those that imperfectly matched the priming site. To 

remove chimeric sequences that arise during PCR, the remaining sequences were run 

through Perseus (Quince et al. 2011) in mothur 1.31.2 (Schloss et al. 2009), which takes 

https://www.roche-applied-science.com/sis/sequencing/flx/index.jsp
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into account sequence abundance and has been shown to be one of the most sensitive 

methods of chimera detection (Schloss et al. 2011). Finally, all singletons were 

removed from downstream analysis because they likely represented sequencing errors 

(Quince et al. 2009; Tedersoo et al. 2010) and/or low copy intragenomic variants 

(Lindner et al. 2013). 

 

To ensure that only Symbiodinium sequences were included in the analysis, all unique 

sequences were batch-blasted against GenBank (NCBI) using the Blastx algorithm in 

the nr database and non-targeted sequences were identified in MEGAN 4 (Huson et al. 

2007) and removed from further analysis. Sequences were then aligned and clustered 

into Operational Taxonomic Units (OTUs) based on a 97 % similarity index using the 

average-neighbour algorithm implemented in mothur 1.31.2, which is based off a 

distance matrix that treated gaps as a single mutation. Until a standardized species 

concept for Symbiodinium is widely accepted, OTU classification based on the 

clustering of highly similar genotypes offers a conservative method of assessing 

symbiont diversity and community structure. A clustering methodology based on 97 % 

similarity limits the influence of any remaining PCR artefacts and/or intragenomic 

variants biasing downstream analyses. For cp23S HVR, 97 % similarity was the most 

conservative cut-off that could still resolve sub-cladal diversity. For ITS2 rDNA, intra-

genomic sequence divergence can occur at levels equal to or greater than 98 % 

sequence similarity (Litaker et al. 2007; Thornhill et al. 2007; Sampayo et al. 2009). 

Based on the average length of the targeted regions, clustering at 97 % similarity would 

result in a five and ten base pair difference between discrete OTUs for cp23S HVR and 

ITS2 rDNA, respectively. A representative sequence for each OTU was retrieved using 

the get.oturep command in mothur, which selects the sequence within each OTU that 

has the smallest distance to all other sequences in that OTU. 
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Data Analysis 

 

Rarefaction and rank abundance curves were generated in the software R (R 

Development Core Team 2008). Rarefaction curves that reach an asymptote indicate 

that the diversity of the community would not be increased by analysing additional 

sequences. Shannon and Simpson diversity indices were calculated using mothur 1.31.2. 

The Shannon index (HShannon = -Σ niln(ni)) provides a measure of evenness within a 

dataset and approaches 0 when effectively all of the sequences recovered are the same 

OTU and approaches 1 when all sequences are evenly distributed. The Simpson index 

(DSimpson = Σ (ni(ni-1)/N(N-1))) measures the probability that two sequences taken at 

random from the dataset represent the same OTU (ni represents the frequency of each 

OTU and N the total number of individuals in the community). 

 

Heatmaps were generated in the software R using the package gplots. To test whether 

there was significant partitioning of Symbiodinium OTUs by region, a one-way non-

parametric multivariate analysis of similarity (ANOSIM) was applied using the 

software R with the package ‘vegan’ (Oksanen et al. 2012). ANOSIM R statistic ranges 

from -1 to 1; a value near -1 indicates variation between groups is less than variation 

within groups, a value of 0 indicates no differences between groups and a value near 1 

indicates partition of variation between groups. To visualise the relationship of 

Symbiodinium OTUs in colonies between regions, a nonmetric multidimensional scaling 

(nMDS) ordination diagram was generated using the Bray-Curtis measure of 

dissimilarity (Bray and Curtis 1957) in PAST (http://folk.uio.no/ohammer/past). These 

analyses were based on square root transformed values of relative abundance for each 

OTU. A dendrogram based on the Un-Weighted Pair Group Method with Arithmetic 

http://folk.uio.no/ohammer/past
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mean (UPGMA) was generated using unweighted classification (presence/absence) of 

each OTU per sampled colony in the software PAST (10 000 bootstrap replicates). 

 

Results 

 

Sanger Sequencing 

 

A total of 70 sequences of Symbiodinium cp23S domain V (GenBank accession number 

KJ806119 – KJ806188) were recovered from colonies of Acropora spp. from the HAI 

(n = 35) and from the KIM (n = 35). Symbiodinium clade C (Cp4 sensu Stat et al. 2009) 

represented 100 % of the sequences recovered from the HAI and 97 % from the KIM 

(Table 2.1). A single colony of A. tenuis from the KIM was shown to associate with 

clade D (Dp1; sensu Stat et al. 2009). 

 

Next Generation Sequencing 

 

454 sequencing carried out on a ¼ of a plate returned 212 135 sequences with a mean 

number of reads per sample of 2411 (± 1128 SD). Following quality control and the 

removal of chimeric sequences, 200 675 sequences (95 %) remained for further 

analyses, 156 215 of which were cp23S HVR sequences and 44 460 of which were 

ITS2 rDNA sequences, representing the conspecific subset of the data. The mean length 

of the reads was 175 bp (± 4.23 SD) for cp23S HVR and 333 bp (± 1.2 SD) for ITS2 

rDNA after fusion primers were removed. Non-targeted sequences were absent from the 

filtered dataset. 

 

Once all singletons were removed (8 153 sequences), the remaining cp23S HVR 



 22 

sequences were clustered into 33 OTUs based on 97 % sequence similarity (Table 2.2). 

The asymptotic rarefaction curves indicated that our sequence depth was sufficient to 

capture accurate estimates of total OTU richness (Figure 2.2). The dominant sequence 

from the NGS run was 100 % identical to the HVR of Cp4 (sensu Stat et al. 2009), 

which clustered into the dominant OTU. This OTU accounted for 97 % of the recovered 

reads from both regions and was the most abundant OTU in all species sampled (Figure 

2.3). Shannon and Simpson diversity indices reflected the dominance of a single OTU 

(Table 2.2). The second most abundant OTU belonged to clade G, which accounted for 

1.15 % of recovered sequences and occurred in four colonies (A. loisettae n = 2; and A. 

pulchra n = 2) from the HAI. An OTU belonging to clade D and was recovered from 

two colonies (A. tenuis and A. millepora) from the KIM and was the third most 

abundant OTU, accounting for 0.85 % of recovered sequences (Figure 2.3). This was 

largely driven by a single colony of A. tenuis that was dominated by the clade D OTU, 

which contributed 1255 of the 1259 recovered sequences for this sample. The A. 

millepora colony harboured the clade D OTU at very low background levels (0.20 %). 

The remaining OTUs (n = 30) comprised less than 1 % of recovered sequences and 

belonged to clade C (Figure 2.4). Only six colonies (8.5 %) associated with more than 

one Symbiodinium clade, and there was no instance where a single colony or species 

was found to associate with all three clades (C, D and G). 

 

The ANOSIM comparing Symbiodinium OTUs was not statistically different 

(R = 0.009, P = 0.176), indicating that the symbiont communities in Acropora between 

regions are the same. Additionally, The nMDS plot based on Bray-Curtis measure of 

dissimilarity revealed no clear pattern of clustering between regions (Figure 2.4). 

Although there was no significant difference between regions, less than half (42 %) of 

the OTUs recovered were shared, and most (90 %) of the OTUs that were unique to 



 23 

each region occurred at background levels less than 0.01 %. To test whether background 

clades differed between regions, we repeated the ANOSIM after removing the three 

most abundant OTUs. This also returned a non-significant result (R = 0.021, 

P = 0.083). The relationship of Acropora colonies inferred in the UPGMA dendrogram 

indicated that colonies are just as likely to have symbiont communities more similar to 

different species from a different region than to the same species from the same region 

(Figure S2.1). 

 

The conspecific subset of the data, which included 18 samples representing two species 

from each region, were clustered into 14 OTUs for cp23S HVR and 19 OTUs for ITS2 

rDNA (Table 2.3). The analysis showed all colonies to be overwhelmingly dominated 

by a single clade C OTU, which accounted for 99.3 % (cp23S HVR) and 99.6 % (ITS2 

rDNA) of sequences recovered from the 18 samples. The dominant ITS2 sequence was 

novel (GenBank accession number KJ806188) and one nucleotide different to ITS2 C3. 

Clade C was the only symbiont clade to be recovered from the subset of the data. The 

cp23S HVR dataset became saturated at lower sequence coverage than ITS rDNA 

(Figure 2.2), but estimates of diversity and evenness between the two genes were 

similar (Table 2.3). 

 

Discussion 

 

This study demonstrates that the application of high throughput sequencing can provide 

a comprehensive view of Symbiodinium diversity associated with scleractinian corals. 

We applied 454 pyrosequencing using barcoded cp23S HVR and ITS2 rDNA primers to 

investigate the flexibility of the Acropora-algal symbiosis using samples collected from 

two markedly contrasting marine environments along the Western Australia coastline. 
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The application of this technique allowed for detection of symbiont OTUs occurring at 

frequencies as low as 0.001 %, offering a 10 000-fold increase in sensitivity compared 

to traditional methods (e.g. DGGE). Results indicated that Acropora in Western 

Australia exhibits a high level of symbiont specificity to clade C, with only a small 

percentage of colonies found to associate with multiple clades. Furthermore, there were 

no significant differences in symbiont communities between regions, demonstrating that 

the coral-algal symbiosis can remain highly specific and stable across large geographic 

distances despite significant variation in annual sea surface temperatures. 

 

Flexibility and Specificity 

 

Acropora species in Western Australia associate with predominantly clade C 

Symbiodinium but also with clades D and G. Previous reports in Western Australia from 

Ningaloo Reef (23°S) have reported Acropora corals to harbour clades A and B (Crab 

and Carlin 2009). Collectively, these data provide evidence for a high level of flexibility 

in the Acropora-algal symbiosis at the genus level along this coastline. The association 

of clade G with the family Acroporidae found here is novel and builds on the growing 

body of literature documenting the occurrence of clade G in hard corals. Clade G is 

usually associated with foraminifera (Pochon and Gates 2010), sponges (Hill et al. 

2011) and soft corals (van Oppen et al. 2005a) but has also been recovered from 

Stylophora (van Oppen et al. 2005b), Porites (Stat et al. 2013) and intertidal corals 

belonging to the genus Coeloseris and Montastrea (LaJeunesse et al. 2010a). 

 

Although Acropora exhibits substantial flexibility with Symbiodinium at the genus 

level, the majority of colonies in this analysis revealed a high level of specificity to 

clade C. Only six colonies (8.5 %), representing four species, associated with multiple 
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clades (C/G or C/D). This level of specificity to clade C contrasts with previous studies 

from other geographic regions that applied highly sensitive molecular techniques (e.g. 

qPCR) and revealed widespread flexibility across a number of coral taxa, particularly in 

relation to clade D (Mieog et al. 2007; Correa et al. 2009; Silverstein et al. 2012). For 

example, Silverstein et al. (2012) identified that 39 scleractinian species examined 

globally (including four species of Acropora) were all shown to host multiple clades (C 

and D) in at least one colony, and colonies hosting multiple clades represented the 

majority of samples. Furthermore, Mieog et al. (2007) determined that 76 % of colonies 

collected along the Great Barrier Reef that were dominated by clade C had background 

levels of clade D. Why were the colonies in this analysis generally less flexible in their 

association with clade D than has previously been reported elsewhere using highly 

sensitive molecular techniques? 

 

The differences identified between this study and previous reports using high sensitivity 

techniques could be related to methodological issues associated with qPCR. It is 

common in qPCR for non-specific fluorescence (false-positives) to arise during the last 

few cycles of the reaction. As a result, primer non-specificity may contribute to an 

overestimation of clade diversity present in coral samples. The quality control steps 

taken to prevent false-positives from being included in previous studies investigating 

host flexibility with qPCR, however, suggests this is not the case. We propose that a 

more likely explanation would be a geographical one; clade D has been shown to be 

common in areas characterized by relatively high SSTs for coral reefs (> 30°C; 

Mostafavi et al. 2007; LaJeunesse et al. 2010a; but see Hume et al. 2013), regions with 

poor water quality and high turbidity (LaJeunesse et al. 2010a; Cooper et al. 2011) and 

in areas that have a history of bleaching (Baker et al. 2004; Stat et al. 2013). In certain 

cases, the proliferation of clade D on reefs has been attributed to selective mortality of 
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the host harbouring thermally-sensitive symbionts rather than symbiont shuffling within 

a host (Jones et al. 2008; Sampayo et al. 2008: LaJeunesse et al. 2010b). The coral reefs 

of Western Australia have avoided the effects of large-scale thermal disturbances in the 

past (Wilkinson 2008), with no evidence of widespread bleaching until a marine 

heatwave in the austral summer of 2010/2011 (Moore et al. 2012). The low levels of 

clade D reported in this study may be linked to the relatively limited exposure of coral 

reefs in Western Australia to thermal stressors, and the lack of any substantial levels of 

selective mortality of corals harbouring thermally-sensitive Symbiodinium types. It is 

also worth noting that studies from the Arabian Gulf, an area characterised by similar 

temperature profiles as the KIM, have also reported a lack of clade D (Hume et al. 

2013). 

 

While physiological differences between clades have been established (Baker et al. 

2004; Rowan 2004; Berkelmans and van Oppen 2006), this level of resolution remains 

too coarse for generalizations regarding the functional differences of Symbiodinium. 

Acropora colonies in this study associated on average with four (± 1.2 SD) genetically 

distinct Symbiodinium clade C OTUs at any given time. Multiple studies have shown 

variation in temperature tolerance at the sub-cladal level within a clade (e.g. clade C; 

Tchernov et al. 2004; Jones et al. 2008; Sampayo et al. 2008; Fisher et al. 2012), yet 

flexibility is still generally discussed at the cladal level (e.g. Mieog et al. 2007; 

Silverstein et al. 2012). At a global scale, clade C harbours the highest levels of 

diversity of any Symbiodinium clade (LaJeunesse 2005) and is ubiquitously distributed 

throughout the world’s oceans (Baker 2003), forming associations with a range of 

symbiotic invertebrate taxa (Stat et al. 2006). Despite a wealth of knowledge 

documenting the diversity of this clade, an understanding of the variation in the 

physiology and ecology of genetically distinct types within the clade remains poorly 
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understood. Although the discovery of genetically discrete clade C symbionts within a 

single colony does not necessarily denote physiological differences, it may signify 

ecological adaptation and should be a focus of future research. 

 

Geographical Stability 

 

No significant differences in Symbiodinium community structure were identified 

between the two regions despite applying highly-sensitive molecular techniques and 

sampling at the latitudinal extremes of the genus’ distribution in Western Australia. 

This suggests that the Acropora-algal symbiosis in Western Australia is spatially stable 

across more than 15° of latitude. Although low levels of clade D were recovered from 

colonies from the KIM (0.85 % of sequences), and clade G from the HAI (1.15 % of 

sequences), the dominance of a single clade C OTU in all species resulted in no 

detectable differences between regions. Silverstein et al. (2011) identified a 

significantly higher prevalence of clade D at low-latitude locations compared to higher 

latitudes along the Western Australia coastline but could not attribute this pattern to 

long-term temperature profiles of the region alone. Silverstein et al. (2011) suggest that 

the higher abundance of clade D at low-latitudes might be a result of the localised 

bleaching at these sites one month prior to sampling. Our analysis supports this latter 

hypothesis, as clade D constituted a minor component of the symbiont community at the 

extreme low-latitude coral reefs of the KIM. Silverstein et al. (2011) also proposed that 

host specificity may contribute towards the higher levels of Symbiodinium clade D at 

lower latitude reefs in Western Australia. Here, only colonies from the genus Acropora 

were sampled, and it is possible that other species of coral in the region harbour 

elevated levels of clade D. It is also possible that corals occurring in shallower waters 

(e.g. < 2.5 m) may harbour higher levels of clade D than those sampled in this study. 
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The lack of significant differences in symbiont diversity between regions indicates that 

other mechanisms may be responsible for the success of this genus in regions with 

contrasting thermal profiles. Heat tolerance in corals is a complex process and does not 

depend on symbiont shuffling alone. Previous studies have shown that adaptive 

differences in thermal tolerances of the same Symbiodinium ITS2 type exist (Howells et 

al. 2011), that an increase in the heat tolerance of the host can occur without changes in 

symbionts (Brown et al. 2000; Bellantuono et al. 2011) and that coral populations with 

a history of exposure to thermal stress retain thermally tolerant genotypes over multiple 

generations (D’Croz and Mate 2004; Barshis et al. 2010). Identifying what mechanisms 

are at play in Western Australia that allow for the success of this genus in contrasting 

thermal environments is a future area of research towards understanding the adaptive 

mechanisms of corals. 

 

It has been suggested that currents are the primary vectors for the dispersal of 

Symbiodinium in corals that horizontally transmit their endosymbiont (Howells et al 

2009), and the currents of Western Australia represent viable vectors for the movement 

of passive particles over large distances along this coastline. The main oceanographic 

features of the region originate when the Indonesian Through Flow (ITF) exits into the 

Indo-Australian basin and gives rise to a current along the North West Shelf known as 

the Holloway Current (D’Adamo et al. 2009). The southward flowing Holloway 

Current merges into the Leeuwin Current at 22°S, which stretches over 5500 km, 

meandering southward along the continental shelf from the North West Cape down to 

the Great Australian Bite (Batteen and Miller 2009). Although there is little evidence 

supporting the role of these currents in the transport of coral larvae (Underwood et al. 

2013) and associated Symbiodinium (Silverstein et al. 2011), the currents have been 
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identified as primary features that link tropical fish fauna with higher latitude locations 

(Hutchins and Pearce 1994; Caputi et al. 1996; Beckley et al. 2009; Watson and Harvey 

2009; Pearce et al. 2011). Based on the similarities between sampling regions, these 

currents may represent an important mechanism that has connected Symbiodinium 

communities of the tropical north with the temperate south regions of Western Australia 

on evolutionary time-scales. 

 

Considerations for Amplicon Pyrosequencing Analysis 

 

NGS platforms have proven to be useful tools for providing fine-scale estimates of 

diversity from complex environmental samples, but care must be taken to ensure that 

estimates of diversity are not biased by the amplification and sequencing process (e.g. 

Kunin et al. 2010; Pinto and Raskin 2012; Patin et al. 2013). Strict quality control and 

filtering steps help to prevent sequencing errors such as chimeras, mutations and 

heteroduplexes from influencing taxonomic richness. Adopting a conservative 

clustering threshold (in this case at 97 % sequence similarity) further prevents the 

inflation of diversity estimates. This is particularly important when dealing with multi-

copy genes that display moderate levels of intragenomic variation (e.g. ITS2; Thornhill 

et al. 2007), and when dealing with a group of organisms that lacks a universally 

accepted species concept. Testing for consistencies with multiple genes ensures that 

steps involved with the library preparation, such as biases associated with the 

preferential amplification of a multi-template PCR, have minimal influence on estimates 

of community structure. Utilizing multiple genes in this study demonstrated the 

congruency between plastid and nuclear markers; however, the plastid marker became 

saturated at lower sequence coverage and revealed slightly lower levels of OTU 

richness. This was not surprising considering that previous studies have shown a higher 
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resolving power of ITS2 rDNA (Sampayo et al. 2009; Stat et al. 2009). What remains 

unclear is the ecological relevance of the higher diversity captured by ITS2. Until a 

standardized species concept for Symbiodinium is established, it is recommended that 

future studies explore the utility of multiple genetic markers. 

 

Conclusion 

 

This study demonstrates that NGS platforms are useful tools for providing fine-scale 

estimates of Symbiodinium diversity and can offer critical insight into the flexibility of 

the coral-algal symbiosis. Specificity to a single clade suggests that symbiont shuffling 

as a mechanism to cope with thermal stress may be limited for Acropora corals in 

Western Australia. However, high levels of genotypic divergence within clade C may 

represent ecological adaptations and physiological differences. While no differences 

were identified in the Acropora-algal symbioses between geographically and 

environmentally opposing regions of Western Australia, future studies are needed to 

address this issue across a broad range of coral taxa to see if this pattern is attributed to 

the specificity of a particular host or if it is a general trend across multiple coral taxa. 

This study should pave the way for the widespread applications of high-sensitivity 

molecular techniques such as NGS technology to address the timely issues of host 

flexibility and the resilience of coral reefs to increasing thermal stressors. 
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Table 2.1 List of the dominant Acropora species sampled from each region. Number of 

colonies sampled for each species (N) and Symbiodinium cp23S domain V region 

haplotypes identified using Sanger sequencing are also provided. Numbers superscript 

and in parenthesis indicate the frequency of that sequence recovered from each species. 

 

 

Region Acropora species N cp23S haplotype  
KIM A. cytherea 6 Cp4(6) 
13.80° to 14.10°S A. divaricata 5 Cp4(5) 

 A. millepora 4 Cp4(4) 

 A. muricata 5 Cp4(5) 

 A. spicifera 4 Cp4(4) 

 A. subulata 4 Cp4(4) 

 A. tenuis 7 Cp4(6) Dp1(1) 

    
HAI A. aspera 3 Cp4 (3) 
28.20° to 28.90°S A. intermedia 6 Cp4 (6) 

 A. loisetteae 7 Cp4 (7) 

 A. muricata 7 Cp4 (7) 

 A. pulchra 6 Cp4 (6) 
  A. spicifera 6 Cp4 (6) 
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Table 2.2 Summary of 454 pyrosequencing data of cp23S HVR, including number of 

sampled colonies (N), number of sequences post quality control (QC sequences), mean 

number of sequences per sample, number of operational taxonomic units based on 97 % 

similarity (OTUs), and Shannon and Simpson diversity indices with 95 % confidence 

intervals. 

 

 

Region N QC Sequences Seq. per 
sample OTUs Shannon Simpson 

HAI 35 86,511 2,474 (± 940) 25 0.146 (± 0.005) 0.947 (± 0.002) 
KIM 35 69,599 2,046 (± 660) 22 0.145 (± 0.006) 0.947 (± 0.003) 
Total 70 156,215  33   Shared 
OTUs       14 

(42 %)     
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Table 2.3 Comparison of cp23S HVR and ITS2 rDNA genes on the conspecific subset 

of data. Numbers in superscript and in parenthesis indicate the frequency of OTUs that 

fall within that clade. The proportion of sequences that comprised the dominant OTU 

are also provided. Regional ANOSIM indicated no significant differences between 

sampling regions. 

 

 

  

Gene N OTUs Clades 
recovered 

Dominant 
OTU Shannon Simpson 

cp23S 18 14 C (14) 0.993 0.087 (0.082–0.092) 0.986 (0.984–0.987) 
ITS2 18 19 C(19) 0.996 0.145 (0.139–0.151) 0.947 (0.945–0.949) 
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Figure 2.1 Sampling locations of Acropora along the coastline of Western Australia. 

The plot displays long-term (2001-2015) sea surface temperatures (°C) for the two 

sampling regions. 
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Figure 2.2 Estimated number of operational taxonomic units (OTUs) for cp23s HVR. A 

comparison between cp23S HVR and ITS2 rDNA using a conspecific subset of the data 

is also shown (below). The curves were generated using a randomization procedure on 

pooled data sets and based on OTU clustering using a 97 % similarity index threshold. 
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Figure 2.3 Frequency of each Symbiodinium operational taxonomic unit (OTU) 

recovered from Acropora species (numbers in parenthesis indicates sample size) 

revealed by cp23S HVR. The colour represents the proportion of a given OTU 

recovered from each species. Grey spaces indicate an absence of that OTU. The OTUs 

are arranged so that the most frequently occurring is at the top of the figure and 

percentage of total sequences recovered is provided. 
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Figure 2.4 Non-metric multidimensional scaling plot of symbiont community 

composition revealed by cp23S HVR and based on the Bray-Curtis measure of 

dissimilarity using square root transformed relative abundance matrices. Each symbol 

represents an individual coral colony. Kruskal’s stress is provided. 
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Supplementary Material 

 

Table S2.1 Coordinates of sampling locations of Acropora colonies in Western 

Australia. 

 

Region Site Coordinates 
HAI H1 -28.847, 114.015 

 H2 -28.870, 113.997 

 H3 -28.743, 113.812 

 H4 -28.677, 113.862 
KIM  K1 -13.840, 125.835 

 K2 -13.960, 125.624 

 K3 -14.256, 125.158 
  K4 -13.928, 125.623 
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Figure S2.1 UPGMA dendrogram clustering Symbiodinium communities in Acropora 

colonies from two different regions (HAI = blue, KIM = red) revealed by cp23S HVR. 

Dendrogram is based on unweighted classification using Bray-Curtis measure of 

similarity.  
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CHAPTER III2 

 

 

Isolation by resistance across a complex coral reef seascape 

 

 

Thomas L, Kennington WJ, Stat M, Wilkinson SP, Kool JT, Kendrick GA 

 

Abstract 

 

A detailed understanding of the genetic structure of populations and an accurate 

interpretation of processes driving contemporary patterns of gene flow are fundamental 

to successful conservation management. The field of seascape genetics seeks to 

incorporate environmental variables and processes into analyses of population genetic 

data to improve our understanding of forces driving genetic divergence in the marine 

environment. Information about barriers to gene flow such as ocean currents is used to 

define a resistance surface to predict spatial genetic structure and explain deviations 

from the widely applied isolation-by-distance model. The majority of seascape 

approaches to date have been applied to linear coastal systems or at large spatial scales 

(> 250 km), with very few applied to complex systems at regional spatial scales 

(< 100 km), which are more relevant to management. Here, we apply a seascape 

genetics approach to a peripheral population of the broadcast spawning coral Acropora 

spicifera across the Houtman Abrolhos Islands, a high-latitude complex coral reef 

system off the central coast of Western Australia. We coupled population genetic data 

                                                 
2 The work contained in this chapter has been published as: Thomas L, Kennington WJ, Stat M, 
Wilkinson SP, Kool JT, Kendrick GA (2015) Isolation by resistance across a complex coral reef seascape. 
Proceedings of the Royal Society B 282, 2015.1217. 
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from a panel of microsatellite DNA markers with a biophysical dispersal model to test 

whether oceanographic processes could explain patterns of genetic divergence. We 

identified significant variation in allele frequencies over distances less than 10 km, with 

significant variation occurring between adjacent sites but not between the most 

geographically distant ones. Recruitment probabilities between sites based on simulated 

larval dispersal were projected into a measure of resistance to connectivity that was 

significantly correlated with patterns of genetic divergence, demonstrating that patterns 

of spatial genetic structure are a function of restrictions to gene flow imposed by 

oceanographic currents. This study advances our understanding of the role of larval 

dispersal on the fine-scale genetic structure of populations across a complex island 

system and applies a methodological framework that can be tailored to suit a variety of 

marine organisms with a range of life history characteristics. 

 

Introduction 

 

The resilience of marine systems to environmental perturbations is strongly linked to 

the degree of connectivity between populations through the dispersal and subsequent 

recruitment of larvae. Understanding both the genetic structure of populations and 

processes driving contemporary patterns of gene flow are pivotal for assessments of 

system resilience and therefore spatial conservation management. Population genetic 

structure has traditionally been interpreted using a model of isolation by distance (IBD), 

a spatially explicit analysis that tests the fit of allele frequency variation with 

geographic distance between sample sites (Wright 1943; Slatkin 1993; Rousset 1997). 

Although patterns of IBD have proven to be widespread and common in nature 

(Meirmans 2012), there is a frequent disconnect between genetic differentiation and 

geographic distance in the marine environment, particularly for highly-fecund 
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organisms with a pelagic larval stage (Doherty et al. 1995; Magalon et al. 2005; Purcell 

et al. 2006; Bradbury and Bentzen 2007). In such cases, population genetic structure 

fails to reflect any clear spatial trend, and levels of differentiation can be greater 

between adjacent sites than between distant ones (Watts et al. 1990; Ayre and Hughes 

2000; Hancock 2000; Arnaud-Haond et al. 2008; Kennington et al. 2013). Since IBD 

does not account for the possible effects of the environment on gene flow, it can be too 

simplistic for interpretations of genetic structure for organisms with a high capacity for 

dispersal across oceanographically complex systems. 

 

The field of seascape genetics incorporates environmental variables into the analysis of 

population genetic data in order to improve our understanding of processes driving gene 

flow in the marine environment (Selkoe et al. 2008; Riginos and Liggins 2013). As in 

landscape genetics, which incorporates physical features to explain patterns of restricted 

gene flow across terrestrial systems (Manel et al. 2003; Manel and Holderegger 2013), 

similar information about barriers to gene flow in the marine environment are used to 

define a resistance surface to predict spatial genetic structure and explain deviations 

from the IBD model. This ‘isolation by resistance’ (IBR) pattern may be particularly 

evident when an organism’s reproductive strategy involves a sedentary adult phase and 

a pelagic larval stage that is subject to prevailing currents. Complex ocean circulation 

can represent significant barriers to dispersal and can produce patterns of genetic 

structure that are often difficult to interpret; however, incorporating oceanographic 

mechanisms into the analyses of population genetic data have placed confounding 

patterns of genetic patchiness into more ecologically relevant contexts (Selkoe et al. 

2006; Selkoe et al. 2010; White et al. 2010; Iacchei et al. 2013; Wee et al. 2014). 

 

The majority of seascape approaches to date have been applied along essentially linear 
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coastlines or at large spatial scales (> 250 km; Galindo et al. 2006; Kenchington et al. 

2006; Banks et al. 2007; Galindo et al. 2010; Coscia et al 2012; Godhe et al. 2013; 

Rouger and Gump 2014; Schiavina et al. 2014), with very few applied to complex 

systems, like island archipelagos, at smaller spatial scales (< 100 km; Selkoe et al. 

2006; White et al. 2010; Schiavina et al. 2014). These smaller spatial scales are 

generally more relevant to management, so linking gene flow with the physical 

environment at this spatial scale should be a priority, particularly for habitat forming 

species such as reef-building corals, which are in decline globally (Hoegh-Guldberg et 

al. 2007). Information from such studies can serve as a valuable resource for 

management aimed at enhancing the resilience of a system through the use of protected 

area networks that accurately reflect contemporary source-sink dynamics. 

 

The Houtman Abrolhos Islands (HAI) represents an ideal opportunity to apply a 

seascape approach to a coral reef system with great complexity at a fine scale. The HAI 

are the southern-most coral reef system in the Indian Ocean and is located at the edge of 

the continental shelf off the central coast of Western Australia (28°150’ and 29°00’ S) 

and in a region of convergence between temperate and tropical waters. The archipelago 

comprises a network of 122 low-lying islands that form three main groups (Wallabi, 

Easter and Pelsaert) that together span approximately 70 km north to south. The islands 

sit at the edge of the warm, pole-ward flowing Leeuwin Current (Batteen and Miller 

2009), and while the exposed windward side of the islands are predominantly algal 

covered, the back reef lagoons and channels are dominated by diverse coral fauna (184 

species representing 42 genera; Veron and Marsh 1988). Previous population genetic 

studies on intertidal gastropods (Johnson and Black 1991; Johnson et al. 2001; Johnson 

and Black 2006) and finfish (Johnson et al. 1994) have demonstrated that the 

complexities of currents within the system restrict gene flow and isolate populations, 
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leading to significant and often complex patterns of spatial genetic structure that can be 

up to an order of magnitude greater than among adjacent mainland populations (Parsons 

1996; Pudovskis et al. 2001). While existing studies highlight the effects of the islands 

on patterns of connectivity, they do not include independent estimates of larval 

advection. 

 

The aim of this study was to test whether a seascape modelling approach could explain 

patterns of gene flow across a complex coral reef system. Specifically, we coupled 

population genetic data from a panel of microsatellite DNA markers with a biophysical 

dispersal model to test the relationship between oceanographic currents and patterns of 

spatial genetic structure. We chose to focus our analysis on the broadcast spawning 

coral species Acropora spicifera, which is considered rare throughout the Indo-Pacific 

and East Indian Ocean, but dominates coral assemblages of the HAI at the southern 

extent of its range (Veron and Marsh 1988). We had three specific aims: (1) to test for 

significant population genetic structure in A. spicifera across the HAI; (2) to determine 

whether genetic divergences are a function of geographic distance between sample sites 

(i.e. IBD); and (3) to determine whether genetic divergences are a function of resistance 

to connectivity imposed by ocean currents (i.e. IBR). 

 

Methods 

 

Sample Collection, DNA Extraction and Microsatellite Genotyping 

 

Samples of A. spicifera (n = 395) were collected in October 2013 and April 2014 from 

15 sites across the HAI (Figure 3.1, Table S3.1). Fragments (3 – 5 cm) of adult coral 

colonies were collected along a 200-metre transect within each site from uniform 
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habitats at a depth between 2.5 and 10 metres. Genomic DNA was extracted from 

samples using a silica-based method (Ivanova et al. 2006). Samples were amplified 

across a panel of ten microsatellites originally developed for Acropora millepora (van 

Oppen et al. 2007; Wang et al. 2009) and optimised into four multiplexes using the 

Qiagen Multiplex PCR Kit (Table S3.2). PCR products were analysed on an ABI 3700 

sequencer using a GeneScan-500 LIZ internal size standard and scored with manually 

prepared bins in GENEMARKER 1.90 (SoftGenetics). 

 

Microsatellite Analysis 

 

Allelic frequencies, observed and expected heterozygosity, and inbreeding coefficients 

were calculated in GENEALEX (Peakall and Smouse 2006) for each sample site and 

across all loci. Deviations from Hardy-Weinberg equilibrium (HWE) and tests for 

linkage disequilibrium (LD) were calculated using GENEPOP 4.0.10 (Rousset 2008) 

and tests for significance were based on 10 000 de-memorisation, 10 000 batches and 10 

000 iterations per batch. Tests for evidence of large allele dropout, stuttering and the 

presence of null alleles that could explain deviations from HWE were performed using 

MICROCHECKER 2.2.3 (van Oosterhout et al. 2004). Significance levels were 

adjusted using sequential Bonferroni corrections in all statistical analyses that included 

multiple comparisons. 

 

Genetic Connectivity 

 

The statistical power of the panel of microsatellites to detect genetic structure was tested 

using a simulation approach in POWSIM 4.0 (Ryman and Palm 2006). The program 

utilises Fisher’s exact and chi-squared tests to test the null hypothesis of genetic 
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homogeneity using the number of loci, allele frequencies and sample sizes from the 

current dataset. Simulations were run using a range of combinations of Ne (effective 

population size) and t (time since divergence) for FST values ranging from 0.001 to 0.10. 

The power of the panel of microsatellites was determined by the proportion of 

significance tests (P < 0.05) across 1000 replicate runs. 

 

Spatial genetic structure was estimated using several methods. A hierarchal analysis of 

variance (AMOVA) calculated in ARLEQUIN 3.11 (Excoffier et al. 2005) was used to 

identify differences between island groups (ΦCT), among sample sites within island 

groups (ΦSC) and among sample sites irrespective of island group (ΦST). Tests for 

significance were based on 10 000 permutations. Pairwise levels of genetic 

differentiation between sample sites were estimated using the indices FST (Nei 1977), 

Dest (Jost 2008) and G'ST (Hedrick 2005) as suggested by Verity and Nichols (2014). 

Bayesian clustering analyses were conducted in GENELAND 3.2.4 (Guillot et al. 2005) 

in R (R Core Development Team 2014). GENELAND differs from the widely used 

clustering software STRUCTURE (Pritchard et al. 2000) in that geographical 

coordinates can be incorporated as a prior to produce more accurate inferences of 

population structure when genetic differentiation is subtle (Latch et al. 2006). Analyses 

were performed under the spatial and null allele model with correlated alleles and with 

K (number of populations) ranging from 1 to 5. The maximum rate of Poisson process 

was set to 400 and the maximum number of nuclei to 1200 as suggested by Guillot et al. 

(2005). Analyses were based on 100 000 MCMC iterations and with a thinning of 100. 

Ten independent runs were used to determine the appropriate number of K, which was 

chosen based on the modal K with the highest posterior probability. An additional five 

independent runs were conducted with the K value held constant (likely number of 

groups based on posterior probability of the previous run) to test for consistencies of 
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membership probabilities of each sample site across multiple runs. Although A. 

spicifera is the dominant coral species at the HAI, its relative abundance at each of the 

sample sites varied, resulting in considerable differences in numbers of samples 

collected per site. To test the influence of sample size on patterns of genetic 

differentiation, we randomly subsampled each of the 15 sample sites (14 individuals per 

site reflecting the smallest sample size) for 100 sampling iterations, each time 

performing an AMOVA (1000 permutations) using the package ‘poppr’ (Kamvar et al 

2014) in R, with sample sites nested within island groups and within clusters identified 

by GENELAND. We also used the subsampled datasets to generate 100 matrices of 

genetic ‘pseudo-distance’ using the package ‘mmod’ (Winter 2012) in R, and calculated 

a coefficient of determination (R2) between the ‘pseudo-distance’ matrices and the 

actual genetic distances obtained from the entire dataset. 

 

Oceanographic Connectivity 

 

Levels of resistance to connectivity imposed by currents were determined by simulating 

the probability of larval dispersal among sample sites using a fully 4-Dimensional (3D 

+ time), open source object-oriented biophysical dispersal model developed by Kool 

and Nichol (2015). Coral spawning in Western Australia occurs predominantly in the 

austral autumn (Simpson 1991), with a secondary smaller spawning event in the spring 

(Rosser and Gilmour 2008). At the HAI, at least 60 % of the scleractinian coral species, 

including A. spicifera, spawn within a one-week period in the main autumn event 

(Babcock et al. 1994). For the dispersal simulations, larvae were released following the 

third full moon of the year for five consecutive days and were considered eligible for 

recruitment following a three-day pre-competency period. Under controlled settings, 

85 % of A. spicifera larvae from the HAI settle on day seven post-spawning (Foster et 
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al. 2015), therefore a recruitment eligibility window of day three to day nine was 

selected for simulated dispersal. Dispersal tracks were generated for 1000 simulated 

larvae per sample site with an exponential mortality rate. Details on model parameters 

are described in Table S3.3. Larval density maps were generated using the Spatial 

Analyst tool in ARCGIS 10.2 (Environmental Systems Research Institute) and were 

based on a circular area with a radius of 2 km around each raster cell. 

 

A probability matrix describing the likelihood of individuals recruiting to a destination 

population (row) from a source population (column) was generated based on the 

proportion of simulated larvae that occurred within a 1 km zone around each sample site 

during the recruitment eligibility window. The matrix included data from four 

consecutive spawning events (2009 – 2012) to account for inter-annual variability. 

Values were then standardised across rows (destination populations) to generate a 

migration matrix (M), providing frequencies of recruitment contribution of each source 

population. The diagonal of this matrix is the proportion of simulated larvae that self-

recruit. The migration matrix was then projected forward in time as in Kool et al. (2010) 

to examine the probability of populations being connected over multiple generations 

using the formula Qt = AK̅̅ ̅̅ 𝑡 , where A = MB + I̅̅ ̅̅ ̅̅ ̅̅ ̅  (the top bar indicates row-

normalisation) and Qt  is a state matrix representing the constitution of each adult 

population at each adult population at time t (rows) in terms of the relative contribution 

from each source population at t = 0 (columns), B is a diagonal matrix of per capita 

birth rates, K is a diagonal matrix of relative carrying capacity and I is an identity 

matrix with the same dimension as M, and t is the number of generations projected. The 

forward-projected matrix was calculated using t = 10, and identity matrices were 

applied for B and K since turnover rates were assumed constant at one juvenile per 

individual per generation, and all populations were assumed to be equal in size. When 
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using higher birth rates the matrix rapidly converged to the eigenvalues and so higher 

values were avoided. The projection model does not take into account post-settlement 

mortality, which would act to slow the rate of convergence; however, without any 

spatial biases the relative patterns would not be affected. Finally, to generate a measure 

of distance that could be directly compared to the empirical genetic data, a similarity 

matrix was projected from each of the two migration matrices using the equation 

∑ √x𝑖𝑘y𝑖𝑘
r
k=1  (Nei 1987), where x and y are larval migration probabilities between pairs 

of populations over the r populations. This value was subtracted from 1 to generate a 

genetic distance matrix, hereafter referred to as Derived Oceanographic Resistance 

(DOR). 

 

Seascape Effects on Gene Flow 

 

We tested the correlations of genetic distance (linearized G’ST, Dest and FST) with 

geographic distance (IBD) and DOR (IBR) using one-tailed Mantel tests (null 

hypothesis: r ≤ 0) based on 10 000 permutations, using the package ‘ecodist’ (Goslee 

and Urban 2013) in R. To test the sensitivity of these correlations, we recalculated 

genetic distance by jackknifing across all microsatellite loci and used the ‘pseudo-

distance’ matrices (see section c) in the Mantel tests (as above) to determine the 

proportion of subsampled datasets (100 iterations) that returned a P-value less than the 

alpha level of 0.05. Finally, we carried out partial-Mantel tests of genetic distance 

versus DOR while controlling for geographic distance to partition out the effects of 

geographic distance on our measures of DOR. Despite being a widely applied statistical 

method in evolutionary biology (Storfer et al. 2010), there seems to be much debate 

about the validity of Mantel tests to test the independence of elements in two matrices 

(Cushman and Landguth 2010; Legendre and Fortin 2010; Guillot and Rousset 2013). 
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An alternative approach involves fitting mixed-effects models to account for the 

correlated structure of regression on distance matrices (maximum likelihood population 

effects or MLPE model) (Clarke et al. 2002); however, parameter optimisation is 

achieved using the restricted/residual maximum likelihood (REML) procedure, raising 

doubts about the use of traditional information criteria such as AIC for model selection 

(Verbeke and Molenberghs 2000). Summaries of ‘variance explained’ such as the R2
β 

value (Edwards et al. 2008) have been proposed as suitable alternative statistics for 

model evaluation; however, several practical and theoretical issues remain with an 

overall lack of consensus towards this approach (Nakagawa and Schielzeth 2013). The 

goal of our approach was to improve on the IBD model by including a measure of 

distance that reflected the physical seascape. As the IBD model has been traditionally 

interpreted using a Mantel test, which is generally more conservative than mixed effects 

models (Storfer et al. 2010), we chose to keep with this approach. 

 

Results 

 

Microsatellite Analysis 

 

All microsatellite loci were polymorphic with effective number of alleles per population 

ranging from 3.217 to 3.903 (Table S3.1). There was considerable variation in 

departures from HWE among loci (Table S3.4) with one locus (EST_254) showing 

significant deficits of heterozygosity across all populations, which suggested the 

presence of null alleles. The presence of null alleles was confirmed by 

MICROCHECKER, so this locus was removed from further analyses. Heterozygosity at 

each sample site ranged from 0.500 to 0.640, with six sites showing subtle but 

significant deviations from HWE (Table S3.1). Significant cases of linkage 
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disequilibrium were detected in only eight out of 540 comparisons. Replicate multi-

locus genotypes (MLGs) were detected in 9 % (n = 35) of the samples collected, and 

there was no instance where a MLG was shared between individuals from different 

sampling sites or between more than three individuals within a sampling site. Samples 

with matching MLGs were considered clones formed via fragmentation and were 

removed from the dataset. 

 

Genetic Connectivity 

 

Simulations in POWSIM indicated a high statistical power (0.996) of the panel of 

microsatellites to resolve population structure at low levels (FST = 0.005). AMOVA 

detected no significant heterogeneity among island groups (ΦCT = 0.002, P = 0.081), but 

there was significant structure among sites within island groups (ΦSC = 0.016, 

P = 0.001) and among sample sites irrespective of island group (ΦST = 0.019, 

P = 0.001). The three measures of genetic differentiation (FST, GST and Dest) were 

strongly correlated (0.946 < R < 0.998, P ≤ 0.001) and produced similar spatial genetic 

patterns (Figure S3.1). Pairwise comparisons ranged from 0.0069 to 0.0483 (FST) and 

from -0.019 to 0.128 (G’ST) (Table 3.1). Dest values can be found in Table S3.5. Twelve 

of the 105 pairwise FST comparisons were significant (adjusted P ≤ 0.0005), all of which 

involved a sampling site from the Pelsaert group. Bayesian clustering in GENELAND 

identified K = 3 as the most likely number of clusters in the data set (Figure S3.2). Maps 

of posterior probabilities showed that the first cluster comprised all Wallabi and Easter 

group samples sites as well as P1 and P2 from the Pelsaert group (Figure 3.2). The 

second cluster comprised P5 and the third cluster comprised P3 and P4. This pattern 

was consistent across the five additional independent runs. This pattern did not appear 

to be an artefact of differences in sample size, since AMOVAs based on the sub-
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sampled datasets returned a significant ΦCT (P < 0.05) 2 % of the time when sample 

sites were clustered according to island group and 99 % of the time under the 

GENELAND nested arrangement. Furthermore, there was a strong relationship between 

the ‘pseudo-distances’ calculated from the subsampled datasets and the genetic distance 

matrix based on the entire dataset (R2 = 0.74; Figure S3.3). 

 

Oceanographic Connectivity 

 

Larval density maps based on simulated particle trajectories illustrated that the distinct 

genetic clusters within the Pelsaert group lay outside the areas of high larval density 

(Figure 3.3). In general, larvae that were released from the Wallabi or Easter groups 

tended to either track out through channels between the islands and then move in a 

southerly direction along the continental shelf or track north in the lee of the islands 

before moving westward and being diverted south along the shelf. In both situations 

very few simulated larvae came within recruiting distance of the eastern Pelsaert sample 

sites (identified as clusters two and three from the GENELAND analysis). Probabilities 

of larval dispersal between sample sites, which were standardised to compare 

frequencies of contribution to recruitment at each site, supported a pattern of restricted 

larval recruitment to the Pelsaert group (Table S3.6). Both the Wallabi and Easter 

groups contributed very few recruits to the Pelsaert sample sites, with 92 % of 

successful recruits to the Pelsaert sample sites originating from within this island group. 

The genetic similarity matrix, based on the standardised dispersal probabilities, 

identified a strong genetic break between the Wallabi and Pelsaert groups, particularly 

with the more eastern Pelsaert sample sites; however, this pattern became less 

pronounced when the migration matrix was projected forward ten generations (Figure 

S3.4). 
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Seascape Effects on Gene Flow 

 

Mantel tests revealed a non-significant relationship between observed genetic distance 

(linearized G’ST, Dest and FST) and log-transformed geographic distance (Table 3.2). By 

contrast, there was a significant relationship between genetic distance and DOR, 

demonstrating that patterns of genetic divergence are correlated with levels of resistance 

to connectivity imposed by regional oceanographic currents. This relationship was 

significant for all measures of genetic differentiation at t = 0. Jackknifing across loci 

showed that the results were significant in all cases and correlation coefficients 

remained relatively stable (Table S3.7). This relationship did not appear to be an 

artefact of differences in sample size, since the Mantel tests based on the subsampled 

‘pseudo-distance’ matrices returned significant results 96 % of the time (Figure S3.5). 

The correlations became marginally non-significant when projecting the matrix forward 

10 generations and partial Mantel tests controlling for the effects of geographic distance 

yielded similarly significant relationships between genetic distance and DOR (Table 

3.2). 

 

Discussion 

 

The central finding of this study is one of localised genetic patchiness that can be 

explained by ocean currents. Gene flow over regional scales was not constrained by 

geographic distance, but by effective distance due to inter-island currents, which acted 

to restrict dispersal and isolate local populations. We linked patterns of genetic 

divergence to an oceanographic mechanism and identified an area of the archipelago 

that appeared to be isolated from the greater larval pool and likely reliant on local 
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sources of larvae to maintain healthy coral populations. Incorporating oceanographic 

data into interpretations of fine-scale genetic structure improved our understanding of 

processes driving regional connectivity across a complex seascape and corroborates the 

importance of integrating physical processes when studying gene flow in marine 

populations. 

 

Acropora spicifera does not form a single panmictic population within the HAI. We 

identified significant variation in allele frequencies over distances less than 10 km and 

showed that genetic heterogeneity was patchy, with significant variation occurring 

between adjacent sites in the Pelsaert group, but not between the most geographically 

distant ones. This pattern of genetic patchiness is a common finding for scleractinian 

corals, which regularly display fine-scale genetic structure within reefs (< 10 km) but 

homogeneity across vast distances (> 1000 km) (Ayre and Hughes 2004; van Oppen et 

al. 2011; Torda et al. 2013). Furthermore, geographic distance was a poor predictor of 

genetic divergence between sample sites, indicating that the population genetic structure 

of A. spicifera at the HAI is more complex than under a stepping-stone model of 

isolation by distance. Significant patterns of IBD in coral species are generally 

indicative of restricted gene flow across large geographic areas (Polato et al. 2010; 

Davies et al. 2015), so the disconnect between genetic differentiation and geographic 

distance reported here was not surprising considering the small spatial scale of the 

study. 

 

The population genetic structure of A. spicifera at the HAI is a function of restricted 

gene flow arising from differences in the source of larval recruits among sites. Currents 

have been well documented to be a major force influencing gene flow in the marine 

environment (e.g. White et al. 2010; Galindo et al. 2006; Thomas et al. 2013). Variable 
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ocean currents and bathymetric complexities can work synergistically to produce fine-

scale source-sink dynamics that isolate local populations and produce high levels of 

genetic divergence, particularly across island archipelagos that are made up of a mosaic 

of reefs (Johnson and Black 2006). As a result, populations may be sufficiently isolated 

for significant genetic subdivision to arise, but occasional long-distance dispersal 

(leptokurtic gene flow) can keep the broader set of populations connected. In this study, 

all of the significant between-site genetic divergences involved the Pelsaert group, and 

modelled larval transport from oceanographic data indicated that the distinct genetic 

clusters within the Pelsaert group lay outside the areas of high larval density in a region 

characterised by a heightened level of local recruitment. It may be the case that the 

Pelsaert group is shadowed from the strong and consistent north to south laminar flow 

of the Leeuwin Current by the northern island groups, with recruitment along these 

reefs instead more influenced by small-scale eddies that act to isolate local populations 

and enhance self-recruitment, but with the leptokurtic tail of dispersal maintaining 

genetic connectivity across groups over multiple generations. This interpretation would 

also explain why other species with a high capacity for dispersal, such as the pulmonate 

limpet, Siphonaria kurracheensis, also show significant genetic structure in the Pelsaert 

group but not elsewhere in the HAI (Johnson et al. 2001). 

 

Dispersal is a highly stochastic process and patterns of genetic patchiness can arise from 

a number of pre-settlement processes that influence the spatial distribution of alleles. An 

alternative mechanism commonly invoked to explain patterns of local heterogeneity 

amidst large-scale homogeneity, particularly for broadcast spawning species, is the 

variable reproductive success of adults, where a small number of individuals contribute 

a substantial number of recruits to a given population due to a chance matching of 

reproduction and oceanography (sweepstake reproductive success) (Hedgecock 1994). 
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The resulting patterns of genetic patchiness are therefore ephemeral, and one 

generation’s genetic patches will not predict the genetic patterns in the next generation. 

We were unable to test this hypothesis, as we did not collect recruits from multiple 

cohorts. While there is likely to be some sweepstakes effects occurring, there is enough 

temporal stability in the genetic data that operates over enough generations to show a 

significant relationship with the oceanography when averaged over multiple years. 

Ultimately, more information on the intra-population dynamics at these sites is needed 

to fully test our interpretations; however, the combined evidence from genetic and 

oceanographic data strongly suggests that populations of A. spicifera in the more eastern 

reefs of the Pelsaert group are effectively isolated from larvae sourced from elsewhere 

within the HAI. Consequently, these areas of reef have a limited capacity to recover 

from disturbance in comparison with other regions of the HAI that maintain high levels 

of connectivity. 

 

These findings have direct implications for management decisions and conservation 

planning. As the spatial arrangement and zoning of marine protected areas can have 

important effects on dispersal dynamics, the accurate identification and subsequent 

protection of key larval ‘source’ populations is vital to help ensure that local 

populations are maintained. There are currently four habitat protection areas within the 

HAI aimed at conserving marine life, one of which is in the Pelsaert group and lies 

immediately adjacent to sample sites P3 and P4 (Department of Fisheries WA 2012). 

Based on our analyses, this area likely protects a valuable larval source population for 

adjacent reefs in the Pelsaert group but has little value for the other island groups in the 

HAI. Considering that the HAI represents a stronghold for this otherwise uncommon 

coral species, conserving genetically distinct populations of A. spicifera within the HAI 

should be a priority for management. These results are particularly relevant in light of 
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the recent marine heatwave that struck the coastline of Western Australia in the austral 

summer of 2010/2011 and resulted in the first documented case of large-scale bleaching 

in the region (Smale and Wernberg 2012). The effects of the disturbance at the HAI 

were patchy, and bleaching varied widely within each island group and across the 

archipelago (Abdo et al. 2012), making it difficult to draw any conclusions about the 

effects of this disturbance on the genetic structure of local coral populations, 

particularly because the small numbers of departures from HWE and linkage 

disequilibrium suggests that populations are in mutation-drift equilibrium. In 

conclusion, there is an urgent need to better understand fine-scale processes driving 

larval dispersal and gene flow across coral reef archipelagos, so that management 

objectives can be tailored to accurately reflect patterns of larval transport and 

contemporary source-sink dynamics. This study demonstrates the utility of combining 

genetic and oceanographic data at spatial scales relevant for management by applying a 

methodological framework that can be easily tailored for other marine organisms with 

complex life history characteristics that include a pelagic larval or propagule stage. It 

also advances our understanding on the influence of physical processes on the fine-scale 

genetic structure of marine populations within complex island systems. 
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Table 3.1 Pairwise measures of genetic differentiation (FST below diagonal; G’ST above diagonal) across the Houtman Abrolhos Islands. Bold values 

indicate significance based on sequential Bonferroni adjusted P-value ≤ 0.0005. 

 

  P1 P2 P3 P4 P5 E1 E2 E3 E4 E5 W1 W2 W3 W4 W5 

P1  0.003 0.056 0.114 0.002 -0.005 -0.015 0.032 0.020 0.001 0.016 0.008 0.018 0.010 -0.007 

P2 0.019  0.051 0.068 0.068 0.002 -0.013 -0.007 -0.012 -0.007 -0.019 0.014 0.003 0.004 0.009 

P3 0.028 0.029  0.000 0.111 0.046 0.054 0.089 0.077 0.073 0.048 0.057 0.052 0.125 0.062 

P4 0.045 0.037 0.020  0.126 0.066 0.088 0.120 0.107 0.089 0.061 0.098 0.092 0.128 0.079 

P5 0.018 0.033 0.039 0.048  0.060 0.026 0.087 0.079 0.068 0.069 0.053 0.097 0.073 0.012 

E1 0.013 0.016 0.023 0.031 0.027  -0.006 0.027 0.018 -0.001 -0.007 0.007 0.025 0.014 0.000 

E2 0.011 0.012 0.025 0.036 0.020 0.010  -0.004 -0.014 0.004 -0.014 0.002 0.013 0.005 0.001 

E3 0.020 0.012 0.030 0.042 0.031 0.015 0.009  -0.007 0.014 -0.003 0.023 0.011 0.028 0.032 

E4 0.018 0.012 0.029 0.040 0.031 0.014 0.008 0.008  0.022 -0.007 0.016 -0.007 0.024 0.022 

E5 0.014 0.013 0.028 0.036 0.028 0.010 0.012 0.012 0.015  0.001 0.016 0.030 0.014 0.018 

W1 0.016 0.010 0.022 0.028 0.027 0.008 0.007 0.008 0.008 0.009  0.025 0.004 0.017 0.005 

W2 0.017 0.020 0.026 0.039 0.027 0.014 0.013 0.016 0.016 0.015 0.016  0.031 0.024 0.014 

W3 0.016 0.014 0.022 0.034 0.032 0.014 0.012 0.010 0.008 0.014 0.008 0.016  0.041 0.037 

W4 0.015 0.015 0.039 0.045 0.030 0.013 0.011 0.015 0.015 0.013 0.012 0.017 0.017  0.017 

W5 0.012 0.016 0.024 0.032 0.016 0.010 0.011 0.015 0.014 0.013 0.010 0.014 0.015 0.013  
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Table 3.2 Mantel randomisation tests comparing isolation by distance (IBD) v. isolation by resistance (IBR) across three measures of genetic 

differentiation (FST, G’ST, and Dest). Bold values indicate significance (P ≤ 0.05). Partial Mantel tests of isolation by resistance, controlling for 

geographic distance are also included. 

 

    FST  G'ST  Dest  

Predictor Description P Mantel r P Mantel r P Mantel r 

D (log) Log transformed geographic distance (IBD) 0.072 0.120 0.070 0.132 0.062 0.133 
DOR Derived Oceanographic Resistance based on transition probabilities (IBR) 0.001 0.377 0.005 0.347 0.005 0.347 
DORFP Derived Oceanographic Resistance based on forward-projected allele states (IBR) 0.139 0.155 0.089 0.185 0.086 0.184 
DOR + D (log) Derived Oceanographic Resistance, given geographic distance 0.004 0.444 0.011 0.388 0.011 0.387 
DORFP + D (log) Forward projected Derived Oceanographic Resistance, given geographic distance 0.278 0.091 0.193 0.132 0.191 0.128 
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Figure 3.1 Sample sites of Acropora spicifera collected across the HAI. Pale grey areas 

indicate shallow reef and dark grey areas indicate land. Inset is a photo of A. spicifera at 

the HAI (photo cred: S. Lindfield).  
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Figure 3.2 Distributions of genetic clusters (K = 3) in GENELAND v. 3.2.4. Lighter 

colours indicate higher probabilities of membership to a cluster. 
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Figure 3.3 Kernel density plots showing log-transformed densities per square kilometre 

of simulated larvae (75 % confidence cut) released from all sample sites for years 

2009 – 2012. Plots show simulated larval densities released from (A) Wallabi group, 

(B) Easter group and (C) Pelsaert group within the defined recruitment eligibility 

window. 
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Supplementary Material 

 

Table S3.1 Descriptive statistics of 15 sample sites across the HAI: sample sizes (N), 

number of multi-locus genotypes (G), allelic richness (AR), observed (HO) and expected 

(HE) heterozygosity and inbreeding coefficients (FIS). Bold values indicate significance 

(P ≤ 0.05). 

 

Group Site Latitude Longitude N G AR HO HE FIS 

Pelsaert P1 -28.869 113.877 16 16 3.513 0.604 0.637 0.040 

 P2 -28.898 113.923 14 14 3.327 0.610 0.594 0.012 

 P3 -28.867 113.970 18 18 3.693 0.572 0.668 0.175 

 P4 -28.862 113.988 14 14 3.217 0.500 0.591 0.109 

 P5 -28.815 113.948 16 15 3.554 0.638 0.624 0.033 
Easter E1 -28.650 113.880 30 29 3.879 0.533 0.653 0.181 

 E2 -28.699 113.780 25 25 3.903 0.597 0.644 0.102 

 E3 -28.716 113.789 33 32 3.818 0.609 0.648 0.087 

 E4 -28.740 113.809 26 26 3.810 0.600 0.654 0.091 

 E5 -28.737 113.789 30 30 3.643 0.547 0.639 0.143 
Wallabi W1 -28.473 113.776 38 36 3.691 0.587 0.656 0.127 

 W2 -28.480 113.784 24 20 3.812 0.629 0.663 0.049 

 W3 -28.499 113.746 44 44 3.730 0.576 0.669 0.152 

 W4 -28.435 113.743 37 30 3.395 0.597 0.617 0.009 
  W5 -28.407 113.719 30 30 3.740 0.640 0.673 0.067 
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Table S3.2 Multiplex details for the panel of microsatellite markers. Thermocycling 

conditions for multiplexes are as follows: Initial activation step for 15 min at 95°C, 

followed by 35 cycles of denaturing for 30sec at 94°C, annealing for 90s at 50°C 

(Multiplex 1, 2, 3) or 60°C (Multiplex 4) and extension for 90s at 72°C, and a final 

extension step for 10min at 72°C. Primers were optimized from van Oppen et al. 

(2007)1 and Wang et al. (2009)2. 

 

Locus Primer Sequence Volume [10μM] Tag Multiplex 

Amil2_0181 F-GCCCTCCTTAGGTGATTTAC 0.375 6-FAM 1 

 R- ATCGTTTTGAGCAATCAGAC    
EST_0632 F-TATTGTAGTCGTTACGTAGGCT 0.065 VIC 1 

 R-AACAATCGTGCATACTAGCTCA    
Amil2_0221 F-CTGTGGCCTTGTTAGATAGC  0.065 VIC 1 

 R-AGATTTGTGTTGTCCTGCTT    
Amil2_0021 F-ACAAAATAACCCCTTCTACCT 0.100 6-FAM 2 

 R-CTTCATCTCTACAGCCGATT    
EST_1812 F-TGATTGCTGAGAAAGCTAGAGAT 0.100 VIC 2 

 R-GCCTCACCTTGCCTTGTACA    
EST_2542 F-GGTGACCAATCAGAGTCTTGA 0.125 PET 2 

 R--TACACTTGCTATAGTAACTTGCT    
EST_0162 F-CTATCTGTGTATGATCAGGACTA 0.100 6-FAM 3 

 R-TCCATCTGTTGTGGAAACTGGT    
WGS_1532 F- TTTCCAAGTTGCTGTGAGTACA 0.175 VIC 3 

 R-CGGGTGCTAAGCTTGCTCAA    
EST_2452 F-CAGAATGATATTTCTGCAGCACT 0.200 VIC 4 

 R-CGCAATCGAGATTATAGGAAGA    
EST_0982 F-ACAAATTGCGCTCAAGTTGATG 0.050 VIC 4 
  R-ACGGCTGCGAAGGAGTCTAGT       

1 Primers were optimized from van Oppen et al. (2007). 
2Primers were optimized from Wang et al. (2009). 
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Table S3.3 Biophysical dispersal model parameters. 

 

Parameter Setting Description 

elSp 1 Release spacing 

relSpUnits Days 
 

relDuration 8 Maximum duration of a release 

relDurationUnits Days 
 

competencyStart 3 Date of settling eligibility 

competencyStartUnits Days 
 

settleChkFreq 1 Frequency of checking for settlement 

settleChkFreqUnits Days 
 

outputFreq 6 Frequency of output 

outputFreqUnits Hours 
 

vmgrt FALSE Include vertical migration behaviour? 

mrate 0.06 Mortality rate 

mUnits Days 
 

mortalityType Exponential 
 

diffusionType Simple 
 

settlementType FloatOver 
 

initialPositionType Centroid   
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Table S3.4 Diversity indices of the microsatellite markers at each sample site. 

 

Site   Amil2_018 EST_063 Amil2_022 Amil2_002 EST_181 EST_245 EST_016 WGS_153 EST_254 EST_98 

P1 N 16 16 16 16 16 16 16 16 15 16 

 
NA 3 3 7 5 9 9 5 6 6 7 

 
NE 1.135 1.636 3.507 3.683 3.391 6.024 3.436 5.172 4.737 3.631 

 
HO 0.125 0.375 0.563 0.625 0.813 0.75 0.688 0.813 0.2 0.688 

 
HE 0.119 0.389 0.715 0.729 0.705 0.834 0.709 0.807 0.789 0.725 

 
FIS -0.049 0.035 0.213 0.142 -0.152 0.101 0.03 -0.007 0.746 0.051 

P2 N 14 14 14 14 14 14 14 12 14 14 

 
NA 3 2 4 5 9 10 4 5 4 7 

 
NE 1.156 1.415 3.039 2.178 4.723 7.686 2.631 4.056 2.465 3.063 

 
HO 0.143 0.214 0.571 0.643 0.857 0.857 0.643 0.917 0.357 0.643 

 
HE 0.135 0.293 0.671 0.541 0.788 0.87 0.62 0.753 0.594 0.673 

 
FIS -0.057 0.27 0.148 -0.189 -0.087 0.015 -0.037 -0.217 0.399 0.045 

P3 N 18 18 18 18 18 17 18 15 17 18 

 
NA 6 3 10 4 11 8 6 7 4 8 

 
NE 1.427 1.906 4.235 2.339 5.445 5.07 3.465 5 1.71 4.349 

 
HO 0.167 0.333 0.778 0.389 0.667 0.824 0.722 0.6 0.176 0.667 

 
HE 0.299 0.475 0.764 0.573 0.816 0.803 0.711 0.8 0.415 0.77 

 
FIS 0.443 0.299 -0.018 0.321 0.183 -0.026 -0.015 0.25 0.575 0.134 

P4 N 14 14 13 14 14 14 14 11 10 14 

 
NA 5 2 7 3 9 9 5 5 4 6 

 
NE 1.352 1.324 2.541 1.84 5.091 6.323 2.722 3.408 2.667 4.356 

 
HO 0.286 0.286 0.385 0.5 0.714 0.857 0.5 0.545 0.1 0.429 

 
HE 0.26 0.245 0.607 0.457 0.804 0.842 0.633 0.707 0.625 0.77 

 
FIS -0.098 -0.167 0.366 -0.095 0.111 -0.018 0.21 0.228 0.84 0.444 

P5 N 13 15 15 15 15 15 15 15 13 15 

 
NA 2 4 6 6 9 8 5 6 6 9 

 
NE 1.08 1.32 3.879 4.286 4.787 5.625 3.435 3.913 3.159 3.659 

 
HO 0.077 0.267 0.867 0.533 0.867 0.733 0.8 0.733 0.308 0.867 

 
HE 0.074 0.242 0.742 0.767 0.791 0.822 0.709 0.744 0.683 0.727 

 
FIS -0.04 -0.101 -0.168 0.304 -0.096 0.108 -0.129 0.015 0.55 -0.193 

E1 N 28 29 28 29 29 29 29 29 28 29 

 
NA 4 3 8 6 12 10 5 7 5 8 

 
NE 1.456 1.503 2.266 2.905 6.728 6.007 3.831 5.965 2.761 4.237 

 
HO 0.25 0.276 0.429 0.483 0.862 0.69 0.655 0.448 0.214 0.655 

 
HE 0.313 0.335 0.559 0.656 0.851 0.834 0.739 0.832 0.638 0.764 

 
FIS 0.202 0.176 0.233 0.264 -0.013 0.173 0.113 0.461 0.664 0.142 

E2 N 25 25 25 25 25 24 25 20 22 25 

 
NA 4 2 6 6 10 11 5 8 6 9 

 
NE 1.13 1.523 4.072 2.694 5.388 6.698 3.086 6.154 3.006 4.386 

 
HO 0.08 0.28 0.84 0.56 0.88 0.833 0.64 0.7 0.182 0.56 

 
HE 0.115 0.343 0.754 0.629 0.814 0.851 0.676 0.838 0.667 0.772 

 
FIS 0.306 0.184 -0.113 0.109 -0.081 0.02 0.053 0.164 0.728 0.275 

E3 N 31 31 31 32 32 31 32 29 30 32 

 
NA 6 4 6 6 12 12 6 7 4 8 

 
NE 1.405 1.569 3.668 2.26 5.737 7.479 3.871 5.57 2.899 2.805 
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HO 0.194 0.323 0.677 0.438 0.844 0.903 0.688 0.724 0.033 0.688 

 
HE 0.288 0.363 0.727 0.558 0.826 0.866 0.742 0.82 0.655 0.644 

 
FIS 0.329 0.11 0.069 0.215 -0.022 -0.043 0.073 0.117 0.949 -0.068 

E4 N 25 26 26 26 26 26 26 20 20 26 

 
NA 4 2 6 6 10 9 5 7 4 7 

 
NE 1.397 1.649 3.808 2.174 4.678 7.596 3.431 5.517 2.484 4.036 

 
HO 0.24 0.385 0.769 0.346 0.769 0.769 0.769 0.7 0.25 0.654 

 
HE 0.284 0.393 0.737 0.54 0.786 0.868 0.709 0.819 0.598 0.752 

 
FIS 0.155 0.023 -0.043 0.359 0.022 0.114 -0.086 0.145 0.582 0.131 

E5 N 30 30 30 30 30 30 30 26 29 30 

 
NA 4 4 7 6 10 10 6 10 6 8 

 
NE 1.506 1.41 2.885 2.479 5.114 6.228 4.138 6.288 3.025 2.736 

 
HO 0.2 0.333 0.633 0.433 0.767 0.7 0.667 0.692 0.103 0.5 

 
HE 0.336 0.291 0.653 0.597 0.804 0.839 0.758 0.841 0.669 0.634 

 
FIS 0.405 -0.147 0.031 0.274 0.047 0.166 0.121 0.177 0.845 0.212 

W1 N 36 36 34 36 35 34 36 32 30 35 

 
NA 5 2 10 4 11 10 7 6 6 8 

 
NE 1.461 1.564 3.375 2.296 5.684 6.964 3.465 4.785 2.299 4.083 

 
HO 0.25 0.25 0.529 0.472 0.829 0.853 0.778 0.688 0.167 0.629 

 
HE 0.316 0.361 0.704 0.564 0.824 0.856 0.711 0.791 0.565 0.755 

 
FIS 0.208 0.307 0.248 0.163 -0.005 0.004 -0.093 0.131 0.705 0.168 

W2 N 20 20 19 20 20 19 20 16 17 20 

 
NA 3 3 7 5 11 10 6 8 4 8 

 
NE 1.227 1.629 3.438 3.162 7.407 6.748 3.361 5.278 2.388 4.42 

 
HO 0.2 0.35 0.579 0.45 0.95 0.895 0.75 0.688 0.118 0.8 

 
HE 0.185 0.386 0.709 0.684 0.865 0.852 0.703 0.811 0.581 0.774 

 
FIS -0.081 0.094 0.184 0.342 -0.098 -0.05 -0.068 0.152 0.798 -0.034 

W3 N 41 42 43 44 44 40 44 36 43 44 

 
NA 6 3 9 5 11 10 8 8 4 8 

 
NE 1.431 1.946 3.587 2.484 4.593 6.987 3.975 4.809 2.387 3.759 

 
HO 0.22 0.357 0.605 0.614 0.795 0.875 0.727 0.556 0.163 0.432 

 
HE 0.301 0.486 0.721 0.597 0.782 0.857 0.748 0.792 0.581 0.734 

 
FIS 0.271 0.265 0.162 -0.027 -0.017 -0.021 0.028 0.299 0.72 0.412 

W4 N 29 30 30 30 30 28 30 29 27 29 

 
NA 4 2 6 4 11 8 7 7 5 7 

 
NE 1.285 1.471 2.894 2.016 5.59 5.873 2.97 5.224 2.651 3.564 

 
HO 0.241 0.333 0.6 0.6 0.867 0.786 0.667 0.552 0.074 0.621 

 
HE 0.222 0.32 0.654 0.504 0.821 0.83 0.663 0.809 0.623 0.719 

 
FIS -0.088 -0.042 0.083 -0.191 -0.055 0.053 -0.005 0.318 0.881 0.137 

W5 N 30 30 30 30 30 30 29 23 28 29 

 
NA 6 3 8 6 7 11 6 6 5 8 

 
NE 1.542 1.542 3.711 3.719 4.569 5.844 3.78 4.831 2.667 4.123 

 
HO 0.2 0.367 0.733 0.633 0.767 0.8 0.828 0.739 0.214 0.69 

 
HE 0.352 0.352 0.731 0.731 0.781 0.829 0.735 0.793 0.625 0.757 
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Table S3.5 Dest values of genetic differentiation between 15 samples sites. Bold values indicate significance based on Bonferroni adjusted P-values. 

 

  P1 P2 P3 P4 P5 E1 E2 E3 E4 E5 W1 W2 W3 W4 W5 
P1  0.402 0.018 0.001 0.404 0.554 0.806 0.034 0.140 0.447 0.158 0.314 0.142 0.248 0.628 
P2 0.003  0.033 0.010 0.005 0.420 0.759 0.631 0.752 0.628 0.852 0.236 0.404 0.374 0.289 
P3 0.046 0.041  0.476 0.001 0.022 0.008 0.000 0.001 0.001 0.012 0.013 0.007 0.000 0.004 
P4 0.091 0.053 0.000  0.000 0.008 0.001 0.000 0.000 0.001 0.009 0.001 0.001 0.000 0.003 
P5 0.002 0.054 0.091 0.101  0.008 0.085 0.001 0.001 0.003 0.003 0.013 0.000 0.002 0.244 
E1 -0.004 0.002 0.037 0.052 0.048  0.647 0.030 0.116 0.476 0.690 0.313 0.041 0.144 0.457 
E2 -0.012 -0.010 0.044 0.070 0.020 -0.005  0.613 0.859 0.354 0.894 0.429 0.157 0.314 0.454 
E3 0.026 -0.005 0.073 0.096 0.070 0.022 -0.003  0.717 0.120 0.588 0.070 0.156 0.022 0.017 
E4 0.016 -0.010 0.064 0.086 0.064 0.014 -0.011 -0.006  0.064 0.701 0.181 0.700 0.043 0.067 
E5 0.000 -0.006 0.060 0.071 0.054 -0.001 0.003 0.011 0.018  0.438 0.146 0.014 0.127 0.087 
W1 0.013 -0.014 0.039 0.048 0.056 -0.006 -0.011 -0.003 -0.005 0.001  0.067 0.306 0.081 0.311 
W2 0.007 0.011 0.047 0.079 0.043 0.006 0.002 0.018 0.013 0.013 0.020  0.037 0.075 0.189 
W3 0.015 0.002 0.043 0.073 0.079 0.020 0.010 0.009 -0.006 0.024 0.004 0.025  0.004 0.005 
W4 0.008 0.003 0.102 0.101 0.058 0.011 0.004 0.022 0.019 0.011 0.014 0.019 0.032  0.096 
W5 -0.005 0.008 0.051 0.064 0.009 0.000 0.001 0.026 0.018 0.015 0.004 0.011 0.030 0.013   
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Table S3.6 Migration matrix of standardized probabilities of dispersal between sample sites. Particles were considered to recruit to a sample site if they 

fell within a 1km buffer around each sample site within the recruitment eligibility window. Source of larvae are in columns and sinks are in rows. Data 

is from spawning across 4 years (2009-2012) and standardized across each sink sample site. Diagonal values represent self-recruitment. 

 

  SOURCE                         
SINK P1 P2 P3 P4 P5 E1 E2 E3 E4 E5 W1 W2 W3 W4 W5 
P1 0.000 0.021 0.634 0.180 0.009 0.031 0.037 0.004 0.008 0.000 0.010 0.010 0.027 0.014 0.015 
P2 0.000 0.066 0.731 0.159 0.004 0.000 0.007 0.000 0.000 0.000 0.020 0.004 0.004 0.000 0.004 
P3 0.000 0.697 0.082 0.000 0.042 0.042 0.000 0.000 0.000 0.000 0.138 0.000 0.000 0.000 0.000 
P4 0.000 0.555 0.000 0.305 0.140 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
P5 0.000 0.911 0.015 0.056 0.000 0.015 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 
E1 0.140 0.210 0.185 0.071 0.136 0.005 0.009 0.116 0.100 0.028 0.000 0.000 0.000 0.001 0.000 
E2 0.126 0.025 0.001 0.123 0.113 0.161 0.000 0.000 0.024 0.007 0.130 0.111 0.084 0.063 0.031 
E3 0.437 0.029 0.118 0.246 0.008 0.027 0.002 0.012 0.001 0.006 0.025 0.024 0.031 0.019 0.016 
E4 0.002 0.016 0.102 0.116 0.001 0.084 0.001 0.141 0.213 0.260 0.008 0.013 0.016 0.017 0.009 
E5 0.035 0.093 0.199 0.268 0.000 0.017 0.000 0.109 0.026 0.186 0.011 0.008 0.024 0.017 0.006 
W1 0.113 0.000 0.000 0.000 0.000 0.044 0.070 0.118 0.150 0.125 0.133 0.086 0.138 0.017 0.006 
W2 0.171 0.000 0.000 0.000 0.000 0.035 0.022 0.059 0.204 0.079 0.140 0.067 0.138 0.083 0.002 
W3 0.002 0.000 0.000 0.000 0.000 0.179 0.065 0.015 0.012 0.047 0.337 0.207 0.057 0.046 0.035 
W4 0.073 0.000 0.000 0.000 0.000 0.023 0.131 0.119 0.080 0.091 0.099 0.058 0.170 0.151 0.005 
W5 0.036 0.000 0.000 0.000 0.000 0.016 0.036 0.084 0.040 0.146 0.153 0.048 0.165 0.170 0.107 
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Table S3.7 Results from Mantel tests between Derived Oceanographic Resistance and 

FST when jackknifing across all loci. 

 

  

Loci Removed Mantel r P 
Amil_018 0.37263 0.004 
EST_63 0.36209 0.002 
Amil_022 0.39531 0.003 
Amil_002 0.23407 0.020 
EST_181 0.38652 0.003 
EST_245 0.38265 0.005 
EST_016 0.38154 0.004 
WGS_153 0.36847 0.003 
EST_98 0.38915 0.003 
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Figure S3.1 Principle component analyses of three measures of genetic differentiation 

(FST, GST, Dest). 
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Figure S3.2 Results from GENELAND identifying K = 3 as the most likely number of 

clusters in the dataset. Results from 10 independent runs sorted by posterior 

probabilities are also provided. 

  

Replicate K Post. prob. 
10 3 ( 73.6 %) -8254.622905 
1 4 ( 50.2 %) -8554.019901 
8 3 ( 49.5 %) -8561.681974 
6 2 ( 44.8 %) -8650.811328 
5 4 ( 56.7 %) -8853.093507 
3 3 ( 72.6 %) -8964.203876 
7 3 ( 69.7 %) -8989.092028 
4 3 ( 48.3 %) -9206.017057 
9 1 ( 41.9 %) -9238.745992 
2 3 ( 91.8 %) -9996.340419 
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Figure S3.3 Scatterplot showing the relationship between genetic distance matrices 

based on subsampled v. entire dataset. 
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Figure S3.4 Matrix of similarity (Nei 1987) based on the standardised migration matrix 

at t = 0 (above) and when forward projected 10 generations (below). Red indicates high 

levels of similarity and blue low levels of similarity. The matrix is symmetric and so 

non-directional.  
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Figure S3.5 Histograms showing distribution of P-values from the Mantel tests based 

on the subsampled dataset. Asterisks indicate P-values using the full dataset. 
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CHAPTER IV3 

 

 

Genomic signatures of thermal adaptation in a reef-building coral 

 

 

Thomas L, Kennington WJ, Kendrick GA, Evans RD, Stat M 

 

Abstract 

 

Corals are highly vulnerable to increasing levels of thermal stress associated with 

anthropogenic climate change. Thermal fluctuations disrupt the symbiotic relationship 

between the cnidarian coral host and autotrophic dinoflagellates, known as ‘coral 

bleaching’, leading to mortality of the host. However, corals from thermally distinct 

environments show differential levels of physiological heat resistance, and delineating 

locally adapted units across a species’ range is therefore an important step towards 

predicting population level responses to a changing climate. Here, we apply a genome 

wide analysis of genetic variation in a reef-building coral species (Pocillopora 

damicornis) across a temperate-tropical transition zone in Western Australia. We 

identified strong signals of adaptive differentiation between tropical and high-latitude 

regions and linked candidate loci to known functional genes involved in responses to 

thermal stress. Our study provides genomic evidence for adaptation across a latitudinal 

gradient and will ultimately lead to a better understanding (and modelling) of how 

various coral species will respond to a rapidly changing climate. 

 
                                                 
3The work contained in this chapter has been submitted as: Thomas L, Kennington WJ, Kendrick GA, 
Evans RD, Stat M (in prep) Genomic signatures of thermal adaptation in a reef-building coral. 
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Introduction 

 

The rapid rise in sea-surface temperature (SST) associated with increasing 

concentrations of atmospheric greenhouse gases represents a serious threat to marine 

ecosystems. Scleractinian corals (reef-building species), the ecosystem engineers of 

coral reefs, are particularly vulnerable (Hoegh-Guldberg 1999; Knowlton 2001; Hughes 

et al. 2003; Goldberg and Wilkinson 2004). Thermal stress triggers the breakdown of 

the symbiotic relationship between the cnidarian coral host and their endosymbiotic 

autotrophic dinoflagellates, a process known as coral bleaching, which generally results 

in mortality of the host. However, conspecific coral populations from thermally distinct 

environments show differential levels of heat resistance (Berkelmans 2002; Ulstrup et 

al. 2006; Middlebrook et al. 2008; Oliver and Palumbi 2011), and while corals have 

demonstrated a high capacity for physiological acclimation to thermal stress 

(Bellantuono et al. 2012; Bay and Palumbi 2015), fixed genetic differences facilitate a 

level of physiological resistance to heat that cannot be fully achieved through 

acclimatization within a single generation (Palumbi et al. 2014). 

 

Local adaptation occurs when individual genotypes are favoured by specific 

environmental conditions. For species with wide geographic distributions across 

heterogeneous environments, this can result in individuals of a local population with 

higher levels of fitness than conspecific counterparts from different environments 

(Kawecki and Ebert 2004). Delineating locally adapted units along environmental clines 

is therefore an important step in predicting population level responses to a changing 

climate (Davis and Shaw 2001; Steane et al. 2014). To date, studies that have focused 

on local adaptation in reef-building corals have been based on phenotypic 

measurements (e.g. Berkelmans 2002; Ulstrup et al. 2006; Middlebrook et al. 2008; 
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Oliver and Palumbi 2011), have applied a targeted candidate gene approach (Lundgren 

et al. 2013), have been on a very localized spatial scale (Bay and Palumbi 2014) or have 

focused on the early life histories (Dixon et al. 2015). Here, we apply a genome wide 

analysis of local adaptation in coral colonies across a temperate-tropical transition zone 

in Western Australia. We focused our analysis on the widely distributed scleractinian 

species Pocillopora damicornis, which is one of the few reef building species that 

thrives in both the extreme environments of the inshore northwest (~20°S) and the 

chronically cool waters of the southwest (~32°S), making it an ideal candidate for 

studies of local adaptation. For our study we had two specific aims: 1) to test for local 

adaptation in coral populations along a latitudinal transect and 2) to identify candidate 

loci under thermal selection. The outcomes of this research provide important 

information for developing a targeted methodological framework for understanding the 

vulnerability of populations to temperature stress, and for developing species threat 

maps to prioritize areas for spatial conservation management (Tulloch et al. 2015). 

 

Results 

 

We developed single nucleotide polymorphism (SNP) libraries at Diversity Arrays 

Technology™ (DArT) for 71 colonies of P. damicornis collected from six regions along 

the coastline of Western Australia and spanning 10 degrees of latitude and a 

temperature range of approximately 15 degrees Celsius (Figure 4.1; Table S4.1). The 

DArT analytical pipeline produced 26 271 high-quality SNPs, of which 3 928 met our 

more-stringent selection criteria (see methods for details). A Blastn analysis of 3 928 

loci against reference Symbiodinium genomes and transcriptomes indicated that all loci 

that passed through the DArT pipeline could be assigned to the coral host. Under the 

fdist method (Beaumont and Nichols 1996), approximately 5 % of filtered loci (n = 195) 
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displayed higher levels of FST than the neutral distribution (FST = 0.114) and passed 

validation using bootstrap resampling. These loci were retained as candidate loci under 

environmental selection. After removing loci acting under positive and balancing 

selection, the neutral dataset was reduced to 2 124 loci. There were no significant 

(P < 0.05) deviations from Hardy Weinberg equilibrium consistent across all regions 

and levels of linkage disequilibrium (LD) between loci were generally low (Figure 

S4.1), and were significant in 3.8 % of comparisons (following FDR corrections for 

multiple comparisons) when results were calculated across all samples. As a result all 

remaining neutral loci were retained for further analysis.  

 

Discriminant analysis of principle components (DAPC) using neutral and candidate loci 

revealed contrasting patterns of clustering between regions (Figure 4.2). The neutral 

dataset (n = 2 124 loci) showed that the northern (Montebello and Muiron Islands) and 

central (Ningaloo Reef and Shark Bay) regions formed distinct clusters. The two 

southern regions (Houtman Abrolhos Islands and South-west Coast) formed their own 

separate clusters, with the Houtman Abrolhos Islands appearing as an intermediary 

between the South-west Coast and the central and northern tropical populations, 

consistent with its geographic location. The Bayesian information criterion (BIC) 

method revealed K = 2 as the optimal number of clusters in the neutral dataset (Figure 

S4.2), with the South-west Coast highly diverged from all other regions and forming its 

own distinct cluster, which masked the sub-structure between other regions observed in 

the DAPC. This is consistent with simulation studies that show that Bayesian clustering 

approaches fail to detect structure when levels of genetic divergence are low (Waples 

and Gaggiotti 2006; Kalinowski 2010). DAPC using candidate loci (n = 195) revealed a 

simplified clustering pattern, with the central and northern populations forming a single 

cluster and the two southern regions each forming their own highly-divergent clusters, 



 81 

which was consistent with the optimal number of clusters (K = 3) under the BIC method 

(Figure S4.2). The neutral dataset showed a gradual decline in expected heterozygosity 

with increasing latitude and the candidate loci showed a rise in heterozygosity with 

increasing latitude. There was also a significant (P < 0.001) increase in alternate allele 

frequencies in candidate loci in the southern-most region sampled (Figure 4.3). 

 

Following the approach by Gockel et al. (2001), we identified 13 % (n = 26) of 

candidate loci under environmental selection to have an association with latitude that 

could not be explained by neutral processes (R2 > 0.80) (Figure 4.4). Of these 26 clinal 

loci, 31 % (n = 8) aligned with transcriptome contigs with protein functional 

information (Table 4.1). Several of these contigs were strongly linked to proteins 

involved in thermal stress response, such as ubiquitin, which is a cellular protein tag 

involved in protein turnover and the elimination of damaged cells (Hawkins 1991), and 

proteins of the NACHT domain, which are a characteristic feature of innate immune 

system receptors (Miller et al. 2011). Sequence alignments to homologous contigs 

revealed that the SNP variants resulted in a non-synonymous amino acid mutation in 

half of the eight clinal candidate loci.  

 

Discussion 

 

This study provides genomic evidence for local adaptation along a latitudinal gradient 

and contributes to an improved understanding of the genetic mechanisms of thermal 

tolerance in corals. Our results show that tropical populations in Western Australia 

display little adaptive differentiation and represent a single evolutionary unit; however, 

strong patterns of divergence were observed when moving towards higher-latitudes. 

These patterns may reflect changes in the intensity of selection along the latitudinal 
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gradient, with stronger selection acting on higher-latitude populations. Alternatively, it 

may reflect asymmetrical migration between regions, with higher rates of gene flow 

between tropical populations reducing the effects of genetic differentiation between 

them. The Leeuwin Current (LC) is the predominant oceanographic feature off the 

Western Australian coast and transports warm, tropical waters poleward along the 

continental shelf (Feng et al. 2009). Transport of larvae in the LC would likely be 

asymmetrical (Pearce et al. 2011), but whether it would facilitate higher levels of 

migration between northern and central range populations than between southern 

regions remains unclear. Passive particle tracking models have indicated the potential 

for advection of larvae from the Houtman Abrolhos Islands southwards along the 

continental shelf edge as far as Rottnest Island (32° S); however, weak cross-shelf 

transport during the coral spawning season would limit the onshore transport of larvae 

(Pearce et al. 2011) and restrict gene flow to the near-shore coral communities that are 

sporadically distributed along carbonate reefs that dot the coastline (e.g. South-west 

Coast samples) (Veron and Marsh 1988). 

 

In contrast to the neutral dataset, candidate loci revealed a gradual increase in genetic 

diversity with increasing latitude. Reduced levels of diversity across neutral loci are 

characteristic of high-latitude coral populations (Ayre and Hughes 2004; Miller and 

Ayre 2008; Noreen et al. 2009); however, an accumulation of diversity in candidate loci 

under positive selection has only been shown in corals persisting in back-reef 

environments with periodic spikes in temperatures (Bay and Palumbi 2014) and has not 

previously been recorded in high-latitude corals persisting in chronically cool 

environments with narrower temperature ranges than their tropical counterparts (Figure 

S4.3). Some of these candidate loci exhibited strong clinal patterns and were linked to 

functional genes involved in thermal stress responses. Of particular interest were the 



 83 

observed clinal patterns in ubiquitin. The ubiquitin gene is upregulated in corals under 

temperature stress (DeSalvo et al. 2008; Voolstra et al. 2009; Granado-Cifuentes et al. 

2013) and has been shown to exhibit clinal patterns in corals along the Great Barrier 

Reef (Lundgren et al. 2013). Furthermore, there is a strong genotypic effect on the 

expression of the ubiquitin protein (Barshis et al. 2010). While SNP variants at half of 

the candidate loci for thermal tolerance were non-synonymous mutations and produced 

changes at the amino acid level, all SNP variants for ubiquitin were located outside the 

open reading frame of the homologous protein. This suggests that thermal selection 

pressures may be targeting the regulation of this protein rather than functional variation 

at the amino acid level, which is consistent with Barshis et al. (2013) that showed a 

suite of genes, including ubiquitin, to be differentially expressed in corals from 

thermally distinct environments. Taken together, these studies demonstrate that 

ubiquitin is a key player in the adaptive divergence of coral populations to temperature 

variation, supporting their utility as candidate genes for thermal tolerance in corals. 

 

Results presented here demonstrate that high-latitude populations in Western Australia 

are valuable genetic resources that harbour a reservoir of genetic diversity in 

ecologically important loci under positive selection. High-latitude reef environments are 

often thought of as a likely refuge for coral populations in the face of a changing 

climate (Glynn 1996; Riegl 2003), but results presented here provide evidence that 

high-latitude populations in Western Australia are locally adapted to cooler 

environments, which suggests a certain degree of vulnerability as selection pressures 

shift towards favouring more thermally-tolerant genotypes. However, elevated levels of 

genetic diversity in loci under directional selection may enhance their relative capacity 

to cope with environmental change.  
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Whether the rate of environmental change will exceed the adaptive capacity of corals 

remains unknown, but models used to accurately predict the response of coral reefs to 

future climate scenarios need to move away from fixed bleaching thresholds (e.g. 

Hoegh-Guldberg 1999; Donner et al. 2005; Burke et al. 2011) and include adaptive 

capacities of coral populations (Logan et al. 2014). Unfortunately, there is little 

empirical data available on the heritable variation in traits that face intensified selection. 

This study provides evidence for variation in key genes under thermal selection, and 

monitoring changes in allele frequencies at these candidate loci can provide valuable 

information about the capacity of coral populations to adapt to rapid environmental 

change. Extending this approach to other coral species will contribute to developing a 

targeted methodological framework for understanding the vulnerability of populations 

to temperature stress and for improving predictions of coral health under different 

climate scenarios.  

 

Methods 

 

Sample Collection and Screening 

 

Adult coral colonies of P. damicornis were collected from six reef systems along the 

coastline of Western Australia, spanning over 1000 km and 10 degrees of latitude. 

Within each region, all samples were collected within a two-kilometre area at depths 

between two and 10 meters. High levels of morphological overlap within the genus 

Pocillopora confound accurate species identification; therefore, to ensure that all 

samples sent for library development were accurately identified as P. damicornis, we 

screened samples using a fluorescence-based real-time quantitative PCR (qPCR) 

approach which has been shown to be useful in accurately distinguishing P. damicornis 
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from other morphologically similar species within the genus (Appendix B). Populations 

of P. damicornis in Western Australia are also highly clonal (Stoddart 1984; Whitaker 

2006; Thomas et al. 2014), so samples were then screened across a panel of 

microsatellites (Pd3_004, Pd3_005, Pd2_006, Pd3_008, Pd3_009) developed by Starger 

et al. (2008) to rid the sample set of any replicate multi-locus genotypes. PCR and 

thermal cycling conditions for microsatellite loci were the same as those used in 

Thomas et al. (2014). 

 
SNP Libraries 

 

SNP libraries were developed at Diversity Arrays Technology (DArT). DArTseq™ 

represents a combination of a DArT complexity reduction method and next generation 

sequencing platforms (Kilian et al. 2012; Cruz et al. 2013; Raman et al. 2014). Similar 

to methods based on array hybridizations, the technology is optimized for different 

organisms and applications by selecting the most appropriate complexity reduction 

method (size of the representation and the fraction of a genome selected for the assays). 

Sequences were generated on an Illumina Hiseq2500 and processed using proprietary 

DArT analytical pipelines. Approximately 2 500 000 (± 7 %) sequences per 

barcode/sample are used in marker calling. These files are used in the secondary 

pipeline for DArT’s proprietary SNP calling algorithms (DArTsoft14). We only 

retained DArT loci with a genotype call rate greater than 0.85, a mean coverage of 

greater than 10x per sample, and proportion of heterozygotes greater than 0.02. The 

resulting dataset was then blasted against available Symbiodinium genomes B1 

(Shoguchi et al. 2013) and C1 as well as four Symbiodinium transcriptomes (199,999 

sequences; clades A, B, C3 and D) online at 

http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html to ensure that all loci 

belonged to the coral host. 

http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html
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Outlier Analysis 

 

Candidate loci under directional selection were identified according to the fdist method 

in LOSITAN (Antao et al. 2008). This method estimates expected heterozygosity and 

unbiased FST values for each locus (Weir and Cockerham 1984) to generate a global 

neutral distribution for FST under Wright’s Island model (Wright 1931). While FST 

outlier approaches can be plagued by false-positives, empirical p-values have shown to 

be accurate when accompanied by a large neutral dataset to generate a null distribution 

(Lotterhos and Whitlock 2014). Outlier analyses were based on 1 000 0000 simulations 

assuming an infinite alleles mutation model and using Neutral mean FST, 0.95 

confidence intervals and a false discovery rate of 0.1. To further reduce the number of 

false positives, we performed 10 independent runs of the simulated outlier analysis and 

only retained loci with probability greater than or equal to 0.995 across all runs and with 

FST greater than the neutral distribution. Neutral loci were defined as those with 

probabilities between 0.1 and 0.9 (Hess et al. 2013; Hale et al. 2013). 

 

Genetic Structure 

 

Loci not in Hardy-Weinberg equilibrium (HWE) were identified using ‘adegenet’ 

(Jombart 2008) in R (R Development Core Team 2014) and removed from the dataset if 

they deviated significantly (p ≤ 0.05) in all regions. Patterns of linkage disequilibrium 

(LD) among loci were interpreted by generating a heatmap of coefficients of 

determination between pairs of loci using ‘LDheatmap’ (Shin et al. 2013). We also 

calculated significance values for each pairwise comparison using ‘genetics’ (Warnes et 

al. 2013) in R and adjusted for multiple comparisons according to Benjamini and 
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Hochberg (1995). Expected heterozygosity was calculated using GENEALEX 6.5 

(Peakall and Smouse 2006). Statistical grouping of regions based on frequency of 

alternate alleles were calculated using a pairwise t-test. Discriminant analysis of 

principle components (DAPC) was performed using ‘adegenet’, which maximizes 

among-cluster variation while minimizing variation within clusters. No prior 

information about sampling location was used, and the optimal number of principle 

components and discriminant functions to retain was determined by maximizing the -

score, which represents the difference between the observed and random discrimination 

(Jombart et al. 2010). In addition, we used ‘adegenet’ to identify the optimal number of 

genetic clusters in the datasets under the BIC method. This procedure transforms the 

data using a principal component analysis (PCA) and then computes a statistical 

measure of goodness of fit, which presents the optimal K across a range of K values 

(Jombart et al. 2010).  

 

Clinal Variation 

 

To identify putative candidate loci for temperature tolerance, we tested for a linear 

relationship between allele frequency and latitude following the method by Gockel et al. 

(2001) where upper 95 % confidence limits of the coefficients of determination (R2) for 

allele frequency and latitude are calculated using the neutral distribution. Any candidate 

locus with a value greater than the 95 % threshold was blasted against the online 

transcriptome database Pocilloporabase (http://cnidarians.bu.edu/PocilloporaBase/cgi-

bin/index.cgi) (Taylor-Knowles et al. 2011) and the reference transcriptome 

(http://ips.iis.sinica.edu.tw/coral/blast/) developed by Mayfield et al. (2013). 

http://cnidarians.bu.edu/PocilloporaBase/cgi-bin/index.cgi
http://cnidarians.bu.edu/PocilloporaBase/cgi-bin/index.cgi
http://ips.iis.sinica.edu.tw/coral/blast/
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Table 4.1 List of loci exhibiting strong clinal patterns that aligned with transcriptome contigs with protein functional information. Only the matches 

with the highest e-value were retained for each locus. Locus name, mean sequence coverage, genetic differentiation (FST), coefficient of determination 

with latitude (R2), homologous protein information, homologous protein species of origin (Organism), e-value, and contig ID are provided. Locus 

superscript indicates if SNP variants result in a synonymous mutation (a), non-synonymous mutation (b), or are outside the open reading frame of the 

homologous protein (c)  

 

Locus Coverage FST R2 Homologous Protein Organism e-value contig_ID 

L11213a 302.3 0.200 0.863 Reverse transcriptase-like protein, Discoidin 
domain receptor family Saccoglossus kowalevskii 4.0 x 10-27 comp118916_c2_seq101 

L6971b 78.5 0.436 0.800 Predicted NTPase, NACHT family domain Branchiostoma floridae 9.0 x 10-22 comp120003_c0_seq41 

L13358b 64.9 0.537 0.882 Predicted protein, Immunoglobulin I-set domain Nematostella vectensis 2.0 x 10-22 comp124772_c0_seq11 

L13361b 68.5 0.565 0.843 Predicted protein, Immunoglobulin I-set domain Nematostella vectensis 2.0 x 10-22 comp124772_c0_seq11 

L9000b 133.6 0.465 0.862 Predicted protein, Cadherin superfamily Naegleria gruberi 9.0 x 10-19 comp124831_c0_seq41 

L9807c 75.5 0.517 0.872 E3 Ubiquitin-protein ligase CHFR, Forkhead 
associated domain Xenopus tropicalis 8.0 x 10-19 bu_91849.1_lrc241162 

L9808c 34.6 0.454 0.872 E3 Ubiquitin-protein ligase CHFR, Forkhead 
associated domain Xenopus tropicalis 8.0 x 10-19 bu_91849.1_lrc241162 

L16513c 152 0.493 0.889 E3 Ubiquitin-protein ligase CHFR, Forkhead 
associated domain Xenopus tropicalis 3.0 x 10-5 bu_91849.1_lrc241162 

1 http://ips.iis.sinica.edu.tw/coral/blast/ 
2 http://cnidarians.bu.edu/PocilloporaBase/cgi-din/index.cgi 

http://ips.iis.sinica.edu.tw/coral/blast/
http://cnidarians.bu.edu/PocilloporaBase/cgi-din/index.cgi
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Figure 4.1 Map of Western Australia showing regional locations sampled. Plots show 

long-term (2004-2014) annual mean sea surface temperature (SST) for each region. 

Solid black lines represent the median and box boundaries mark the upper and lower 

quartile. SST interpolation was taken from the hottest month over this period (April 

2011). Temperature data was taken from NOAA Coral Reef Watch Virtual Stations 

(http://coralreefwatch.noaa.gov/vs/index.php). Inset is a colony of Pocillopora 

damicornis (Photo cred: S. Lindfield 2013). 

  

http://coralreefwatch.noaa.gov/vs/index.php
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Figure 4.2 Discriminant analysis of principle components (DAPC) using neutral 

(n = 2 124) and candidate (n = 195) loci. To maximize alpha scores, 15 principle 

components and five discriminant functions were retained for the neutral loci and five 

principle components and five discriminant functions for the candidate loci. 

Eigenvalues show the amount of genetic information contained in each successive 

principal component. 
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Figure 4.3 Changes in genetic diversity with latitude: (A) mean (± se) expected 

heterozygosity across neutral (blue) and candidate (orange) loci; (B) mean (± se) 

frequency of alternate alleles across neutral loci; (C) mean (± se) frequency of alternate 

alleles across candidate loci. Regions are arranged north to south. Asterisks indicate 

statistically significant regions. 
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Figure 4.4 Distribution of coefficients of determination between allele frequency and 

latitude in candidate loci for environmental selection. Red line is upper 95 % confidence 

limit based on the neutral dataset (blue line). 
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Supplementary Material 

 
Table S4.1 Regions sampled with abbreviation, number of sampled colonies (N), long-

term (2004 − 2014) mean sea surface temperature (SST) and geographic coordinates for 

each region. 

 
Region Code N SST Latitude Longitude 
Montebello Islands  MBI 11 26.44° C 20° 21.601 S 115° 31.493 E 
Muiron Islands MI 12 25.98° C 21° 51.584 S 113° 59.880 E 
Ningaloo Reef NR 8 24.98° C 23° 41.984 S 113° 35.138 E 
Shark Bay SB 11 23.83° C 25° 08.668 S 113° 09.159 E 
Houtman Abrolhos Islands HAI 12 22.30° C 28° 26.027 S 113° 43.370 E 
South-west Coast SWC 17 21.40° C 30° 49.816 S 115° 11.417 E 

 
  



 94 

 
 

Figure S4.1 Heatmap of Linkage Disequilibrium across neutral dataset. Plot displays 

correlation coefficients between pairs of loci. 
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Figure S4.2 Results from Bayesian information criterion (BIC) method for number of 

genetic clusters for neutral (K = 2; above) and candidate loci (K = 3; below). 
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Figure S4.3 Temperature variance for each region using long-term (2004-2014) 

temperature data from NOAA Coral Reef Watch Virtual Stations 

(http://coralreefwatch.noaa.gov/vs/index.php) based on the equation ∑ (𝑥−�̅�)2

𝑛
, where x is 

the mean and n is the number of values in the dataset. Statistical groupings are based on 

pairwise t-test. 

  

http://coralreefwatch.noaa.gov/vs/index.php
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CHAPTER V 

 

 

General Discussion 

 

 

While it is important to manage coral reef resilience at the ecosystem level in order to 

mitigate the effects of stressors associated with a rapidly changing climate, the future of 

coral reef ecosystems is ultimately hinged upon population-level responses of reef-

building coral species. With this in mind, this thesis explored three components of 

resilience in reef-building coral populations at the Houtman Abrolhos Islands: 

resistance — the capacity to persist in the face of a disturbance; recovery — the 

capacity to recover from disturbance; and adaptation — the capacity to adapt to rapid 

environmental change (Figure 5.1). 

 

The 2010/2011 marine heatwave had a devastating effect on coral populations along the 

Western Australian coastline (Moore et al. 2012). The anomalously high water 

temperatures associated with strong La Niña conditions triggered the first documented 

case of large-scale bleaching in the region. The effects of the disturbance were 

particularly pronounced at that HAI, revealing coral bleaching threshold curves at this 

high-latitude island archipelago to be among the lowest reported globally (Abdo et al. 

2012). This disturbance event highlighted the vulnerability of the HAI to these extreme 

climatic events and set the backdrop for this thesis, which aimed to explore different 

mechanisms used by reef-building corals to cope with thermal disturbance in order to 

increase our understanding of the overall resilience of coral populations at the HAI.  
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So what does this thesis tell us about the overall resilience of corals at the HAI? In the 

face of disturbance, a high level of specificity to Symbiodinium clade C suggests that the 

shuffling of different Symbiodinium clades to increase thermal tolerance and resist 

bleaching may be limited; however, individual coral colonies harbour a diversity of 

clade C symbionts, which may denote physiological differences that provide elevated 

thermal tolerance to the coral host. In circumstances where acclimatization to 

disturbance fails and coral populations suffer from large-scale, bleaching-induced 

mortality, strong levels of connectivity between reefs throughout the archipelago will 

likely facilitate the recovery of impacted sites, although some areas of reef are isolated 

from the greater larval pool and are consequently less likely to recover. These reefs may 

need additional protection in order to ensure their continued survival. Finally, a 

population genomic study suggests that coral populations at the HAI are differentiated 

from their tropical counterparts, are locally adapted to cooler temperatures, and harbour 

a reservoir of genetic diversity in ecologically-important loci under environmental 

selection, which may enhance their relative capacity to adapt to a changing 

environment.  

 

Resistance 

 

Chapter 2 explored the capacity of corals to resist bleaching by forming a diverse 

association with Symbiodinium. Two key findings emerged regarding the ability of 

corals at the HAI to resist bleaching; firstly, symbiont shuffling at the cladal level 

appears to be limited, as colonies were overwhelmingly dominated by a single clade C 

OTU; however, all colonies harboured background levels of other clade C OTUs, which 

may represent a range of physiological tolerances to different environmental stressors 

(Tchernov et al. 2004; Jones et al. 2008; Sampayo et al. 2008; Fisher et al. 2012). If this 
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is the case, then a diverse association with clade C may represent a mechanism of 

thermal resistance, and understanding the range in physiological differences between 

these sub-cladal types, as well as monitoring changes in proportions of different clade C 

symbionts during thermal stress events, is the next clear step of this research. Secondly, 

and more interestingly, Symbiodinium communities at the HAI are similar to those of 

the Kimberley Coast, a region that regularly experiences sea surface temperatures above 

30°C in the summer months. Although we expected to uncover significantly different 

symbiont communities in corals from such environmentally contrasting regions, there 

were no significant differences identified between regions. These results suggest that 

corals at the HAI harbour the necessary symbiont communities to withstand elevated 

temperature profiles. It also suggests that resistance to heightened temperature profiles 

in Acropora corals of Western Australia is not primarily achieved through a shift in 

Symbiodinium communities. This is not to say that the symbiont is less involved in the 

thermal tolerance of reef-building corals in Western Australia as has been identified 

elsewhere (e.g. Berkelmans and van Oppen 2006), but the lack of any significant 

differences across such a strong temperature gradient suggests that alternative 

mechanisms are at play that facilitate the success of congeneric corals in such 

environmentally-contrasting regions. Such mechanism may include local adaptation 

within a single symbiont lineage, local adaptation of the coral host (which was 

demonstrated in Chapter 4), or differences in other symbiont partners (i.e. bacteria). 

These are all clear directions for future research. 

 

Recovery 

 

Chapter 3 explored the capacity of corals to recover from bleaching-induced mortality 

through the dispersal of larvae and maintenance of connectivity across the island 
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archipelago. I found that high levels of connectivity are maintained between populations 

of the dominant coral species at the HAI, suggesting a high potential for recovery 

following bleaching-induced mortality, as long as the effects are patchy across the 

archipelago, i.e. some populations remain to provide recruits to the areas that suffer 

high mortality. Complex oceanographic processes appear to restrict dispersal of larvae 

to a certain pocket of reef in the Pelsaert group, isolating these reefs from the greater 

larval pool and consequently increasing their vulnerability to disturbance. Without a 

constant supply of larvae from outside areas, recovery of these isolated reefs would be 

slow (Gilmour et al. 2013), and the reefs would be susceptible to algal-dominated phase 

shifts (Hughes et al. 2007; Graham et al. 2013). Coral cover at these isolated sections of 

the Pelsaert group was exceptionally high when samples were collected in 2012 (L 

Thomas, pers. observation), and there were no signs of any large-scale mortality, 

suggesting that either these reefs largely avoided the effects of the 2010/2011 heatwave 

or that populations have since recovered. Sites P3, P4 and P5 (the genetically-distinct 

and demographically-isolated populations in the Pelsaert group) lie adjacent to the deep-

water channel that separates the Pelsaert and Easter group, exposing them to cooler 

ocean water and strong currents and possibly making them less susceptible to bleaching 

than other reefs throughout the islands that form in the shallow back-reef lagoons. 

Interestingly, the area of reef surveyed by Abdo et al. (2012) following the heatwave 

(site SG3 in Abdo et al. 2012) that had the lowest levels of bleaching-induced mortality 

of all sites surveyed throughout the archipelago is less than five kilometres from these 

sample sites and is also adjacent to the channel, suggesting that perhaps reefs in this 

eastern pocket of the Pelsaert group also avoided high levels of bleaching. 

Unfortunately, my PhD candidacy commenced more than a year after the 2011 

heatwave, so I was unable to monitor the impacts on or recovery of these isolated 

populations or collect samples prior to the bleaching event in order to explore the 
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influence of this event on the genetic structure of local coral populations. 

 

The results of Chapter 3 have strong implications for spatial conservation management 

at the HAI. There are currently four areas within the HAI designated as Reef 

Observation Areas (ROA) that are no-take reserves (with the exception of fishing for 

the western rock lobster, Panulirus cygnus). One of these ROAs is located directly 

adjacent to the unique genetic patches in the Pelsaert Group and likely represents a 

valuable source of larvae to those isolated areas. Results from this thesis suggest that 

this ROA be expanded to encompass these genetically-isolated populations, thus 

helping to ensure their recovery should high levels of mortality occur.  

  

Adaptation 

 

Chapter 4 explored the capacity of coral populations to adapt to rising temperatures by 

examining genome-wide levels of adaptive differentiation between corals from 

thermally-distinct environments along the Western Australian coastline. Results from 

this chapter demonstrated that populations of Pocillopora damicornis on high-latitude 

reefs are highly differentiated from their tropical counterparts in both neutral and 

candidate loci, suggesting that these corals represent evolutionarily significant units 

(ESUs) for conservation and justifies the management of the HAI at the local scale. It 

also supports the view that high-latitude coral populations are locally adapted to cooler 

environments and are thus more vulnerable to rising temperatures than their tropical 

counterparts; however, they harbour a reservoir of genetic diversity in loci under 

positive selection. These elevated levels of diversity may be facilitating local adaptation 

to marginal conditions. They may therefore prove to be a valuable genetic resource as 

the environment changes. 
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Whether the rate of environmental change will exceed the adaptive capacity of corals at 

the HAI remains unknown. Models used to accurately predict the response of coral reefs 

under future climate scenarios require data on the adaptive capacity of reef-building 

corals, but little information is available on the heritable variation in traits that face 

intensified selection. Chapter 4 provided genomic evidence for variation in key genes 

under thermal selection and demonstrates that coral populations are capable of adapting 

to a variety of thermal profiles. Monitoring changes in allele frequencies at these 

candidate loci for temperature tolerance will ultimately lead to a better understanding 

(and modelling) of the adaptive capacity of coral populations to a rapidly changing 

climate. Extending this approach to other coral species will contribute to developing a 

targeted methodological framework for understanding the vulnerability of populations 

to temperature stress and for developing threat maps to prioritize areas for spatial 

conservation management (Tulloch et al. 2015).  

  

Recent studies applying transcriptomic techniques have demonstrated that corals have 

the capacity for rapid acclimatization (Palumbi et al. 2014; Bay and Palumbi 2015), but 

the trans-generational effects of thermal stress exposure in corals remains largely 

unexplored. Does exposure to thermal stress trigger trans-generational epigenetic 

modifications? For example, histone modifications and DNA methylation may be 

altered directly by environmental stressors and can provide an additional pathway for 

evolutionary change (Bossdorf et al. 2008; Chinnusamy and Zhu 2009; Dowen et al. 

2012). Considering that most coral species are long-lived organisms, epigenetic 

modifications associated with exposure to thermal stress represent one of the most 

promising mechanisms of resilience to a rapidly changing climate.  
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Final Remarks 

 

Coral reefs are under threat from a number of stressors, most notably warming water 

temperatures and extreme climatic events associated with anthropogenic climate 

change. The future of coral reefs depends on their natural resilience to this changing 

environment, as well as informed management activities to enhance their natural 

capacity to cope with these changes. This thesis adds to the existing body of literature 

on resilience of reef-building corals to stressors associated with anthropogenic climate 

change through the exploration of coral resistance, recovery, and adaptation, and will 

direct future studies applying genomic techniques to further understand the capacity of 

corals to cope with a rapidly changing environment. Ultimately the resilience of reef-

building corals at the HAI depends on the rate of environmental change and the 

intensity of associated thermal disturbances; however, by investigating a number of 

different mechanisms by which corals cope with thermal disturbance, this thesis 

represents a step forward in understanding the capacity of HAI coral populations to 

cope with environmental change and broadens our understanding of the resilience of 

corals at this unique high-latitude reef system. 
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Figure 5.1 Conceptual model of this thesis that illustrates how Chapter II-IV fit under a 

single theme of resilience. 
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APPENDIX A4 

 

 

Population genetic structure of the Pocillopora damicornis 

morphospecies along the World Heritage Ningaloo Coast 

 

 

Thomas L, Kendrick GA, Stat M, Travaille KL, Shedrawi G, Kennington WJ 

 

Abstract 

 

The effective management of a coral reef system relies on detailed understanding of the 

population structure of dominant habitat forming species. For some corals, however, 

high levels of phenotypic plasticity has made species delineation based on 

morphological characteristics alone unreliable, suggesting that previous studies of 

population genetic structure may have been influenced by the inclusion of multiple 

genetic lineages into analyses. Here we examined the population structure of the 

Pocillopora damicornis morphospecies along the World Heritage Ningaloo Coast, 

Western Australia. We recovered two mitochondrial haplotypes from sympatric 

colonies possessing morphological characteristics consistent with taxonomic 

classification of P. damicornis. Despite a high degree of genetic differentiation between 

these lineages, we detected low levels of unidirectional admixture between them, 

suggesting that reproductive barriers are not fully developed. Our analyses identified 

dual modes of reproduction for both lineages with considerable variation in the 

                                                 
4The work presented in the appendix has been published as: Thomas L, Kendrick GA, Stat M, Travaille 
KL, Shedrawi G, Kennington WJ (2014) Population genetic structure of the Pocillopora damicornis 
morphospecies along Ningaloo Reef, Western Australia. Marine Ecology Progress Series 513, 111-119. 
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contribution of sexual reproduction among sample sites. Lastly, we identified a high 

dispersal potential of sexually-produced propagules in the most common lineage with 

positive spatial autocorrelation detected over distances up to 60 km. Based on these 

results, populations of P. damicornis have a high capacity to recover from 

environmental perturbations as long as the effects of disturbances are patchy. 

 

Introduction 

 

Fundamental to the resilience of coral reefs is the rate of recovery of populations 

following environmental perturbations (Nystrom et al. 2000), which has been strongly 

linked to the level of connectivity between adjacent reefs (West and Salm 2003; 

Hastings and Botsford 2006). In situations where the effects of a disturbance are patchy, 

the recovery of an impacted reef is often reliant on the supply of recruits from adjacent 

areas that avoided the disturbance. As a result, populations that maintain high levels of 

connectivity are likely to be more resilient than isolated populations. Effective 

management of coral reefs therefore requires an understanding of population structure 

of dominant habitat-forming species. 

 

In contrast to the detailed knowledge of population genetics and connectivity of corals 

that underpins the science and management of the Great Barrier Reef (GBR, e.g. Ayre 

and Duffy 1994; Ayre et al. 1997; Ayre and Hughes 2000; Smith-Keune and van Oppen 

2006; Miller and Ayre 2008; Souter et al. 2010), relatively little is known about the 

levels of connectivity among coral populations in the eastern Indian Ocean (but see 

Underwood et al. 2007; 2009; Underwood 2009). Ningaloo Reef is situated along the 

northwest coast of Western Australia between 21° 47’ and 23° 38' S and is the only 

example of a fringing reef system on the western coast of a continent. The reef stretches 
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continuously for approximately 250 km providing an excellent opportunity to explore 

the connectivity potential of coral populations uninterrupted by oceanographic barriers. 

Ningaloo Reef harbours 217 hermatypic coral and 460 fish species (Veron and March 

1988) and is currently managed as a multiple-use marine park, Ningaloo Marine Park 

and Muiron Islands Management Area, which forms part of the Ningaloo Coast World 

Heritage Area. 

 

The common Indo-Pacific coral Pocillopora damicornis is a dominant habitat-forming 

coral throughout Australia, and one of the most extensively studied scleractinian coral 

species, partly due to its wide geographic distribution (Veron 2000). In Western 

Australia, P. damicornis is found from the far north of the Kimberley down to the 

temperate waters of the southwest (Veron and Marsh 1988). P. damicornis is 

hermaphroditic and exhibits mixed modes of reproduction by brooding of asexual 

planulae, as well as broadcast spawning of gametes (Ward 1992). While the majority of 

populations along the GBR exhibit little evidence of asexual recruitment (Benzie et al. 

1995; Ayre and Hughes 2000; Miller and Ayre 2004; Sherman et al. 2006; Torda et al. 

2013), populations in Western Australia appear to be dominated by clonal recruits 

(Stoddart 1984; Whitaker 2006). 

 

Previous assessments of P. damicornis population structure in the region identified 

strong levels of genetic subdivision and restricted gene flow (Whitaker 2006); however, 

recent evidence has shown that high levels of phenotypic plasticity within Pocillopora 

makes species delineation based on morphological characteristics alone unreliable 

(Schmidt-Roach et al. 2014). This has led to widespread inconsistencies in the 

taxonomic classification of individuals within this genus and suggests that earlier 

population genetic studies may have been biased by the inclusion of multiple gene pools 
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into analyses. 

 

This study examined the population structure of the P. damicornis morphospecies along 

Ningaloo Reef using a panel of polymorphic microsatellite markers (Starger et al. 2008) 

and a single hyper-variable region of the mitochondrial genome (Open Reading Frame; 

Flot and Tillier 2007) that has been shown to be useful for interspecific delineation of 

Pocillopora. The aims of this study were to document the number of genetic lineages 

associated with coral colonies with morphological characteristics consistent with 

traditional classification of P. damicornis and to then examine the population genetic 

structure across the reef within a single lineage. 

 

Methods 

 

Sample Collection and DNA Extraction 

 

Samples from 303 colonies with phenotypic characteristics consistent with P. 

damicornis (as described in Veron 2000) were collected from eight sites along Ningaloo 

Reef and from two sites at the Muiron Islands in December 2012, spanning the entire 

length of Ningaloo Marine Park and Muiron Islands Management Area (hereafter 

referred to collectively as Ningaloo Reef). Distances between sample sites ranged from 

four to 250 km, and samples were collected along a 150 metre transect at depths less 

than five metres. Small fragments were taken from colonies separated by a minimum of 

two metres to reduce the chance of sampling individuals that were formed via 

fragmentation. Samples were preserved in 99 % Analytical Reagent grade ethanol until 

DNA extraction. Genomic DNA was extracted from samples using a modified silica-

based method as described in Ivanova et al. (2006). 
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Sequencing and Analysis 

 

To determine the number of discrete genetic lineages in our sample set, the 

mitochondrial Open Reading Frame (ORF) was amplified using primers FATP6.1 (5′-

TTTGGGSATTCGTTTAGCAG-3′) and RORF (5′-

SCCAATATGTTAAACASCATGTCA-3′; Flot and Tillier 2007) following thermal 

cycling conditions in Souter et al. (2010). ORF regions were amplified in 25 μL 

containing 12.5 μL of MyTax Mix (Bioline®), 0.5 μL BSA (10mg/mL), 0.5 μL of each 

primer (10μM), 20 ng of DNA template and water to volume. Amplicons were purified 

and sequenced in both directions on an AB3730 xl platform (Australian Genome 

Research Facility, Perth Node). Sequence chromatograms were edited and analysed in 

Geneious Pro 5.4 (Drummond et al. 2011). Sequences were aligned using a gap-

opening penalty of 12 and a gap extension penalty of three. Network v4.5.1.6 

(http://www.fluxus-technology.com) was used to construct phylogenies using the 

median joining-algorithm (Bandelt et al. 1999). 

 

Microsatellite Genotyping 

 

Microsatellite markers (Table A.1) were amplified in 10 μL reactions following thermal 

cycling conditions in Starger et al. (2008). Size fragment analysis was performed with 

fluorescent-labelled primers in GENEMARKER 1.90 (SoftGenetics) using automated 

scoring of alleles with manually prepared bins. All scores were checked manually to 

minimise genotyping errors. Tests for significant heterozygote deficiencies were 

conducted in GENEPOP 4.2 (Raymound and Rousset 1995) and for any evidence of 

linkage disequilibrium in ARLEQUIN 3.5 (Excoffier et al. 2005). 

http://www.fluxus-technology.com/
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Admixture Between Lineages 

 

All of the following analyses were conducted on the data set with replicate multi-locus 

genotypes (MLG) at each site removed. To determine the proportion of genetic 

variation that could be attributed to differences among lineages, analysis of molecular 

variance (AMOVA) was performed in GENALEX 6.3 (Peakall and Smouse 2006). An 

analysis in STRUCTURE 2.3.2 (Pritchard et al. 2000) was then performed to test for 

evidence of hybridization between the lineages under the admixture model that assumed 

correlated allele frequencies with a location prior and a burn-in value of 100 000 and 

1 000 000 Markov chain Monte Carlo (MCMC) iterations. The appropriate K value was 

determined by plotting the log probability (L (K)) and ∆K across K values ranging from 

1 to 10 (Evanno et al. 2005) as implemented in STRUCTURE HARVESTER (Earl and 

vonHoldt 2011) based on ten independent runs for each K value. Results were averaged 

using CLUMP (Jakobsson and Rosenberg 2007) before graphics were generated. 

NEWHYBRIDS 1.1 (Anderson and Thompson 2002) was used to identify admixed 

individuals as potential hybrid colonies, using a MCMC procedure to identify 

individuals as either pure, hybrids or backcrosses. Results were averaged across five 

independent runs using uninformed priors (Jeffreys) with no individual-specific 

assumptions and based on a burn-in value of 100 000 and 1 000 000 sweeps. A 

posterior probability value of 0.50 was used as a threshold for hybrid assignment (Vaha 

and Primmer 2006). 

 

Patterns of Clonality 

 

The probability of two independent samples having identical MLGs was calculated in 
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GENEALEX. This value provides an estimate of the exclusion power of the loci used in 

the analysis to accurately distinguish between different individuals. The extent of 

asexual reproduction was assessed within each lineage using genotypic richness, R 

(Dorken and Eckert 2001), and genotypic diversity, D (Nei 1987), which was calculated 

in GENODIVE 2.0 (Meirmans and van Tienderen 2004) and provides an estimate of 

how evenly the genotypes are divided over a population. These indices were only 

calculated when more than ten colonies were sampled at a particular site. 

 

Population Structure 

 

Population structure was assessed for each lineage separately using Bayesian clustering 

analysis in STRUCTURE and spatial autocorrelation (SA) analysis in GENEALEX. 

The STRUCTURE analyses were based on the same parameters as above. SA analysis 

was implemented to determine the genetic neighbourhood size of each lineage. Spatial 

autocorrelation uses pairwise matrices of genetic distance and geographic distance 

between sample sites to generate a plot of genetic similarity over increasing distance 

classes. We calculated the spatial autocorrelation coefficient (r) for a range of distance 

classes up to 200 km for each lineage. The location where r crosses the x-intercept and 

no longer differs significantly from zero provides an estimate for the extent of 

detectable spatial genetic structure. For each distance class, 95 % confidence intervals 

were generated based on 10 000 permutations and 10 000 bootstrap replicates. 

 

Results 

 

Sequencing and Analysis 
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Two ORF haplotypes (GenBank accession no. KJ690905 – KJ690906) were recovered 

from 303 colonies across Ningaloo Reef (Figure A.1). Network analysis revealed that 

these haplotypes formed two genetically distinct lineages, separated by six evolutionary 

steps and corresponding to α and β in Schmidt-Roach et al. (2012) and types 4 and 5 in 

Pinzon et al. (2013; Figure A.2). The ORF haplotypes recovered in this study, hereafter 

referred to as type  and type , were found to occur at all sample sites. 

 

Microsatellite Genotyping 

 

All loci analysed were polymorphic for both lineages. The number of alleles for type 

ranged from two (Pd2-001) to ten (Pd3-005) and for type  from four (Pd2-001/Pd3-

004) to twelve (Pd3-005) for type . When estimated for all populations, two loci for 

type  (Pd3-005 and Pd2-007) and one locus for type  (Pd3-004) showed significant 

signs of heterozygote deficiencies (Table A.1). No loci deviated significantly from 

Hardy Weinberg Equilibrium (HWE) across all sample locations (Table SA.1). While 

significant (P ≤ 0.001) linkage disequilibrium was detected in a number of cases, no 

two loci were linked in all locations following standard Bonferroni corrections. 

 

Admixture Between Lineages 

 

AMOVA revealed that a substantial proportion of the total variation (30 %, P ≤ 0.001) 

could be attributed to differences between genetic lineages. Bayesian clustering analysis 

including type  and type revealed K = 2 as the most likely number of clusters 

according to plots of log probability (L (K)) and ∆K across different K values (Figure 

SA.1). The clustering results showed that an individual’s membership to a genetic 

cluster was highly consistent with the lineage designations based on mitochondrial ORF 
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data (Figure A.3). Low levels of unidirectional admixture were also identified (n = 13, 

11 % of MLGs) from type into type . All of the admixed individuals were identified 

as F1 hybrids except for one at site CLO, which was a backcross to a type  parent 

(Figure SA.2). Hybrids were recovered from sites NM (n = 6), SM (n = 4) and CLO 

(n = 3). Two of the F1 hybrids shared the same MLG and were recovered from different 

sites (CLO and SM). 

 

Patterns of Clonality 

 

A total of 118 multi-locus genotypes (MLGs) were identified from the 303 samples 

analysed, 40 % of which were shared between at least two colonies. The combined 

probability of identity for the panel of microsatellite markers was 2.6 x 10-4 and 3.3 x 

10-5 for types  and , respectively and indicated it was unlikely that the samples with 

shared MLGs were different sexually-produced individuals. Both lineages exhibited 

signs of mixed modes of reproduction with high levels of spatial variation in clonality 

(Table A.2). Genotypic richness for type  ranged from 0.15 to 0.87 and for type  from 

0.07 to 0.77. When samples were pooled, type  exhibited much higher levels of 

genotypic richness (R = 0.52) than type R = 0.24). Genotypic diversity was also 

higher for type  (D = 0.98) than type D = 0.85). The maximum number of colonies 

associated with a single type  MLG was 13 from site GB. The maximum number of 

colonies associating with a single type  MLG was 50 and was shared across three sites 

(FQ, CB and BBJ). There were four instances where a type  MLG was shared between 

sites (TRQ/NM, SM/NM, SM/FQ, GNB/FQ/CB) and seven instances where a type  

MLG was shared between sites (SM/CLO, WNB/BBJ, CB/BBJ, FQ/CB/BBJ, TBD/CB, 

WNB/NM, SM/NM). Distances between sites that shared an MLG ranged from six to 

240 km. 
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Population Structure 

 

Because high levels of clonality reduced MLG sample sizes, population-level analyses 

such as F-statistics, were avoided, and only individual-level genetic analyses were 

performed. The following analyses were only conducted on type , as sample sizes for 

type  were too small to provide meaningful results. Investigating population structure 

of type  in STRUCTURE revealed K = 2 as the likely number of genetic populations 

(Figure A.3, Figure SA.3). Under the K = 2 model, proportional membership for each 

sample site showed a gradual transition from cluster 1 in the far north (0.907) to cluster 

two in the far south (0.801). For SA analyses, we plotted r over even distance classes 

(20 km), which left no bins empty and a minimum of 194 pairwise comparisons per bin. 

Significant positive r-values were found for the first three distance classes (up to 60 

km), after which r decreased and became significantly negative at 120 km and beyond 

(Figure A.4). The multiple distance class analysis revealed positive genetic structure 

over distances up to 200 km. 

 

Discussion 

 

This study examined the population structure of the P. damicornis morphospecies along 

the World Heritage Ningaloo Coast and identified the existence of two genetic lineages 

occurring in sympatry throughout the study area. Although large genetic differences 

were identified between lineages, there was evidence of localized hybridization, 

suggesting there are only partial pre-zygotic reproductive barriers between them. We 

found evidence to support mixed modes of reproduction within both lineages and a high 

degree of spatial variation in clonality across the 250 km study site. Finally, large 
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genetic neighbourhoods of the most commonly occurring lineage were identified (up to 

60 km), suggesting high levels of connectivity between adjacent reefs across Ningaloo 

Reef. 

 

Two mitochondrial haplotypes (type  and type ) were recovered from sympatric 

colonies possessing morphological characteristics consistent with P. damicornis (as 

described by Veron 2000). Despite extensive oceanographic barriers between Western 

Australia’s coral reefs and the GBR, there was no endemism in the haplotypes 

recovered in this study. Both haplotypes have been recovered from colonies in sympatry 

along the GBR (Schmidt-Roach et al. 2012; Torda et al. 2013), as well as from Hawaii 

(Flot et al. 2008) and Taiwan (Chen et al. 2008; Pinzon et al. 2013). While the type  

appears to be restricted to the Indo-Pacific and East Indian Ocean, type  has also been 

recovered off East Africa (type F; Souter et al. 2009; Souter 2010), the Andaman Sea 

and the Persian Gulf (Pinzon et al. 2013). 

 

According to a recent revision of Pocillopora taxonomy, which coupled genetics with 

morphological analyses, type  belongs to P. damicornis and type  to its formerly 

synonymized sister species, Pocillopora acuta; however, fine-scale morphological 

features between the two types are indistinguishable, and phenotypic plasticity makes 

differentiation based on gross morphology to be unreliable (Schmidt-Roach et al. 2014). 

In support of these findings, the low incidence of genetic mixing between type  and 

type  in this study, despite their sympatric distributions, suggests there are 

reproductive barriers between them. However, the admixture that was detected provides 

evidence that pre-zygotic barriers are not fully developed. The unidirectional nature of 

the admixture indicates that type  has mate recognition systems that inhibit 

interspecific gamete compatibility, while eggs from type  may be capable of being 
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fertilized by heterospecific sperm. Hybridization has not been well documented in 

Pocilloporids (but see Miller and Ayre 2004; Combosch et al. 2008), but the 

morphological overlap and evidence of hybridization between lineages detected in this 

study brings into question the stability of these Pocillopora species over time. 

 

The population structure of type  and type reflect mixed modes of reproduction 

along Ningaloo Reef, with substantial variation in the relative contribution of each 

mode across the study area. The contribution of asexual reproduction to population 

structure detected here (type  = 48 %, type  = 76 %) was greater than reports from 

elsewhere in Australia (seven to 28 %; Ayre and Hughes 2000; Miller and Ayre 2004; 

Torda et al. 2013) and across the species’ range (two to six per cent; Souter et al. 2009; 

Starger et al. 2010; Combosch and Vollmer 2011). Populations of P. damicornis in 

southwest Australia have previously been reported to display highly clonal population 

structure relative to their GBR counterparts (Stoddart 1984), and this study confirms 

that asexual brooded larvae of both types  and  play a major role in local recruitment 

along Ningaloo Reef. 

 

The majority of asexually brooded larvae along Ningaloo Reef are retained locally, as 

there were only a few instances where an MLG was shared between sites. Asexual 

reproduction is generally believed to be an important mechanism for local-scale 

proliferation, particularly following a disturbance where areas of once occupied reef 

become vacant (Roberts 1997; Ayre and Hughes 2004; Provan et al. 2009). There were 

a few instances where an MLG was shared exclusively between two populations 

separated by more than 120 km, demonstrating that these clonal propagules are also 

capable of rare, long-distance dispersal. Although pre-competency periods for P. 

damicornis are relatively short (one to two days; Ayre and Hughes 2000), large lipid 



 117 

reserves (Harrison and Wallace 1990) and photosynthetic capabilities (Fransolet et al. 

2012) provide the brooded planulae with the ability to survive in the plankton for an 

extended period of time (up to 103 days; Richmond 1987) if deprived of a suitable 

substratum (Harii et al. 2002). 

 

While recruitment of asexually brooded larvae predominantly occurs locally along 

Ningaloo Reef, sexually-derived colonies display high levels of connectivity between 

adjacent reefs. Although a clear pattern of differentiation was identified between reefs 

from the northern and southern extents of our sampling, significant shared genetic 

structure for type  was observed at distances up to 60 km, with positive spatial 

structure extending up to 200 km when distance classes were pooled. These results 

contrast previous assessment of population structure of P. damicornis along Ningaloo 

Reef that did not distinguish type  and type  and identified high levels of genetic 

subdivision between populations of sexual origin. We propose that that the 

morphological overlap of type and type  confounded interpretations of population 

structure in Whitaker (2006) and resulted in an overestimation of population 

subdivisions and biased interpretations of gene flow. We acknowledge, however, that 

without directly analysing the samples collected by Whitaker (2006), this remains 

largely speculative. 

 

This study demonstrates that sampling of P. damicornis based on gross morphological 

characteristics (as described by Veron 2000) can lead to the inclusion of multiple 

taxonomic units into analyses of population structure. High levels of phenotypic 

plasticity within the genus Pocillopora means that interspecific delineation is often 

difficult based on morphology alone. Pocillopora damicornis has been the subject of a 

number of genetic population studies worldwide, yet very few of these have taken steps 
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to ensure that only a single molecular taxonomic unit was included in the analyses (but 

see Gorospe and Karl 2013; Torda et al. 2013). Re-examining the population structure 

of this model species may elucidate the inconsistencies in patterns of population genetic 

structure and reproductive biology reported around the world and provide more 

ecologically meaningful insight into the capacity of P. damicornis to recover from 

future disturbances. 
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Table A.1 Standard diversity statistics for Open Reading Frame lineages recovered from 

samples along Ningaloo Reef. (N) Number of samples; (NA) number of alleles per 

locus; (NE) effective number of alleles per locus; (HO) observed, (HE) expected; (FIS) 

inbreeding coefficients. Numbers in bold indicate significant deviations (heterozygote 

deficiencies) from HWE. 

 

  

    Pd3-005 Pd3-009 Pd3-004 Pd3-008 Pd2-001 Pd2-007 

Type  N 162 162 162 162 162 162 

 NA 10 6 3 5 2 5 

 NE 3.443 3.879 2.269 1.999 1.124 1.756 

 HO 0.580 0.753 0.630 0.556 0.117 0.327 

 HE 0.710 0.742 0.559 0.500 0.110 0.430 

 FIS 0.182 -0.015 -0.126 -0.111 -0.062 0.240 

        
Type  N 141 141 141 141 141 141 

 NA 12 8 4 6 4 11 

 NE 3.960 4.627 2.091 2.238 1.538 3.554 

 HO 0.915 0.908 0.454 0.681 0.319 0.950 

 HE 0.747 0.784 0.522 0.553 0.350 0.719 

 FIS -0.224 -0.158 0.130 -0.231 0.087 -0.323 
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Table A.2 Indices of genotypic richness (R) and genotypic diversity (D) for type  and 

type  colonies recovered along Ningaloo Reef. Abbreviations are provided along with 

sample size (N) and number of unique multilocus genotypes (NG). 

 

  

                                                 Type                                                  Type  
Site Abbrev.  N NG R D N NG R D  
North Muiron  NM 16 10 0.60 0.94 14 11 0.77 0.96 
South Muiron SM 13 10 0.75 0.95 16 5 0.27 0.75 
Tantabiddi TBD 22 10 0.43 0.90 2 2 -- -- 
Turquoise Bay TRQ 3 2 -- -- 2 2 -- -- 
Winderabandi WNB 6 3 -- -- 35 6 0.15 0.77 
Cloates CLO 27 16 0.58 0.94 4 4 -- -- 
Bruboodjoo BBJ 1 1 -- -- 46 4 0.07 0.27 
Coral Bay CB 16 14 0.87 0.98 12 3 0.18 0.62 
Cape Farquhar FQ 30 18 0.59 0.96 9 4 0.38 0.58 
Gnarraloo Bay GNB 28 5 0.15 0.73 1 1 -- -- 
Total   162 84 0.52 0.98 141 34 0.24 0.85 
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Figure A.1 Map of sample sites along Ningaloo Reef and Muiron Islands Management 

Area. Pie charts indicate frequency of the mitochondrial ORF lineages recovered at each 

sample site. Lineages recovered corresponded to type  and type  in Schmidt-Roach et 

al. (2012). 
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Figure A.2 Maximum parsimony tree adopted from Schmidt-Roach et al. (2012) and 

redrawn to include type  and type  haplotypes recovered from this study. 
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Figure A.3 Bar plots from the Bayesian clustering analysis in STRUCTURE testing for 

admixture between lineages (above) and structure within type  (below). For the above 

figure, individuals were grouped according to ORF lineage (K = 2). See Figure SA.1 for 

plots of log probability (L (K)) and ∆K across different K values. Individuals identified 

as hybrid colonies using NEWHYBRIDS are indicated with asterisks. For the below 

figure, sample sites are grouped as northern (NM, SM, TBD, TRQ, WNB), central 

(CLO, BBJ, CB) and southern (FQ, GNB) sites. See Figure SA.3 for plots of log 

probability (L (K)) and ∆K across different K values for  analysis. 
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Figure A.4 Spatial autocorrelation analyses of type  individuals with a single 

correlogram plot (above) and multiple distance class plot (below). Confidence intervals 

(0.95) are provided. 
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Supplementary Material 

 

Table SA.1 Deviations from Hardy Weinberg Equilibrium (P-values) for each locus and 

sample site within each lineage. Values in bold are significant deviations and loci 

labelled with N/A are monomorphic at that site.  

 

  

 Pd3-005 Pd3-009 Pd3-004 Pd3-008 Pd2-001 Pd2-007 
Type        
BBJ NA NA 0.317 0.317 NA 0.317 
CB 0.875 0.021 0.713 0.837 0.897 0.740 
CLO 0.141 0.029 0.042 0.001 0.922 0.982 
FQ 0.153 0.250 0.225 0.375 N/A 0.970 
GNR 0.000 0.000 0.002 0.555 0.525 0.525 
NM 0.005 0.281 0.647 0.071 0.182 0.403 
SM 0.948 0.886 0.764 0.061 NA 0.464 
TBD 0.025 0.251 0.485 0.485 0.913 0.848 
TRQ 0.112 0.174 NA NA 0.386 0.083 
WNB 0.112 0.112 0.221 0.221 NA 0.174 

       
Type        
BBJ 0.000 0.000 0.636 0.000 0.941 0.000 
CB 0.000 0.035 0.154 0.001 0.154 0.001 
CLO 0.353 0.285 0.696 0.530 0.695 0.586 
FQ 0.037 0.008 0.025 0.029 0.708 0.005 
GNR 0.317 0.317 0.317 0.317 0.317 NA 
NM 0.608 0.046 0.673 0.831 0.639 0.116 
SM 0.000 0.001 0.006 0.044 0.005 0.001 
TBD 0.572 0.423 0.637 0.157 0.637 0.637 
TRQ 0.572 0.572 0.637 0.157 0.157 0.572 
WNB 0.003 0.000 0.070 0.000 0.862 0.000 
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Figure SA.1 Plots of log probability (L (K)) and ∆K across different K values testing for 

admixture between type  and type . 
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Figure SA.2 Posterior probabilities based on microsatellite data of admixed type  

individuals belonging to six hybrid classes determined by NEWHYBRIDS. 
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Figure SA.3 Plots of log probability (L (K)) and ∆K across different K values for type . 
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APPENDIX B5 

 

 

Development of a fluorescence-based quantitative real-time PCR assay 

for Pocillopora damicornis type  identification in Western Australia 

 

 

Appendix A presents a population genetic study of Pocillopora damicornis along the 

World Heritage Ningaloo Coast, Western Australia. In this study, I recovered two 

distinct mitochondrial lineages from morphologically indistinguishable sympatric 

colonies. These corresponded to Open Reading Frame (ORF) type  and type  in 

Schmidt-Roach et al. (2012) and type 4 and type 5 in Pinzon et al. (2013). I also 

identified strong reproductive boundaries between these two lineages using a panel of 

nuclear microsatellite markers.  

 

A recent in-depth revision of Pocillopora taxonomy that coupled fine-scale 

morphometric analysis with genetic data determined that these mitochondrial lineages 

in fact represent two distinct species; haplotype  belongs to P. damicornis and 

haplotype  to a formerly synonymized sister species Pocillopora acuta (Schmidt-

Roach et al. 2014). While all other species in this genus are distinguishable from P. 

damicornis based on morphology, P. acuta has overlapping growth forms and 

indistinguishable fine-scale skeletal structure (Schmidt-Roach et al. 2014). This poses 

serious challenges to accurate identification of P. damicornis in the field, particularly 

considering that both appear to be abundant in Western Australia (Pinzon et al. 2013; 

                                                 
5The work presented in the appendix has been published as: Thomas L, Stat M, Evans RD, Kennington 
WJ (in press) A fluorescence-based quantitative real-time PCR assay for accurate Pocillopora damicornis 
species identification. Coral Reefs. 
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Thomas et al. 2014). Although Appendix B demonstrates that both Sanger sequencing 

of the mitochondrial ORF region and microsatellite genotyping are capable of 

accurately distinguishing between these two species, these methodologies can be 

expensive when screening large numbers of samples. In order to ensure that all samples 

collected for Chapter 4 of this thesis were accurately identified as P. damicornis, I 

developed a fluorescence-based quantitative real-time qPCR assay to accurately 

distinguish P. damicornis from its morphologically cryptic sister species P. acuta. 

 

All publically available ORF haplotypes recovered from commonly occurring 

Pocillopora species (Veron and Marsh 1988) in Western Australia (P. damicornis (), 

P. acuta (), P. verrucosa (), P. meandrina (m), P. eydouxi (e)) were recovered from 

GenBank. Sequences were then aligned in GENIOUS 6.1.7 using a Geneious Alignment 

with a gap-opening penalty of 12 and an extension penalty of three (see Table B.1 for 

accession numbers). All sequences were subsequently trimmed to 595 base pairs (bp) 

and only unique haplotypes were retained (n = 15). I then identified a region of the 595 

bp alignment that contained a SNP with one allele (cytosine) that was fixed across all P. 

damicornis haplotypes and the other allele (adenine) that was fixed for all other ORF 

haplotypes (Figure B.1). ORF sequences were trimmed down to a 200bp fragment (100 

base pairs either side of the SNP) and a custom TaqMan® SNP Genotyping Assay (Life 

Technologies) was developed that contained two allele-specific probes with distinct 

fluorescent dyes and a primer pair to target the SNP. The assay included 36.0μM 

forward (5 − CGA AGG GTC CCC GTA AGG − 3) and reverse 

(5 − CAC CTT CTT GAT TAG ACC GAT TAT CC − 3) primers as well as 8.0 μM P. 

damicornis probe targeting the cytosine nucleotide 

(5 − VIC − CAT GTA GAG TCA CCC − 3) and 8.0 μM ‘other Pocillopora’ probe 

targeting the adenine nucleotide (5 − FAM − CAT GTA GAT TCA CCC − 3). 
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Genomic DNA was extracted for all samples using a modified silica-based method as 

described in Ivanova et al. (2006) and amplified in 10 μL reactions containing 5.0 μL of 

TaqMan® Genotyping Mastermix, 0.5 μL of the SNP probe, 1 μL of DNA, and water to 

volume using a StepOne™ Real-Time PCR System (Life Technologies). 

 

I tested for genotyping consistency across a standard dilution series on DNA extracts of 

P. damicornis (3 log dilution series: 1.0 − 0.001 ng/μL), as well as across samples of the 

same individual (n = 8 replicates). The SNP genotyping assay consistently amplified the 

same allele (allele 1; cytosine nucleotide) across four 10-fold serial dilutions (1.0 –

 0.001 ng/μL), with optimal amplification occurring at 0.01 ng/μL (data not shown). 

Replicate runs on DNA extracted from the same colony indicated a genotyping error 

rate of 0 %. The accuracy of the assay was then assessed by screening samples for 

which taxonomic identification was confirmed by Sanger sequencing of the ORF region 

using primers FATP6.1 (5′ − TTT GGG SAT TCG TTT AGC AG − 3′) and RORF 

(5′ − SCC AAT ATG TTA AAC ASC ATG TCA − 3′; Flot et al. 2008). These samples 

consisted of P. damicornis (n = 16), P. acuta (n = 14) and P. verrucosa (n = 6) collected 

from Muiron Islands, Ningaloo Reef Marine Park. The SNP assay identified these 

samples with 100 % accuracy; the allelic discrimination plot accurately distinguished 

the fluorescently labelled cytosine nucleotide (allele 1: P. damicornis) and adenine 

nucleotide (allele 2: other Pocillopora spp.) in all control samples (Figure B.2). 
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Table B.1 List of accession numbers used for Western Australia Pocillopora ORF 

haplotype alignment. 

GenBank Accession Numbers 
FJ424126 
FR729393 
HQ378760 
HQ378761 
JX624971 
JX625025 
JX985616 
JX994072 
JX994076 
JX994078 
JX994079 
JX994083 
JX994087 
KJ690905 
KJ690906 

  



 133 

 

 

Figure B.1 Open reading frame sequences for common Pocillopora species in Western 

Australia showing location of the targeted SNP. Species names are according to ORF 

haplotype designation outlined in Schmidt-Roach et al. (2014). Coloured lines indicate 

nucleotide alignment inconsistencies (red = adenine, blue = cytosine, yellow = guanine, 

and green = thymine. 
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Figure B.2 Allelic discrimination plot using positive control samples collected from the 

Muiron Islands. Negative control contained no DNA template. Axes denote relative 

fluorescence levels. 
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APPENDIX C6 

 

 

Severe loss of anemones and anemonefishes from premier tourist 

attraction at the Houtman Abrolhos Islands, Western Australia 

 

 

Thomas L, Stat M, Kendrick GA, Hobbs JP 

 

The “Anemone Lump”, a 185 x 400 m reef that rises steeply from 38 m to 4 m in the 

Easter group, is the premier dive site at the Houtman Abrolhos Islands (HAI), with a 

dedicated underwater tourist trail. The site is a fish habitat protection area and tourist 

attraction due to its abundance of anemones (Entacmaea quadricolor) and anemonefish 

(Amphiprion clarkii). Photographic evidence and diver observations documented that in 

1992, anemone cover exceeded 70 % (Figure C.1A) and supported hundreds of Clark’s 

anemonefish. By October 2012 no anemones or anemonefishes could be found despite 

intensive searching over an area of 2500 m2. The site once renowned for being covered 

in anemones is now covered predominantly by Sargassum and plating Acropora 

spicifera (Figure C.1B). 

 

The loss of anemonefishes is most likely due to the loss of anemones, but the reason(s) 

for the loss of anemones is unknown. Elevated sea temperatures can bleach and kill 

Entacmaea quadricolor (Hill and Scott 2012) and declines in abundance have occurred 

at various locations in association with coral bleaching events (Hobbs et al. 2013). 

                                                 
6The work contained in this appendix has been published as: Thomas L, Stat M, Kendrick GA, Hobbs JP 
(2014) Severe decline in anemone and anemonefishes from premier tourist attraction at the Houtman 
Abrolhos Islands, Western Australia. Marine Biodiversity 45, 143–144.  
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Anemones were present before the “marine heat wave” of 2011, which caused 

widespread coral bleaching across the HAI (Abdo et al. 2012). However, it is also likely 

that factors other than elevated sea temperatures have contributed to loss of anemones 

as anecdotal reports indicate the decline in anemones has occurred over the last twenty-

years.  
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Figure C.1 Photograph taken in same location at the Anemone Lump from 1992 (A) and 

2012 (B) documenting the decline of anemones. 
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