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General Abstract 

 

The population genetic structure of species may be determined by complex interactions 

among many ecological, evolutionary and genetic processes. I investigated the 

population genetic structure of coral reef fishes on the Great Barrier Reef (GBR), 

Australia to better understand how these various processes may interact in a natural 

system. I firstly examined the spatial genetic structure of a low dispersal species to 

determine if its genetic structure varied among spatial scales and among regions located 

in the centre and on the periphery of its distributional range. I then examined the 

population genetic structure of species with different dispersal potentials and among 

species sampled at central and peripheral locations in their species range.  

Using mtDNA control region sequences and three microsatellite loci, I examined 

the spatial genetic structure of a direct developing coral reef fish, Acanthochromis 

polyacanthus, with comparatively low dispersal rates. The spatial genetic structure of 

this species was scale-dependent with evidence of isolation-by-distance among regions, 

but not within regions. Very strong genetic structure was detected among reefs within 

regions consistent with a metapopulation model. Pairwise genetic distances increased 

from offshore and older populations, to inshore and younger ones, supporting a 

metapopulation propagule-pool model of colonisation. Genetic diversities, mismatch, 

and coalescence analyses all identified large variation in the demographic history of this 

species among populations and regions. Evidence of genetic bottlenecks was detected 

by mismatch analysis in the majority of populations sampled, but in most populations 

these bottlenecks appeared to be older since genetic diversities and coalescence based 

population growth estimates did not indicate recent genetic bottlenecks. In contrast, 

three populations displayed low genetic diversities and large population growth rates 

indicating a more recent genetic bottleneck. Reductions in genetic diversities of local 

populations resulted in overall lower genetic diversity and a higher regional expansion 

rate in the southern region located towards the distributional margin of this species. In 

all, these results suggest that A. polyacanthus exists as a metapopulation within regions 

on the GBR and that metapopulation dynamics may differ among regions located in the 

centre and on the periphery of this species.  

The pelagic larval duration (PLD) can both affect and record the ecology and 

evolution of coral reef fishes and emerging evidence suggests that this trait displays 
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considerable intraspecific variation. Here I present new estimates of PLD for ten species 

of Pomacentridae and two species of Gobiidae, and coupled with previously published 

estimates, examine spatial and temporal variation of PLDs within and among these 

species. In eight of the twelve species examined here, within-population mean PLDs 

differed between sampling times, locations within regions, and among regions. In 

contrast, the range of these same PLD estimates overlapped at all spatial and temporal 

scales examined in eleven of the twelve species, but not between regions in one species 

(Amphiprion melanopus). Therefore, despite tight error estimates typically associated 

with estimates of PLD taken from a particular population at a particular time in some 

taxa, the overlapping ranges in PLD reported here indicate that the length of the pelagic 

larval phase is a much more plastic trait than previously appreciated. 

Pelagic larval duration (PLD) is a commonly used proxy for dispersal potential 

in coral reef fishes. Here I examine the relationship between PLD, genetic structure and 

genetic variability in coral reef fishes from one family (Pomacentridae) that differ in 

mean larval duration by more than a month. Genetic structure was estimated in eight 

species using a mitochondrial molecular marker (control region) and in a sub-set of five 

species using nuclear molecular markers (ISSRs). Estimates of genetic differentiation 

were similar among species with pelagic larvae, but differed between molecular 

markers. The mtDNA indicated no structure while the ISSR indicated some structure 

between the sampling locations. I detected a relationship between PLD and genetic 

structure using both markers. These relationships, however, were caused by a single 

species, Acanthochromis polyacanthus, which differs from all the other species 

examined here in lacking a larval phase. With this species excluded, there was no 

relationship between PLD and genetic structure using either marker. Genetic diversities 

were generally high in all species and did not differ significantly among species and 

locations. Nucleotide diversity and total heterozygosity were negatively related to 

maximum PLD, but again, these relationships were caused by A. polyacanthus and 

disappeared when this species was excluded from these analyses. These genetic patterns 

are consistent with moderate gene flow among well-connected locations and indicate 

that at this phylogenetic level (i.e., within family) the duration of the pelagic larval 

phase is not the primary factor affecting patterns of genetic differentiation.  

Using mtDNA (control region) and nuclear (ISSR) markers, I investigated the 

population genetic structure of three congeneric species pairs of pomacentrid coral reef 

fishes (Pomacentridae) in the context of species’ borders theory. This theory predicts 
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that population located on the periphery of the species’ range should be smaller and 

more fragmented and hence, display stronger genetic structure and lower genetic 

diversities compared to more centrally located populations. Each species pair consisted 

of one species sampled at two central locations within its geographic range, and another 

species sampled at the same locations but which constituted one location toward the 

centre of its range and another close to its edge. Contrary to expectations from theory, I 

did not find the predicted border effects in the population genetic structure of the 

species examined. Gene flow estimates did not differ among central and peripheral 

species. Genetic diversities were not lower in peripheral populations compared to 

central populations or in species sampled towards the periphery compared to those 

sampled in the centre of their ranges. Indeed, genetic diversities were much greater in 

the peripheral species compared to their central counterparts. The distribution of genetic 

variation indicated that secondary contact among differentiated lineages may, in part, be 

responsible for the high genetic diversity in these peripheral species. Elevated mutation 

rates mediated by environmental stress on the species’ margin may have contributed 

further genetic variability in these species. 



 ix 

Table of Contents 

 

Chapter 1: General Introduction……………………………………………………...1 

Chapter 2: Population genetic structure in a metapopulation of a coral reef fish: 

asymmetric migration rates and scale-dependency……………………………...…10 

Abstract……………………………………………………………………………...…10 

Introduction………………………………………………………………………….....11 

Methods and Materials………………………………………………………………....14 

Results……………………………………………………………………………….....19 

Discussion…………………………………………………………………………..….33 

Conclusion…………………………………………………………………………..….37 

Chapter 3: Genetic diversities, demographic bottlenecks and coalescence times in a 

marine metapopulation……………………………………………………………....38 

Abstract………………………………………………………………………………...38 

Introduction………………………………………………………………………….....39 

Methods and Materials…………………………………………………………..……..41 

Results……………………………………………………………………………..…...45 

Discussion………………………………………………………………………..…….52 

Conclusion…………………………………………………………………………..….60 

Chapter 4: Intraspecific variation in the pelagic larval duration of coral reef fishes 

…………………………………………………………………………………………61 

Abstract…………………………………………………………………………….…..61 

Introduction………………………………………………………………………….....62 

Methods and Materials………………………………………………………………....63 

Results……………………………………………………………………………..…...65 

Discussion………………………………………………………………………..…….65 

Conclusion………………………………………………………………………..…….68 

Chapter 5: The relationship between population genetic structure and pelagic 

larval duration in coral reef fishes on the Great Barrier Reef……………….……69 

Abstract……………………………………………………………………………..….69 

Introduction………………………………………………………………………..…...70 

Methods and Materials……………………………………………………………..…..72 

Results……………………………………………………………………………..…...79 



 x 

Discussion…………………………………………………………………………..…..85 

Conclusion…………………………………………………………………………..….90 

Chapter 6:  Greater genetic diversities on the edges of species’ ranges: Secondary 

contact among differentiated lineages?.......................................................................91 

Abstract………………………………………………………………………..……….91 

Introduction……………………………………………………………………..……...92 

Methods and Materials…………………………………………………………..……..94 

Results……………………………………………………………………………..…...98 

Discussion………………………………………………………………………..…...103 

Conclusion………………………………………………………………………..…...113 

Chapter 7: General Discussion…………………………………………………..…114 

Literature cited:…………………………………………………………………….…120 

Appendix 1:………………………………………………………………….…….….140 



 xi 

List of Tables: 

 

Chapter 2: 

Table 1……………………………………………………………………........15 

Table 2………………………………………………………………..………..21 

Table 3…………………………………………………………………..……..23 

Table 4…………………………………………………………………..……..24 

Table 5…………………………………………………………………..……..26 

Table 6…………………………………………………………………..……..30 

Table 7…………………………………………………………………..……..30 

Chapter 3: 

Table 1……………………………………………………………..…………..51 

Table 2……………………………………………………………………..…..55 

Table 3……………………………………………………………………..…..58 

Chapter 5: 

Table 1……………………………………………………………………..…..75 

Table 2……………………………………………………………………..…..80 

Table 3………………………………………………………………………....82 

Chapter 6: 

Table 1……………………………………………………………………..…..95 

Table 2……………………………………………………………………..…..97 

Table 3……………………………………………………………………..…..99 

Table 4…………………………………………………………………….…..104 

 



 xii 

List of Figures: 

 

Chapter 2: 

Figure 1…………………………………………………………………..……..16 

Figure 2………………………………………………………………………....31 

Figure 3……………………………………………………………………..…..32 

Chapter 3: 

Figure 1…………………………………………………………………..……..42 

Figure 2…………………………………………………………………..……..46 

Figure 3…………………………………………………………………..……..48 

Figure 4…………………………………………………………………..……..49 

Figure 5…………………………………………………………………..……..53 

Figure 6……………………………………………………………………..…..54 

Chapter 4: 

Figure 1……………………………………………………………………..…..66 

Chapter 5: 

Figure 1……………………………………………………………………..…..81 

Figure 2……………………………………………………………………..…..83 

Figure 3……………………………………………………………………..…..85 

Figure 4………………………………………………………………..………..86 

Chapter 3: 

Figure 1………………………………………………………………………..101 

Figure 2………………………………………………………………………..102 

Figure 3………………………………………………………………………..103 

Figure 4………………………………………………………………………..105 

Figure 5………………………………………………………………………..106 

Figure 6………………………………………………………………………..107 

Figure 7………………………………………………………………………..108 

 

 



 1 

Chapter 1: General Introduction 

 
The genetic structure of populations is determined by complex interactions among many 

genetic, ecological and evolutionary processes (Hartl and Clark 1997; Avise 2000). 

Ecological and demographic factors including population size, generation time, 

reproductive behaviour and patterns of migration among suitable habitats may affect the 

distribution of genetic variation within and among populations. Natural selection may 

shape allele frequencies in response to local conditions and genetic drift may be a 

powerful evolutionary force in isolated populations (Slatkin 1985). Genetic factors such 

as variation in mutation rates and recombination may further affect the genetic 

composition of populations (Hartl and Clark 1997). An understanding of the processes 

responsible for the genetic structure of populations therefore requires a detailed 

appreciation of how these factors interact, and how they vary spatially and temporally. 

The physical characteristics of the marine environment and the biological 

attributes of marine species present a number of evolutionary paradoxes to geneticists 

seeking to understand the processes determining population structure and speciation in 

the sea (Knowlton 1993; Palumbi 1994; Grosberg and Cunningham 2001). The marine 

environment is fluid and there is a general absence of physical barriers to dispersal 

(Vermeij 1987). Despite this, many marine communities such as those inhabiting coral 

reefs are very speciose (Sale 1991) and many widespread species comprise groups of 

cryptic species (Knowlton 1993). Fishes on coral reefs live in a naturally fragmented 

ecosystem where the isolation of suitable habitat patches may facilitate genetic isolation 

of populations. However, the pelagic larval stage exhibited by many of these species 

(Leis 1991; Leis and Carson-Ewart 2000) allows them to disperse widely and may 

homogenise population genetic structures (Palumbi 1994). Coral reef fishes are 

generally characterised by large, local populations and have high reproductive outputs, 

which may decrease the importance of population bottlenecks and genetic drift 

associated with founder effects in isolated populations (Birky et al. 1989; Hellberg et al. 

2002; Kritzer and Sale 2004). However, coral reefs have a dynamic evolutionary history 

where Pleistocene sea level fluctuations greatly affected the distribution of habitats as 

well the size and connectivity of populations (Benzie 1999). Therefore, the population 

genetic structure of many species may be affected by historical isolation, genetic 

bottlenecks and founder events associated with the colonisation of new habitats. Present 
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patterns of genetic variation within and among populations of many coral reef 

organisms is therefore likely to be the result of complex interactions among historical 

and present day factors (Grant and Bowen 1998; Benzie 1999). 

Estimates of genetic variability within and among marine populations are 

rapidly accumulating in the literature, but generalisations about which species are likely 

to have genetically structured populations, and the processes driving such 

differentiation, are still hard to draw (Planes 2002). Many studies have used vast trans-

oceanographic sampling strategies of species with long pelagic larval durations and 

presumably high dispersal potentials (e.g., Pacific: Planes and Fauvelot 2002; Bay et al. 

2004; Caribbean: Taylor and Hellberg 2003; Geertje et al. 2004; Atlantic: Muss et al. 

2001; Rocha et al. 2002). In general, these studies have detected significant genetic 

structuring among regions (but see Geertje et al. 2004) although some gene flow 

commonly occurs (but see Taylor and Hellberg 2003). Consequently, a positive 

relationship between genetic differentiation and geographical distance (isolation-by-

distance) has often been found (e.g., Bay et al. 2004). Investigation of population 

genetic structure of marine species at smaller spatial scales have tended to investigate 

species with either a short or no pelagic larval duration and hence, low dispersal 

potentials (Doherty et al. 1994; Nelson et al. 2000; Planes et al. 2001; Bernardi and 

Vagelli 2004; Hoffman et al. 2005), or species with longer larval durations (Doherty et 

al. 1995; Planes et al. 1996; Planes et al. 1998; Dudgeon et al. 2000; Bernardi et al. 

2001; Messmer et al. 2005). Investigations of species with a short or no pelagic larval 

stage have generally identified strong population genetic structure over quite short 

distances (e.g., 5 – 10 km) implying that spatial isolation and genetic drift are important 

ecological and evolutionary factors in such species. In contrast, species with longer 

larval durations may (Doherty et al. 1995; Planes et al. 1996; Planes et al. 1998; 

Messmer et al. 2005) or may not (Doherty et al. 1995; Dudgeon et al. 2000; Bernardi et 

al. 2001) display strong local structure suggesting that the factors that influence 

population genetic structure at local scales may also be complex.  

The processes that determine the population genetic structure of coral reef fishes 

have also been investigated in a comparative framework (Doherty et al. 1995; Shulman 

and Bermingham 1995; Planes et al. 1998; Dudgeon et al. 2000; Riginos and Victor 

2001; Fauvelot and Planes 2002; Fauvelot et al. 2003; Rocha et al. 2005). Such 

comparative studies may be particularly important in elucidating the mechanisms 

determining genetic structure in marine species because they allow for factors affecting 
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dispersal to be isolated and controlled (Bohonak 1999). Indeed, some of the more 

general conclusions about the roles of ecological specialisation (Rocha et al. 2005), 

larval behaviour (Riginos and Victor 2001) and historical habitat stability (Fauvelot et 

al. 2003) on the population genetic structure of coral reef fishes have emerged from 

such studies.  

While all these studies have made valuable contributions to our understanding of 

the population genetic structure of coral reef fishes, very few have allowed for genetic 

variation to be partitioned among local scales within regions of any species, regardless 

of their presumed dispersal potential (but see Doherty et al. 1995). Consequently, we do 

not currently have a good appreciation of local-scale genetic patterns and their potential 

effects on regional patterns. Studies that allow genetic variation to be partitioned among 

local and regional scales, as well as controlled comparative studies among closely 

related species, have the potential to greatly increase our understanding of the general 

mechanisms that determine the population genetic structure of coral reef fishes. The 

general aim of this thesis was, therefore, to understand how the spatial and temporal 

complexity of coral reefs can influence the genetic structure of species occupying such 

environments. To this end, I examined the spatial genetic structure of one species in 

detail to elucidate the potential for local and regional scale variation in its population 

genetic structure. I then used a comparative approach to examine the roles of dispersal 

potential on gene flow, and how the population genetic structure can differ within the 

species range. In order to achieve these aims it was necessary to consider the major 

biological, historical and environmental factors that may influence the interpretation of 

population genetic data of coral reef fishes.  

The genetic structure of populations is interpreted using several spatial models 

that vary in their complexity and the assumptions they make about the biological 

characteristics of the system under investigation. The complexity of these models and 

the degree to which assumption may be violated can greatly affect the resolution and 

interpretation of population genetic data. The island model, originally proposed by 

Sewall Wright (1931), estimates genetic differentiation (FST) by assuming that all 

populations are of equal size and have an equal probability of exchanging migrants 

regardless of their relative positions. The spatial position and the size of populations are 

likely to affect both patterns of emigration (i.e., larger populations may produce more 

emigrants) and the local effects of immigration (i.e., the effects of immigration may be 

greater in a smaller compared to larger population). Consequently, this model does not 
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describe the spatial structure of many real populations very well, except when the 

migration rate is low (Palumbi et al. 2003). This is because the migration rate is 

inversely related to the log of genetic structure (FST), so that even moderate migration 

rates will produce very small FST estimates associated with relatively high error (Waples 

1998). Differences in FST estimates among populations or species are therefore difficult 

to distinguish statistically, even where the migration rates producing them are different 

(Neigel 1997; Waples 1998). Most genetic investigations on coral reef fishes to date 

have used this island model. 

The stepping-stone, or isolation-by-distance model incorporates spatial variation 

by assuming that populations in closer proximity are more likely to exchange migrants 

than more distantly separated ones (Wright 1943; Kimura 1955; Kimura and Weiss 

1964; Weiss and Kimura 1964). Migration rates can be estimated by correlating the 

genetic differentiation of populations with the geographical distance separating them, 

and therefore, allow migration rates to be estimated more precisely than under the island 

model, especially when migration rates are high (Palumbi et al. 2003). The isolation-by-

distance model has increasingly been applied to the population genetic structure of coral 

reef fishes (e.g., Planes et al. 1996; Planes and Fauvelot 2002; Bay et al. 2004) and has 

indicated that patterns of gene flow may differ among species with high dispersal 

potential. 

Metapopulation genetic models consider differences in effective population 

sizes, colonisation patterns and extinction rates in the interpretation of migration and 

concomitant genetic structure of populations (Slatkin 1977, 1985, 1987; Wade and 

McCauley 1988; Whitlock and McCauley 1990). A metapopulation is composed of a 

number of spatially structured ephemeral populations that interact and persist through 

time via migration (Hanski 1991; Hanski and Gilpin 1997). The patterns of migration, 

extinction and re-colonisation of these populations can have profound effects on the 

distribution of genetic variation within and among the populations of a metapopulation 

(Pannell and Charlesworth 1999, 2000; Pannell 2003). For example, extinctions may 

decrease genetic variation within local populations but increase genetic structure among 

populations depending on the pattern of colonisation (Wade and McCauley 1988; 

Whitlock and McCauley 1990). Migration may reduce genetic differentiation among 

populations over time so that younger populations display stronger genetic 

differentiation than older populations (Giles and Goudet 1997). The physical structure 

of coral reefs suggests that the application of metapopulation theory holds much 
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promise for understanding the spatial genetic structure of many coral reef species 

(Swearer et al. 2002). Despite this, we currently have a poor appreciation of the 

presence, spatial extent and genetic consequences of metapopulation dynamics in 

marine systems.  

The vast majority of coral reef fishes have a bipartite life history where dispersal 

occurs primarily during the pelagic larval phase (Sale et al. 1980; Leis 1991; Leis and 

Carson-Ewart 2000). As such, most species have a potential for large-distance dispersal 

and characteristics of the larval phase have commonly been used to predict the genetic 

structure of populations. The dispersal potential of coral reef fishes have been 

investigated with respect to a range of larval traits including egg type (Shulman and 

Bermingham 1995; Shulman 1998), pelagic larval environment (Riginos and Victor 

2001) and most commonly the length of the pelagic larval phase (PLD: Waples 1987; 

Doherty et al. 1995; Shulman and Bermingham 1995; Riginos and Victor 2001). When 

examined previously, a relationship between mean larval duration and genetic 

differentiation has generally been found (Waples 1987; Doherty et al. 1995; Shulman 

and Bermingham 1995; Riginos and Victor 2001). This relationship may be greatly 

influenced by the inclusion of highly genetically structured, directly developing species 

(Bohonak 1999; Riginos and Victor 2001). Furthermore, behavioural (e.g., Taylor and 

Hellberg 2003), physiological (e.g., Shulman 1998) and ecological (e.g., Rocha et al. 

2005) factors may also affect dispersal abilities, and these may vary among taxonomic 

groups (Bohonak 1999). Despite the potential importance of such characteristics in 

determining variation in dispersal rates, examinations of the relationship between PLD 

and gene flow in marine fishes to date have incorporated a range of distantly related 

species, displaying different spawning characteristics and adult ecologies (Waples 1987; 

Doherty et al. 1995; Shulman and Bermingham 1995; Riginos and Victor 2001). 

Consequently, we do not have a good understanding of how PLD relates to dispersal in 

species that display little variation in their biology and ecology.   

Under the neutral theory of molecular evolution, genetic variation in unlinked 

markers is generated by mutation, subsequently modified by random genetic drift in 

isolated populations and homogenised among populations via migration (Hartl and 

Clark 1997). An explicit assumption of many population genetic analyses is, therefore, 

that populations are in migration-drift equilibrium; their current genetic structure is the 

result of the opposing effects of genetic drift and migration (Hartl and Clark 1997). The 

distribution of genetic variation within and among populations can be greatly affected 
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by historical effects such as genetic bottlenecks and founder events (Avise 2000) and 

such signatures may be retained in populations over many generations depending on 

their effective population sizes and rates of migration (Crow and Aoki 1984). 

Consequently, many species may not be in migration-drift equilibrium and their genetic 

structure may reflect historical as well as current patterns of gene flow (Benzie 1999). 

Under this scenario, the use of FST as an indicator of genetic isolation becomes 

problematic (Neigel 1997, 2002); recent coalescence-based maximum likelihood 

methods (Kuhner et al. 1998; Beerli and Felsenstein 1999, 2001) may ameliorate some 

of the problems associated with estimating population genetic structure in non-

equilibrium species (Neigel 2002). 

Sea level fluctuations associated with Pleistocene glacial events greatly affected 

the presence and distribution of coral reefs and are likely to have had profound effects 

on resident faunas (Paulay 1990; Benzie 1999). The historical effects on the present day 

patterns of genetic structure and genetic variability in coral reef fishes have increasingly 

been considered (Doherty et al. 1994; Shulman and Bermingham 1995; Dudgeon, 2000; 

Nelson et al. 2000; Planes et al. 2001; Fauvelot et al. 2003). Strong genetic 

differentiation among closely spaced populations has been interpreted in the context of 

historical isolation of populations (Nelson et al. 2000), or founder events associated 

with the colonisation of new habitats (Doherty et al. 1994; Planes et al. 2001). In 

species with low genetic structure, reduced genetic diversities have been associated with 

historical habitat stability (Fauvelot et al. 2003). While many coral reef fishes display 

low genetic variability indicating shallow coalescent histories (Grant and Bowen 1998), 

other species display high levels of genetic diversity (Planes 1998). Consequently, the 

current genetic structure of many coral reef fishes may be strongly influenced by 

historical events, however, the importance of such historical factors may vary among 

locations and species.  

The factors determining the extent of a species geographic range have long 

interested biologists (Darwin 1859; Mayr 1963). The distributional range of a species is 

determined by spatial and temporal variation in demographic parameters such as births, 

deaths and dispersal (Holt et al. 2005). Biological and environmental conditions are 

generally assumed to be optimal in the centre of a species range and to decline towards 

its periphery (Hoffmann and Parsons 1991). Populations should therefore become 

smaller, more fragmented and experience increased extinction rates towards the edge of 

the range (Levins 1970; Lennon et al. 1997). These effects should be evident in the 
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genetic structure of such populations. For example, gene flow may be reduced towards 

the species margin because of increased fragmentation and smaller population sizes 

(Levins 1970). Genetic isolation, smaller population sizes and increased extinction rates 

should, therefore, reduce genetic diversities in peripheral populations (Holt 1987). 

Many coral reef fish species have borders that are not associated with any obvious 

habitat discontinuities or barriers to dispersal. They, therefore, constitute a good system 

to test predictions from species border theory, however, variation in the population 

genetic structure among central and peripheral populations have rarely been considered 

(but see Planes and Fauvelot 2002).  

In this thesis I examine the processes that may determine the population genetic 

structure in one family of coral reef fishes, the Pomacentridae, on the Great Barrier Reef 

(GBR). I capitalise on the unique attributes of the coral reef fish assemblages and the 

physical structure of the coral reefs on the GBR. The GBR is unique among many coral 

reef systems of the world in being a largely linear band of highly interconnected, though 

spatially separated, reefs of relatively recent origin (Hopley and Thom 1983; Larcombe 

2001). Environmental conditions change along latitudinal and longitudinal gradients 

and concomitant effects on fish species distribution, abundance and demographic 

patterns are evident (Russ 1984; Gust et al. 2001; Gust 2004). The large number of 

individual reefs facilitates a detailed examination of local-scale genetic structure of 

coral reef organisms and its latitudinal and longitudinal variation. There is an absence of 

obvious dispersal barriers on the GBR, and species currently occupying the GBR are 

likely to have been affected by recent sea level changes. It is, therefore likely that the 

population genetic structure of coral reef fishes on the GBR may be affected by this 

disturbance history (Doherty et al. 1994; Planes et al. 2001), but there is no a priori 

reason why this should have affected some species differently from others. The high 

species richness of coral reef fishes on the GBR also enables comparative investigations 

of closely related and co-occurring species to be undertaken. Such a design can allow 

potential confounding factors such as ecological specificity, spawning characteristics 

and distributional range effects to be controlled. 

To examine the processes driving patterns of gene flow and genetic variability in 

coral reef fishes on the Great Barrier Reef, I addressed four specific issues: 

1. The potential for local spatial genetic structure of a low dispersal species and the 

utility of metapopulation theory to describe the population genetic structure in 

this species 
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2. The role of local extinctions on metapopulation dynamics of a low dispersal 

species, and how this may vary spatially among regions located in the centre and 

on the peripheral of the distributional range.  

3. The relationship between dispersal ability, gene flow and genetic diversity in 

ecologically generalised and widespread species. 

4. How metapopulation processes affect patterns of gene flow and genetic 

diversities on the species margin in ecologically generalised species. 

 

This thesis is constructed as a series of stand-alone, but conceptually interconnected 

publications. Chapter 2 examines the genetic structure of a common direct developing 

coral reef fish, Acanthochromis polyacanthus within and among regions on the Great 

Barrier Reef using a mitochondrial sequence marker and three microsatellite loci. I 

examine patterns of gene flow and reciprocal migration rates (i.e., migration from a to 

b, and vice versa) within and among regions and evaluate the conformation to different 

spatial genetic models at local and regional scales. The role of genetic bottlenecks and 

founder effects in A. polyacanthus were examined among the same locations in 

Chapter 3. I used frequentist and Bayesian maximum likelihood analyses to evaluate 

the roles of local extinctions and founder events on genetic diversities at local and 

metapopulation levels. I further examined if there was a difference in extinction 

dynamics towards the distributional range edge of this species. In Chapter 4, I examine 

the potential for intraspecific variation in the pelagic larval duration (PLD) of twelve 

coral reef fish species. Point estimates of mean PLD from the literature are commonly 

employed in a variety of applications including the prediction of genetic differentiation 

among populations (e.g., Doherty et al. 1995; Shulman and Bermingham 1995). 

Because genetic structure is greatly affected by even low levels of migration (Wright 

1943), it is possible that maximum rather than mean PLD may better predict gene flow 

and emerging evidence suggests that PLDs may vary considerably temporally and 

spatially within species (Leis 1991; Cowen and Sponaugle 1997). Consequently a 

characterisation of intraspecific variation in this trait was necessary before it could be 

used to predict gene flow here. In Chapter 5, I examine the relationship between 

dispersal potential (mean and maximum PLD) and gene flow in eight pomacentrid 

species. To control for potentially confounding factors, this examination was conducted 

using closely related species that display similar spawning behaviours and generalised 

ecologies. The potential role of demographic processes in determining species’ borders 
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is examined in Chapter 6. Patterns of gene flow and genetic diversities were examined 

in three congeneric species pairs that displayed very similar biological and ecological 

attributes. Each species pair consisted of one species sampled at two locations in the 

centre of its range (central species) and another species sampled at a central and 

marginal location in its range (peripheral species). This design allowed for the genetic 

consequences of range margins to be elucidated.  
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Chapter 2: Population genetic structure in a metapopulation of a coral 

reef fish: asymmetric migration rates and scale-dependency. 

 
Publication: Bay LK, Caley MJ and Crozier RH (In Review) Population genetic 

structure in a metapopulation of a coral reef fish: asymmetric migration rates and scale-

dependency. Molecular Ecology 

 

Abstract 

Using mtDNA control region sequences (n = 283) and three microsatellite loci (n = 

316), I examined the the spatial genetic structure on the Great Barrier Reef, Australia, of 

a direct developing coral reef fish, Acanthochromis polyacanthus, with comparatively 

low dispersal rates. I employed a hierarchical sampling design to test three models of 

genetic structuring (i.e., the island, isolation-by-distance and metapopulation model) at 

multiple geographical scales (among regions (n = 3), among continental shelf positions 

within regions (n = 3), and among reefs within regions (n = 5 – 6)). I also tested for 

asymmetric migration rates among locations using multiple molecular markers. The 

spatial genetic structure of this species was scale-dependent. Significant genetic 

structure (ΦST = 0.81, RST = 0.2, FST = 0.07, P <0.0001) and evidence of isolation-by-

distance (ΦST vs. km r = 0.77, P = 0.001, RST vs. km r = 0.53, P = 0.002, FST vs. km r = 

0.46, P = 0.001) was found among regions. Within regions, significant structuring 

across the continental shelf was evident in some regions (North: ΦST = 0.31, P < 0.001; 

Central: RST = 0.11, P = 0.015) but no evidence of isolation-by-distance was present at 

this spatial scale (P > 0.05 in all cases). Very strong genetic structure was detected 

among reefs within regions (mean fixation within region: ΦST = 0.28 – 0.41, RST  = 0.09 

– 0.13, FST = 0.06 – 0.1) suggesting that A. polyacanthus displays metapopulation 

dynamics at this scale. Pairwise genetic distances increased from offshore and older 

populations, to inshore and younger ones, in all comparisons that included significant 

fixation indices. These patterns support a metapopulation propagule-pool model of 

colonisation. Based on mtDNA, reciprocal migration rates were low and asymmetric, 

but based on microsatellites high and symmetrical. These contrasting patterns suggest 

that the genetic structure observed here may be influenced by male-biased dispersal.  
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Introduction 

The evolution of spatial genetic structure in animal and plant populations has been a 

central focus of evolutionary studies, and has been important in the development of 

metapopulation theory. This theory is intended to understand systems of ephemeral, 

genetically subdivided populations that persist through time via colonisation and 

migration from source populations (Hanski 1991; Hanski and Gilpin 1997; Pannell and 

Charlesworth 2000). Such populations are characterised by having a level of migration 

that is high enough to recolonise extinct populations, but low enough for drift to 

generate measurable genetic differences among populations (Hanski and Gilpin 1997). 

While earlier models assumed that migration was infrequent, occurring only to re-

colonise patches that had gone extinct (Levins 1970; Slatkin 1977), it is becoming 

evident that in metapopulations, migration rates may be asymmetric (Stacey et al. 1997) 

and vary temporally (e.g., Harrison 1991; Stacey and Taper 1992) and spatially (e.g., 

Pulliam 1988; Hanski and Gyllenberg 1993; Valone and Brown 1995). Behavioural 

differences among individuals (e.g., Aars and Ims 2000; Blundell et al. 2002; Fraser et 

al. 2004) can further contribute to such variation. In turn, such variation in migration 

rates should generate a diversity of genetic signatures depending on the relative 

importance of each process contributing to its generation (Pannell and Charlesworth 

2000). Analytical techniques that can separate overall genetic differentiation into 

reciprocal migration rates (Beerli and Felsenstein 1999, 2001) should, therefore, be able 

to illuminate the roles of various processes in establishing patterns of genetic 

differentiation among sub-populations.  

Models of the genetic structure of populations have developed from Wright’s 

original island model (Wright 1931) to the stepping-stone, or isolation-by-distance 

models, by incorporating spatial variation (Wright 1943; Kimura 1955; Kimura and 

Weiss 1964; Weiss and Kimura 1964), and later to metapopulation models which 

incorporate differences in effective population sizes, colonisation and extinction rates 

(e.g., Slatkin 1977, 1985, 1987; Wade and McCauley 1988; Whitlock and McCauley 

1990). Theory suggests that the sources and rates of colonisation relative to subsequent 

migration are critical determinants of the evolution of genetic structure of a 

metapopulation (Wade and McCauley 1988; Whitlock and McCauley 1990; Pannell and 

Charlesworth 2000). In a metapopulation with low levels of migration, the 

metapopulation propagule-pool model predicts high genetic differentiation if empty 

patches are colonised by individuals from a single source (Wade and McCauley 1988; 
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Whitlock and McCauley 1990). In contrast, under the metapopulation migrant-pool 

model, low genetic differentiation may occur if individual patches are colonised by 

migrants from a range of sources (Wade and McCauley 1988; Whitlock and McCauley 

1990). Under the propagule-pool model, genetic differentiation will always be greater 

than under an island model. Under a migrant-pool model, a metapopulation should have 

greater genetic differentiation among populations compared to an island model if 

colonisation and migration rates are similar (e.g., 4Nem = 2k, 4Nem = effective number 

of migrants, k = number of colonisers) (Wade and McCauley 1988; Whitlock and 

McCauley 1990). Despite recent developments in the theory of structured populations, 

the genetic consequences of metapopulation dynamics remain unclear (Olivieri et al. 

1990; Gilpin 1991; McCauley 1991; Harrison and Hastings 1996) due, to a considerable 

extent, to a lack of empirical tests.  

Separating the effects of colonisation pattern and subsequent migration in 

metapopulations is often difficult because the relative effects of colonisation and 

migration cannot be estimated from a single estimate of genetic differentiation (Giles 

and Goudet 1997). However, if the conditions of the propagule-pool model hold, or if 

colonisation and migration is the same process, then younger populations should display 

greater genetic differentiation compared to older ones (Giles and Goudet 1997; Pannell 

and Charlesworth 2000). Consequently, it should be possible to distinguish different 

types of metapopulation dynamics by the amount of genetic structure among 

populations and by the distribution of genetic differentiation among older and younger 

populations.  

Fishes on coral reefs occupy a naturally fragmented environment where patches 

of suitable reef habitat are surrounded by unsuitable habitat such as open sand and deep 

water. This physical structure makes coral reefs a good system for studying 

metapopulation dynamics. At present, however, we know little about the presence, 

spatial extent and genetic consequences of metapopulations dynamics in marine systems 

(but see Planes et al. 1996). The vast majority of coral reef fishes have a bipartite life 

history (Sale et al. 1980; Leis 1991; Leis and Carson-Ewart 2000), where pelagic larvae 

have the potential to disperse widely (Doherty et al. 1995; Chapter 5). Associated with 

this life-history pattern, little genetic structure across relatively large geographical 

distances is commonly observed (Planes and Fauvelot 2002; Bay et al. 2004; Chapter 

5). While such species may be characterised by isolation-by-distance at large spatial 

scales (e.g., Planes and Fauvelot 2002; Bay et al. 2004) the lack of within-location 
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sampling by many of these studies make detailed conclusions regarding migration 

patterns of such species hard to draw. In contrast, species with short, or non-existent 

larval durations generally display considerable genetic structure across small spatial 

scales (Bernardi 2000; Planes et al. 2001; Bernardi and Vagelli 2004; Hoffman et al. 

2005). While these studies indicate that such species may display metapopulation 

dynamics, the sampling strategies used have not permitted detailed examinations of this 

issue.  

Species such as Acanthochromis polyacanthus, a common fish on the Great 

Barrier Reef (GBR) which do not have a dispersive larval phase, coupled with the 

physical history of the GBR, provides an opportunity to examine metapopulation 

dynamics and the evolution of genetic structure on small spatial scales in a natural 

marine system. The reefs of the GBR are relatively young (approximately 6000 - 9000 

yrs) (Hopley and Thom 1983; Larcombe 2001). Colonisation of these reefs by fishes is 

likely to have taken place from Pleistocene fringing reefs and offshore refugia (Davies 

1989). Based on reef position and present current patterns (Church 1987; Andrews and 

Clegg 1989), colonisation is likely to have progressed from the outer continental shelf 

to inner shelf locations. Here I define the age of populations based on reef position and 

the population expansion times estimated in Chapter 3. Where the variation in the 

expansion times did not allow the age of populations to be distinguished, I assume for 

the purposes of this chapter that populations of this species on the outer shelf are older 

than those at inner shelf locations and hereafter are referred to as older and younger 

populations. Previous investigations of A. polyacanthus, as well as the presence of 

several colour morphs on the GBR, suggest that sufficient time has elapsed since 

colonisation began for this species to have evolved genetic differences among 

populations separated by small geographic distances (Doherty et al. 1994; Planes et al. 

2001).  

Here I examine the genetic structure of A. polyacanthus on the Great Barrier 

Reef using rapidly evolving mtDNA and microsatellite molecular markers. I examine if 

and how the genetic structure of this species varies at three spatial scales (i.e., among 

reefs within continental shelf position, continental shelf position within regions, and 

among regions) and evaluate spatial and behavioural differences in migration rates. I 

then examine the evidence for an island, stepping stone or metapopulation model of 

genetic structure. First, I evaluate if genetic structure follows a stepping stone model by 

examining the evidence for isolation-by-distance using conventional genetic estimates 
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of fixation. Next, I evaluate whether the spatial structure of this species follows 

predictions from the metapopulation propagule-pool and migrant-pool models by 

evaluating estimates of fixation among older and younger populations. Finally, I 

examine differences in estimates of genetic differentiation among molecular markers 

and statistical approaches and discuss potential sources of such variation. 

 

Methods and Materials 

Study species and sampling locations 

A total of 327 individual A. polyacanthus was collected from 15 back-reef locations 

from 3 regions on the Great Barrier Reef during 2000, 2003 and 2004 (Table 1, Fig. 1) 

by either spearing with hand-held spears or baited fence netting and hand nets. Baited 

netting involved aggregating A. polyacanthus by baiting the water immediately in front 

of a 3 x 1.5 meter monofilament net with processed bran, then chasing the fish into the 

net before catching them with hand held nets. When using this procedure the fence nets 

were moved regularly to avoid collections of family groups. Fish were transported 

either alive or on ice to the nearest shore where genetic samples (fin clips) were taken 

and preserved in 80% EtOH. Genetic structure within regions (shelf effects) were 

explored independently for two regions (i.e., north and central). Because the southern 

region contains no true inner and midshelf, the genetic structure in this region was 

explored using pairwise genetic distances.  

 

DNA extraction and amplification 

356 base pairs of the mitochondrial hyper variable control region I were 

amplified, sequenced in both forward and reverse directions, and aligned in fish from 15 

reefs in three regions following methods outlined in Chapter 5. Representative 

sequences have been deposited in GenBank under accession numbers DQ199666 – 

DQ199947. 

Four microsatellite loci (Miller-Sims et al. 2005) were screened (AC33, AC37, 

AC42, AC45,) but only 3 loci consistently amplified in both southern, mid and northern 

populations (AC33, AC37, AC42). Analysis was, therefore, restricted to these loci. 

Population genetic investigations commonly use a single mitochondrial marker, which 

introduces some uncertainty about whether results are gene specific or representative of 

population level processes (Avise 2000). Therefore, the analysis of microsatellites here 

was intended to provide an assessment of population structure independent of the 
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mtDNA. Because of the relatively low number of microsatellite loci screened, 

interpretations based on these data should be regarded with some caution.  

 

Table 1: Locations, shelf position and geographic coordinates of the 15 populations of 
Acanthochromis polyacanthus sampled in this study. Location abbreviations used 
throughout this paper are also indicated. Number of alleles sampled: mtDNA = N, 
microsatellites = 2N. 
 
     Number of alleles 

sampled 
Region Shelf  Location Abbreviation Latitude; 

Longitude 
mtDNA Microsatellites 

North Outer Yonge Reef YON 14o37S; 
145o37E 

20 48 

  Day Reef DAY 14o31S; 
145o33E 

22 44 

 Mid Lizard Island LIZ 14o40S; 
145o28E 

20 36 

  North Direction NDR 14o44S; 
145o30E 

19 48 

 Inner Martin Reef MAR 14o45S; 
145o20E 

21 46 

  Linnet Reef LIN 14o47S; 
145o21E 

20 48 

Mid Outer  Pith Reef PIT 18o13S; 
147o02E 

21 42 

  Myrmidon Reef MYR 18o16S; 
147o23E 

17 46 

 Mid  Britomart Reef BRI 18o14S; 
146o39E 

19 48 

  Trunk Reef TRU 18o23S; 
146o40E 

14 30 

 Inner Orpheus Island ORP 18o37S; 
146o29E 

21 46 

South Outer One Tree Island OTI 23o30S; 
152o05E 

21 36 

 Outer Sykes Reef SYK 23o26S; 
152o02E 

16 62 

 Mid Polmaise Reef POL 23o34S; 
151o41E 

13 18 

 Outer Broomefield 
Reef 

BRO 23o16S; 
151o57E 

19 34 
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Fig. 1: The sampling locations of Acanthochromis polyacanthus on the Great Barrier 
Reef. Dark bars indicate locations of cross shelf sampling.  
 

 

The three microsatellite loci were amplified in the same individuals in 15µl reactions 

containing 1x High Fidelity PCR Buffer, 2 mM MgSO4, 200 µM each dNTP, 0.4 µM 

each primer, approx. 5 ng template DNA and 0.3 units of Hi Fidelity Taq Polymerase 

(Invitrogen Life Technologies). Microsatellites were amplified using a PCR cycling 

profile of 94oC (5 min), 35 cycles of 94oC (1 min), primer specific annealing 

temperature (1 min), 68oC (1 min) followed by a final extension phase of 68oC (10 

min). Primer specific annealing temperatures were AC37 = 46o, AC42 = 52o and AC33 

= 46o. Flourolabelled PCR products were cleaned by centrifugation through 300 µl of 

sephadex G-50, multiplexed and 0.25 µl of ET400 standard (Amersham Biosciences) 

added before genotyping on a Megabase 1000 (Amersham Biosciences) at the Genetic 
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Analysis Facility in the Advanced Analytical Center, James Cook University. The 

microsatellite data set is available from the authors upon request.  

 

Data analysis 

The mtDNA control region sequences were aligned and edited using Sequencher 4.2 

(GeneCodes Corp. Michigan USA) and ESEE (Cabot and Beckenbach 1989). The best 

model of nucleotide substitution was determined using Modeltest 3.5 (Posada and 

Crandall 1998) and PAUP* 4.0b10 (Swofford 1998). The hierarchical likelihood tests 

and Akaike Information Criteria agreed that the Tamura and Nei model (Tamura and 

Nei 1993) with γ = 0.3012 fitted the data best (-LogLikelihood = 1220.65; AIC = 

2453.30). This model and rate heterogeneity estimate were used in all following 

analyses of population genetic structure. Base frequencies and the ts/tv ratio from all 

sampled fish combined were calculated using Modeltest. The role of saturation was 

explored by comparing the topology of neighbour joining trees (implemented in 

PAUP*) including and excluding transitions. All individuals retained membership in the 

same major clades and transitions were included in all further analyses. Linkage among 

the three microsatellite loci was investigated using Genepop on the Web (Raymond and 

Rousset 1995). The role of heterozygotic deficit and departure from Hardy-Weinberg 

equilibrium was investigated using Genalex 6 (Peakall and Smouse 2001) and 

significance levels were corrected for multiple tests by a sequential Bonferroni 

correction (Dunn-Sidak method, Sokal and Rohlf 1995). The fit of the Infinite Allele 

Model (IAM, Kimura and Crow 1963) and the Stepwise Mutation Model (SMM, 

Kimura and Otha 1978) was examined using Bottleneck 1.2.02 (Piry et al. 1999).  

The mtDNA dataset did not contain any missing data but the microsatellite 

dataset contained 4% missing values and the majority of these missing values were 

associated with AC42. To avoid potential confounding effects due to these missing 

values being treated as a separate allele (Peakall and Smouse 2001), an average genetic 

identity was allocated to all missing data. This dataset was used in all subsequent 

analyses of microsatellites. 

 

Population Genetic Structure 

Hierarchical population genetic structure of A. polyacanthus among regions and reefs 

was explored using AMOVA using 1000 permutations (Weir and Cockerham 1984; 

Excoffier et al. 1992) implemented in ARLEQUIN 2.000 (Schneider et al. 2000). 
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Estimates of population differentiation using microsatellite data were based on both 

IAM and SMM mutational models. Pairwise genetic distances among populations were 

calculated from both markers and mutational models using ARLEQUIN and a 

sequential Bonferroni correction was applied to all pairwise comparisons (Dunn-Sidak 

method, Sokal and Rohlf 1995).  

 

Migration 

Differences in levels of gene flow among locations were investigated further using 

MIGRATE 1.7.6.1 (Beerli and Felsenstein 1999, 2001). This program calculates 

reciprocal migration rates (i.e., 4Nem from a to b, and vice versa) using a coalescence 

maximum likelihood approach (Markov Chain Monte Carlo with Hastings Metropolis 

importance sampling) and assumes constant mutation rates and equal effective 

population sizes. Because of the molecular divergences detected by phylogenetic and 

AMOVA analyses, MIGRATE was run on each geographical region separately and due 

to different effective population sizes the mtDNA and microsatellite data sets were 

analysed independently. Reciprocal migration rates were interpreted as significantly 

different when their 95% confidence intervals did not overlap. Extensive sampling 

regimes including 10 short chains sampled 10000 times each and 5 long chains sampled 

100000 each were averaged over 5 replicate runs. MIGRATE was implemented on a 

SGI Origin 3800 computer in the James Cook University High Performance Computing 

Facility. A ts/tv ratio of 1.53 (estimated by Modeltest) was used for the sequence data 

and a stepwise mutational model was implemented for the microsatellite data. Repeated 

runs were highly consistent using this sampling strategy. To investigate the potential 

role of greater sample size of the nuclear marker on estimated patterns of migration, I 

reduced the microsatellite data sets by one third and one sixth using the same search 

parameters as above in two ways. First, I randomly removed one third and one sixth of 

individuals from each location. This resulted in highly inconsistent results among runs 

for the central and southern regions. Second, I removed two loci and half of the 

individuals of the remaining locus. This procedure was repeated on all three loci, but 

only resulted in consistent runs with one locus (AC33), most likely because this locus 

contained the most information. In the northern region, where the different data 

reduction strategies could be compared, the results were highly consistent. Therefore, 

only the reductions to one third and one sixth of individuals of AC33 for all regions are 

presented below.  
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Isolation-by-Distance 

Isolation-by-distance was explored for both the mtDNA and the microsatellites. 

Geographical distances among locations were calculated using Vincenty’s inverse 

method (http://www.ga.gov.au/nmd/geodesy/datums/distance.jsp). Genetic distances 

were estimated for mtDNA and microsatellites by conventional genetic distance 

estimators (ΦST, FST, RST) in ARLEQUIN. Reynold’s distance D (Reynolds et al. 1983), 

Slatkin’s linearised measure of similarity (Slatkin and Hudson 1991; Slatkin 1993; 

Rousset 1997) and Slatkin’s measure of M (Slatkin 1995) were also calculated for 

mtDNA. Microsatellite migration parameters were calculated using IAM (Nem: Hartl 

and Clark 1997) and SMM (M = Nem: Slatkin 1995) models. Correlation between 

genetic and geographical distances were tested using a Mantel test (1000 permutations) 

of both log-transformed and non-transformed data following Smouse et al. (1986) and 

implemented in Genalex. A sequential Bonferroni correction was used to adjust the 

significance level of multiple tests (Sokal and Rohlf 1995). Transformations did not 

affect the overall results. Therefore, only non-transformed km versus ΦST/ FST/ RST are 

presented here.  

 

Metapopulation Structure 

Predictions from the metapopulation models were tested by comparing estimates of 

genetic differentiation among older and younger populations in the northern, central and 

southern regions. In the northern region, variation in the population expansion times 

(based on mismatch analysis presented in Chapter 3) did not allow older and younger 

populations to be identified and an age gradient from older outer shelf locations to 

younger inner shelf locations was examined. In the central region Orpheus Island and 

Trunk Reef and in the southern region One Tree Island and Sykes Reef were identified 

as younger (Chapter 3). These locations were compared to older locations (central 

regions: Myrmidon and Pith Reefs, southern region: Polmaise and Broomefield Reefs). 

 

Results 

356 bases of the mtDNA control region I was obtained from a total of 283 individuals 

collected from 15 reefs. The average base frequencies were AT biased (A= 0.41, 

T=0.40, C=0.07, G=0.12) as commonly observed in fish mtDNA (Wolstenholme 1992; 

McMillan and Palumbi 1997). The ts/tv ratio was 1.53:1 for all samples combined. The 
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three microsatellites were amplified in 316 individuals. Linkage equilibrium was not 

rejected for the three microsatellites (AC33 vs. AC37: λ2 = 37.735 df = 30 P = 0.157, 

AC33 vs. AC42: λ2 = 28.253 df = 30 P = 0.557, AC37 vs. AC42: λ2 = 25.871 df = 30 P 

= 0.682). Heterozygotes were less abundant than expected according to Hardy-

Weinberg expectations in 17 of 45 locus-by-population comparisons (29 of 45 

comparisons before Bonferroni correction), however, these departures were not 

confined to any of the populations or loci in particular (Table 2). Both models of 

microsatellite evolution were supported: the IAM model was only rejected in 1 and 

SMM in 6 out of 45 locus-by-population comparisons (Table 2). Significant genetic 

structure was detected among regions (P < 0.0001) and the strength of fixation differed 

among molecular markers and mutation models (Table 3). Fixation indices ranged from 

very high 0.81 (ΦST), lower 0.2 (RST) and low 0.07 (FST) suggesting that the genetic 

structure among regions differed among the molecular markers used.  

For mtDNA, most of the variation occurred among regions (81.2%), whereas, 

for microsatellites much less variation occurred at this spatial scale (IAM: 7.3 %, SMM: 

19.5 %) and more variation was found within populations (IAM: 85.3 %, SMM: 70.3 

%) (Table 3). Significant structure could be attributed to shelf position only in the 

northern region based on mtDNA (ΦST = 0.31, P < 0.001, c.f. microsatellites: FST = 

0.04, P = 0.06, RST = 0.04, P = 0.14). Significant shelf-position effects were evident in 

the central region based on microsatellites (RST = 0.11 P = 0.015) but not mtDNA (ΦST 

= 0.097 P = 0.17) (Table 4).  

 



 21 

Table 2: Observed (HO) and expected (HE) heterozygosity, probability test of heterozygote deficit (λ2 (df)), P and Bonferroni corrected 
significance probability (α), probability of departure from the Infinite Allele Model (IAM) and Stepwise Mutation (SMM) models and their 
associated Bonferroni corrected significance probabilities (α) of the three microsatellite loci among 15 populations of Acanthochromis 
polyacanthus on the Great Barrier Reef.  
 

    Heterozygote excess IAM SMM 
Location Locus HO HE λ2 (df) P α P α P α 

Day Reef AC37 
AC42 
AC33 

0.708 
0.833 
0.625 

0.845 
0.944 
0.737 

105.8 (78) 
385.7 (325) 
32.94 (21) 

0.02   
0.012 
0.047 

0.002 
0.002 
0.003 

0.471 
0.429 
0.340  

0.002 
0.004 
0.003 

0.051 
0.250 
0.208 

0.002 
0.004 
0.003 

Yonge Reef AC37 
AC42 
AC33 

0.636 
0.636 
0.636 

0.753 
0.777 
0.755 

62.22 (28) 
134.6 (55) 
16.31 (15) 

0.000 
0.000 
0.362 

0.001 
0.001 
0.005 

0.466 
0.255 
0.110 

0.02 
0.03 
0.05 

0.097 
0.004 
0.413 

0.002 
0.001 
0.007 

Lizard Island AC37 
AC42 
AC33 

0.778 
0.722 
0.778 

0.764 
0.944 
0.776 

47.25 (45) 
313.0 (253) 
38.72 (45) 

0.381 
0.006 
0.734 

0.006 
0.001 
0.01 

0.204 
0.243 
0.271 

0.002 
0.002 
0.002 

0.012 
0.537 
0.007  

0.001 
0.02 
0.001 

North Direction AC37 
AC42 
AC33 

0.542 
0.625 
0.958 

0.774 
0.928 
0.845 

130.8 (55) 
263.3 (190) 
44.50 (66) 

0.000 
0.000 
0.981 

0.001 
0.002 
0.05 

0.249 
0.115 
0.396 

0.002 
0.002 
0.002 

0.006 
0.628 
0.100  

0.001 
0.05 
0.002 

Linnet Reef AC37 
AC42 
AC33 

0.783 
0.522 
0.739 

0.891 
0.940 
0.713 

105.3 (105) 
381.7 (253) 
61.71 (21) 

0.475 
0.000 
0.000  

0.006 
0.001 
0.001 

0.278 
0.128 
0.439  

0.001 
0.001 
0.002 

0.26   
0.567 
0.119 

0.004 
0.025 
0.002 

Martin Reef  AC37 
AC42 
AC33 

0.792 
0.792 
0.458 

0.833 
0.944 
0.703 

48.66 (55) 
317.0 (276) 
38.12 (21) 

0.714 
0.045 
0.012 

0.01 
0.003 
0.002 

0.325 
0.086 
0.488 

0.002 
0.002 
0.002 

0.139 
0.468 
0.070 

0.002 
0.013 
0.002 

Myrmidon Reef  AC37 
AC42 
AC33 

0.826 
0.870 
0.435 

0.870 
0.862 
0.580 

109.5 (66) 
186.7 (136) 
54.24 (15) 

0.001  
0.003 
0.000  

0.002 
0.002 
0.001 

0.139 
0.163 
0.296 

0.002 
0.002 
0.002 

0.375 
0.003 
0.030 

0.006 
0.001 
0.002 

Pith Reef  AC37 
AC42 
AC33 

0.571 
0.905 
0.286 

0.715 
0.934 
0.323 

94.662 (55) 
249.760 (231) 
1.340 (6) 

0.001 
0.189 
0.696 

0.001 
0.003 
0.03 

0.062 
0.33  
0.173 

0.003 
0.004 
0.004 

0.003 
0.31 
0.02 

0.001 
0.004 
0.001 
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Table 2: Continued 
 

    Heterozygote excess IAM SMM 
Location Locus HO HE λ2 (df) P α P α P α 

Trunk Reef  AC37 
AC42 
AC33 

0.333 
1.000 
0.4 

0.700 
0.920 
0.429 

53.850 (21) 
177.000 (153) 
16.116 (6) 

0.000  
0.090 
0.013 

0.001 
0.003 
0.002 

0.329 
0.466 
0.266 

0.008 
0.01 
0.01 

0.048 
0.211 
0.056 

0.002 
0.003 
0.002 

Britomart Reef  AC37 
AC42 
AC33 

0.833 
0.917 
0.292 

0.851 
0.943 
0.369 

74.258 (55) 
253.667 (253) 
24.026 (3) 

0.043 
0.476 
0.000 

0.003 
0.007 
0.001 

0.177 
0.056 
0.494 

0.001 
0.001 
0.001 

0.313 
0.34 
0.214 

0.005 
0.005 
0.003 

Orpheus Island  AC37 
AC42 
AC33 

0.870 
0.826 
0.217 

0.854 
0.911 
0.553 

38.671 (55) 
205.949 (171) 
85.458 (36) 

0.953 
0.035 
0.000 

0.02 
0.003 
0.001 

0.155 
0.454 
0.037 

0.002 
0.003 
0.003 

0.359 
0.102 
0.000 

0.006 
0.002 
0.001 

Polmaise Reef  AC37 
AC42 
AC33 

0.769 
0.692 
0.154 

0.698 
0.787 
0.500 

23.111 (21) 
76.349 (45) 
9.030 (3) 

0.338 
0.002 
0.029 

0.004 
0.002 
0.002 

0.294 
0.163 
0.366 

0.004 
0.005 
0.005 

0.049 
0.019 
0.419  

0.002 
0.001 
0.008 

Broomefield Reef  AC37 
AC42 
AC33 

0.917 
0.708 
0.042 

0.845 
0.799 
0.376 

44.499 (45) 
56.154 (36) 
48.018 (6) 

0.493 
0.017 
0.000 

0.008 
0.002 
0.001 

0.109 
0.311 
0.261 

0.001 
0.001 
0.001 

0.451 
0.185 
0.037 

0.01 
0.003 
0.002 

One Tree Island  AC37 
AC42 
AC33 

0.722 
0.833 
0.500 

0.832 
0.926 
0.637 

50.604 (45) 
251.520 (190) 
22.926 (21) 

0.262 
0.002 
0.348 

0.004 
0.002 
0.005 

0.314 
0.537 
0.208 

0.003 
0.003 
0.003 

0.199 
0.182 
0.01 

0.003 
0.002 
0.001 

Sykes Reef  AC37 
AC42 
AC33 

0.774 
0.806 
0.290 

0.770 
0.922 
0.674 

48.331 (45) 
275.629 (210) 
134.038 (45) 

0.341 
0.002 
0.000 

0.004 
0.002 
0.001 

0.464 
0.204 
0.127 

0.006 
0.006 
0.007 

0.023 
0.216 
0.003 

0.002 
0.003 
0.001 
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Table 3: Analysis of Molecular Variance based on a) mtDNA control region, b) the Infinite Allele Model (IAM)  and c) the Stepwise Mutation 
Model (SMM) of three microsatellite loci among three regions (North, Central and South) of Acanthochromis polyacanthus on the Great Barrier 
Reef. V = Variance component, % = percent variation explained, fixation = fixation index (mtDNA = ΦST, IAM = FST and SMM = RST ) and P = 
significance. 
 

 Among regions Among populations within regions Within populations 

 V % Fixation P V % Fixation P V % Fixation P 

a) mtDNA 17.99 81.21 0.812 <0.0001 1.93 8.71 0.463 <0.0001 2.23 10.0.8 0.90 <0.0001 

b) IAM 0.101 7.24 0.072 <0.0001 0.104 7.51 0.081 <0.0001 1.183 85.26 0.147 <0.0001 

c) SMM 189.7 19.45 0.195 <0.0001 99.95 10.24 0.127 <0.0001 685.9 70.31 0.297 <0.0001 
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Table 4: Analysis of Molecular Variance, fixation indices and significance based on a) mtDNA control region, b) the Infinite Allele Model 
(IAM) and c) the Stepwise Mutation Model (SMM) of three microsatellite loci among inner, mid and outer shelf locations in the northern and 
central regions of the Great Barrier Reef. V = Variance component, % = percent variation explained, fixation = fixation index (mtDNA = ΦST, 
IAM = FST and SMM = RST) and P = significance. 
 

 Among shelves Among populations within shelves Within populations 

 V % Fixation P V % Fixation P V % Fixation P 

a) mtDNA: 

Northern 2.677 31.10 0.311 <0.001 1.625 18.87 0.274 <0.001 4.307 50.03  0.450 <0.001 

Central  0.127 9.68  0.097 0.169 0.442 33.72 0.373 <0.001 0.742 56.60 0.434 <0.001 

b) IAM: 

Northern 0.059 4.320 0.043 0.063 0.034 2.500 0.026 <0.001 1.268 93.18 0.068 <0.001 

Central  0.113 8.860 0.089 0.064 0.049 3.820 0.042 <0.001 1.114 87.32 0.127 <0.001 

c) SMM: 

Northern 36.36 3.630 0.036 0.138 107.3 10.73 0.111 <0.001 857.1 85.64 0.144 <0.001 

Central  81.89 11.28 0.113 0.015 4.857 0.67 0.008 0.376 639.1 88.05 0.120 <0.001 
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Pairwise genetic distances among populations differed among markers and mutational 

models (Table 5) but were similar among regions (Table 6). ΦST values were 

significantly greater than 0 in more than 97% of all pairwise comparisons. Nuclear 

pairwise genetic distances were generally less than half those estimated by mtDNA and 

were statistically significant in 72% of comparisons (83.2% before Bonferroni 

correction) although this varied between mutational models (significant comparisons 

RST = 52% (71.4% before Bonferroni correction), FST = 91.5 % (97.1% before 

Bonferroni correction)). There was no consistent geographical pattern in the variation 

between models with FST indicating higher fixation in 37.3, 53.3 and 68% of northern, 

central and southern comparisons than comparable RST estimates. (Table 5).  

Results of the isolation-by-distance analyses were largely congruent with those 

of the AMOVAs. Significant correlations between geographical and genetic distance 

were only evident at the largest spatial scale, i.e. among regions (ΦST vs. km: r = 0.77 P 

= 0.001; FST vs. km:  r = 0.46 P = 0.001; RST vs. km: r = 0.53 P = 0.002 Fig. 2). Genetic 

and geographic distances did not correlate within regions using any of the genetic 

markers or distance measures (P > 0.05 in all cases, unpublished data).  

The metapopulation propagule-pool model was supported in all three regions 

(Table 7). Fixation indices were higher among younger populations compared to older 

ones in all regions when based on mtDNA (Table 7). Fixation indices based on both 

microsatellite models were higher among younger populations in the central region, but 

not in the northern or southern regions. In both these regions, a large proportion of the 

pairwise genetic distances based on microsatellites were not significantly different from 

0 and this lack of genetic structure may have affected this comparison. 

There was substantial variation in migration rates among populations, regions 

and markers (Fig. 3). Migration rates based on mtDNA were generally low (4NeM 

mostly < 1) and reciprocal rates (i.e., 4NeM (a to b) vs. 4NeM (b to a) were significantly 

different in 26.7 % of northern, 40% of central and 66.7% of southern pairwise 

comparisons (Fig. 3). Migration rates based on microsatellites were generally higher 

(mostly ranging from 1 – 4) and significant reciprocal pairwise differences were less 

common (North = 6.7%, Central = 10% and South = 16.7%).  
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Table 5: Pairwise genetic distances among all sampling locations. Pairwise ФST estimates are presented above the diagonal, and FST and RST 
estimates are presented below it. Location abbreviations follow Table 1. 
 

  DAY YON LIZ NDR LIN MAR MYR PIT TRU BRI ORP OTI SYK POL BRO 

  ΦST ΦST ΦST ΦST ΦST ΦST  ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST 

DAY  x 0.146 

* 

0.053 

ns 

0.487 

** 

0.414 

** 

0.814 

** 

0.574 

** 

0.507 

** 

0.612 

** 

0.552 

** 

0.587 

** 

0.957 

** 

0.947 

** 

0.941 

** 

0.949 

** 

  x               

YON FST 0.042 

ns 

x 0.14 

* 

0.545 

** 

0.482 

** 

0.863 

** 

0.655 

** 

0.561 

** 

0.707 

** 

0.621 

** 

0.622 

** 

0.977 

** 

0.971 

** 

0.966 

** 

0.971 

** 

 RST 0.345 

** 

x              

LIZ FST 0.062 

** 

0.096 

** 

x 0.263 

* 

0.201 

* 

0.65 

** 

0.407 

** 

0.344 

** 

0.427 

** 

0.373 

** 

0.403 

** 

0.913 

** 

0.895 

** 

0.886 

** 

0.901 

** 

 RST 0.267 

** 

0.134 

ns 

x             

NDR FST 0.067

** 

0.098 

** 

0.011 

ns 

x 0.034 

ns 

0.214 

** 

0.592 

** 

0.559 

** 

0.594 

** 

0.579 

** 

0.579 

** 

0.882 

** 

0.858 

** 

0.847 

** 

0.867 

** 

 RST 0.308

** 

0.213 

** 

-0.014 

ns 

x            
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Table 5: Continued 
 
  DAY YON LIZ NDR LIN MAR MYR PIT TRU BRI ORP OTI SYK POL BRO 

  ΦST ΦST ΦST ΦST ΦST ΦST  ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST 

LIN FST 0.041

** 

0.072 

** 

0.084 

** 

0.081 

** 

x 0.33 

** 

0.541 

** 

0.508 

** 

0.544 

** 

0.528 

** 

0.544 

** 

0.882 

** 

0.859 

** 

0.849 

** 

0.868 

** 

 RST 0.156

ns 

0.027 

ns 

0.069 

ns 

0.127 

ns 

x           

MAR FST 0.021

ns 

0.053 

* 

0.074 

** 

0.078 

** 

0.024 

ns 

x 0.88 

** 

0.862 

** 

0.889 

** 

0.881 

** 

0.884 

** 

0.954 

** 

0.943 

** 

0.935 

** 

0.944 

** 

 RST 0.141

ns 

0.053 

ns 

0.081 

ns 

0.134 

ns 

-0.018 

ns 

x          

MYR FST 0.087

** 

0.142 

** 

0.122 

** 

0.122 

** 

0.057 

** 

0.077 

** 

x 0.357 

** 

0.616 

** 

0.406 

** 

0.584 

** 

0.987 

** 

0.982 

** 

0.977 

** 

0.981 

** 

 RST 0.323

** 

0.007 

ns 

0.08 

ns 

0.149 

** 

0.0 

ns 

0.015 

ns 

x         

PIT FST 0.137

** 

0.186 

** 

0.191 

** 

0.197 

** 

0.119 

** 

0.093 

** 

0.066 

** 

x 0.255 

** 

0.053 

ns 

0.384 

** 

0.98 

** 

0.975 

** 

0.97 

** 

0.975 

** 

 RST 0.429

** 

0.009 

ns 

0.185 

** 

0.262 

** 

0.04 

ns 

0.056 

ns 

0.009 

ns 

x        

TRU FST 0.118

** 

0.168 

** 

0.18 

** 

0.173 

** 

0.101 

** 

0.079 

** 

0.079 

** 

0.019 

ns 

x 0.352 

** 

0.689 

** 

0.993 

** 

0.989 

** 

0.983 

** 

0.987 

** 
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Table 5: Continued 

 
  DAY YON LIZ NDR LIN MAR MYR PIT TRU BRI ORP OTI SYK POL BRO 

  ΦST ΦST ΦST ΦST ΦST ΦST  ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST 

TRU RST 0.321

** 

-0.01 

ns 

0.115 

ns 

0.188 

** 

0.001 

ns 

0.014 

ns 

-0.017 

ns 

-0.023 

ns 

x       

                 

BRI FST 0.109

** 

0.153 

** 

0.173 

** 

0.170 

** 

0.082 

** 

0.075 

** 

0.052 

** 

0.026 

ns 

0.014 

ns 

x 0.389 

** 

0.988 

** 

0.984 

** 

0.979

** 

0.983 

** 

 RST 0.199

** 

0.013 

ns 

0.096 

ns 

0.166 

** 

-0.016 

ns 

-0.004 

ns 

0.005 

ns 

0.046 

** 

0.002 

ns 

x      

ORP FST 0.116

** 

0.163 

** 

0.079 

** 

0.096 

** 

0.130 

** 

0.142 

** 

0.122 

** 

0.212 

** 

0.216 

** 

0.199 

** 

x 0.989 

** 

0.985 

** 

0.98 

** 

0.984 

** 

 RST 0.589

** 

0.158 

** 

0.209 

** 

0.263 

** 

0.236 

** 

0.267 

** 

0.196 

** 

0.214 

** 

0.185 

ns 

0.251 

** 

x     

OTI FST 0.109

** 

0.148 

** 

0.06 

** 

0.069 

** 

0.126 

** 

0.133 

** 

0.135 

** 

0.22 

** 

0.211 

** 

0.198 

** 

0.062 

** 

x 0.459 

** 

0.085 

* 

0.59 

** 

 RST 0.595

** 

0.235 

ns 

0.281 

** 

0.33 

** 

0.309 

ns 

0.335 

** 

0.282 

** 

0.273 

** 

0.244 

ns 

0.325 

** 

0.037 

ns 

x    

SYK FST 0.136 

** 

0.179 

** 

0.099 

** 

0.144 

** 

0.136 

** 

0.158 

** 

0.132 

** 

0.218 

** 

0.227 

** 

0.205 

** 

0.049 

** 

0.021 

ns 

x 0.15 

* 

0.099 

* 
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Table 5: Continued 

 
  DAY YON LIZ NDR LIN MAR MYR PIT TRU BRI ORP OTI SYK POL BRO 

  ΦST ΦST ΦST ΦST ΦST ΦST  ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST ΦST 

SYK RST 0.76 

** 

0.437 

** 

0.489 

** 

0.521 

** 

0.494 

** 

0.518 

** 

0.502 

** 

0.516 

** 

0.479 

** 

0.519 

** 

0.172 

** 

-0.007 

ns 

x   

POL FST 0.182 

** 

0.222 

** 

0.136 

** 

0.119 

** 

0.186 

** 

0.192 

** 

0.189 

** 

0.276 

** 

0.268 

** 

0.241 

** 

0.108 

** 

0.107 

** 

0.141 

** 

x 0.297 

** 

 RST 0.516 

** 

0.116 

ns 

0.097 

ns 

0.134 

ns 

0.144 

ns 

0.166 

ns 

0.10 

ns 

0.144 

ns 

0.107 

ns 

0.172 

ns 

0.017 

ns 

0.095 

ns 

0.315 

** 

x  

BRO FST 0.175 

** 

0.212 

** 

0.099 

** 

0.107 

** 

0.188 

** 

0.192 

** 

0.191 

** 

0.276 

** 

0.277 

** 

0.257 

** 

0.086 

** 

0.057 

* 

0.092 

** 

0.063 

ns 

x 

 RST 0.681 

** 

0.255 

** 

0.266 

** 

0.307 

** 

0.293 

** 

0.317 

** 

0.269 

** 

0.307 

** 

0.268 

** 

0.333 

** 

0.022 

ns 

0.08 

ns 

0.306 

** 

0.01 

ns 

x 

Significant of comparisons indicated as follows: ** = P < 0.001,  * = 0.05 < P , ns =  non-significant comparisons (in bold if insignificant 

following Bonferroni correction) 
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Table 6: Average genetic differentiation within regions among markers and mutational 

models 

 

Region Mean ΦST (95% CI) Mean FST (95% CI) Mean RST (95% CI) 

North 0.38 (0.13) 0.06 (0.01) 0.13 (0.05) 

Central 0.41 (0.11) 0.10 (0.05) 0.09 (0.07) 

South 0.28 (0.17) 0.08 (0.03) 0.13 (0.11) 

 
 
Table 7: Strength of genetic differentiation among older and younger populations. 
Location abbreviations follow Table 1. 
 

Marker Older Younger Youngest Support 

Northern region DAY-YON LIZ–NDR MAR-LIN  

ΦST 0.146  0.236 0.33 Yes 

FST 0.042  0.011 0.024 No 

RST 0.345  -0.014 -0.02 No 

Central region PIT-MYR  ORP-TRU  

ΦST 0.357  0.689 Yes  

FST 0.066  0.216 Yes 

RST 0.009  0.185 Yes 

Southern region POL-BRO  SYK-OTI  

ΦST 0.297  0.459 Yes 

FST 0.063  0.021 No 

RST 0.01  -0.001 No 
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Fig. 2: Relationship between genetic differentiation and linear distance based on a) 
mtDNA ( ФST = 0.00051 (0.00043 – 0.00058)km + 0.41 (0.36 – 0.47) b) microsatellites 
(IAM) (FST = 0.00007 (0.000044 – 0.000096)km + 0.09 (0.07 – 0.11) and c) 
microsatellites (SMM) (RST = 0.00022 (0.00015 – 0.00029)km + 0.087 (0.04 – 0.13). 
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Fig. 3: Reciprocal migration rates (4Nem) among reefs in the northern, central and 
southern regions estimated for the mtDNA (Control region) and the microsatellites. The 
thickness of the arrows indicate the migration rates and the colour indicates statistical 
difference between reciprocal migration rates (black = 95% confidence intervals of 
estimates did not overlap; grey = 95% confidence intervals of estimates overlapped).  
 

 

For both markers, the frequency of significantly different migration rates between 

populations increased in a north – south direction and all regions were characterised by 

one or two mitochondrial migration rates being significantly higher (4Nem ~ 4) than all 

other estimates. Migration rates based on mtDNA and microsatellites were significantly 

different in 80% of northern, 75% of central and 58.3% of southern comparisons (Fig. 

3). The microsatellites consistently indicated higher migration rates (north: 91.6%, 

central: 93.3 %, south: 71.4%) compared to those estimated based on mtDNA, although 
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higher mtDNA migration rates were occasionally found (north: 8.3%, central: 6.7%, 

south: 28.8%).  

Reductions in microsatellite sample sizes by one third and one sixth, to make 

them comparable to the sample size used for the mtDNA (i.e., one marker, one haploid 

marker) did not substantially affect estimates of migration (although variances increased 

as expected) (Appendix 1). When significant differences occurred there was no 

consistent pattern in which data set indicated higher or lower migration rates (Appendix 

1). 

 

Discussion 

This study revealed strong genetic structure among populations of A. polyacanthus on 

the GBR. There were substantial differences in the spatial structure and migration rates 

within and among regions and molecular markers. This suggests that the genetic 

structure of this species is complex and that understanding the evolution of the structure 

revealed here will require knowledge of the operation of processes operating in a scale-

dependent fashion.  

 

Genetic structure among regions 

Strong genetic structure among northern, central and southern regions of the GBR was 

revealed by analyses of both mtDNA and nuclear markers. This pattern conforms to 

previous findings for this species of strong structure between northern and southern 

regions based on allozyme markers (Doherty et al. 1994; Planes et al. 2001) and 

indicates the presence of further strong structuring among bi-coloured morphs between 

northern and central locations. My analyses of both mitochondrial and nuclear markers 

indicated that this structure followed an isolation-by-distance model of dispersal where 

genetic exchange is more likely among neighbouring locations (Fig. 2). Consequently, 

at this spatial scale, A. polyacanthus does not appear to function as a metapopulation. 

While patterns of isolation-by-distance have been reported at large spatial scales in 

marine organisms (e.g., Palumbi et al. 1997; Planes and Fauvelot 2002) this study 

reports one of very few examples of such dynamics across small spatial scales (see also 

Planes et al. 1996). The relationships between geographical and genetic distances 

among these populations varied within and among markers, but in general, the within 

population divergence (i.e., intercepts) estimated by the IAM and SMM models were 

similar, and less than that estimated from mtDNA. Genetic divergence accumulated 
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more quickly with distance (i.e., slopes) when estimated using the mtDNA compared to 

microsatellites (Fig. 2). This difference would be expected given the slower fixation 

rates of co-dominant compared to haploid markers and indicates that this may be 

occurring here (see below). 

 

Genetic structure within regions 

Strong genetic structuring was revealed within all three regions (Table 5). This variation 

was attributable to shelf position for the mtDNA marker in the northern region and for 

the microsatellite data under the SMM model in the central region (Table 4). No 

evidence of isolation-by-distance was found within either the northern or the central 

region. Therefore, although initial colonisation of the continental shelf may have 

occurred from the outer to inner continental shelf in the northern and central regions, 

other processes have erased any signature of this process in these genetic markers. 

Genetic differentiation among populations within regions was similar among regions 

(Table 6) and generally very high particularly in the mtDNA analyses (Table 5). For 

example, Lizard Island (LIZ) and North Direction Island (NDR) are separated by less 

than 10 km but have a ΦST value of 0.26 and Martin Reef (MAR) and Linnet Reef 

(LIN) are separated by less than 6 km and have a ΦST value of 0.33. Such differentiation 

is among the highest recorded for any coral reef fish at such small spatial scales (e.g., 

Doherty et al. 1995; Dudgeon et al. 2000; Chapter 5) and is comparable to values 

obtained in other studies of direct-developing reef fishes at similar spatial scales 

(Bernardi 2000; Bernardi and Vagelli 2004; Hoffman et al. 2005; van Herwerden and 

Doherty 2006). This finding suggests that the spatial patterns described by this study 

may be broadly applicable to direct developing reef fish species. 

The propagule-pool model was supported in all comparisons dominated by 

pairwise fixation indices significantly greater than 0 (Table 7). The strength of fixation 

indices increased from older to younger populations in these comparisons, however, 

sample sizes did not permit statistical testing of these results (Table 7). These results 

add to only a handful of empirical investigations that have explored the predictions of 

these models (reviewed by Giles and Goudet 1997). The majority of these previous 

investigations reported that younger populations displayed greater genetic 

differentiation than older ones (but see Dybdahl 1994) which is congruent with the 

results of this study. 
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Asymmetric migration rates 

There were considerable asymmetries in migration rates among locations based on 

mtDNA data. All regions were characterised by high frequencies of significantly 

different reciprocal migration rates and one or two migration rates that were much 

greater than the rest (Fig. 3). Insignificant pairwise ΦST values (based on mtDNA) were 

often (e.g., Day – Lizard Island; Britomart – Pith) but not always (e.g. North Direction – 

Linnet) associated with significantly asymmetric migration rates. Conversely, higher 

and asymmetric migration rates were occasionally detected between locations with low 

but significant genetic structuring (e.g., North Direction – Martin; One Tree Island – 

Polmaise; Sykes - Polmaise). Consequently, migration rates based on mtDNA data were 

complex and gene flow occurred, although generally at low rates, both uni- and bi-

directionally among the sampled locations. Examples of asymmetric migration rates 

based on genetic evidence are emerging (e.g., Fraser et al. 2004) and emphasise the 

potential role of such variation in the dynamics of metapopulations (Hanski and Gilpin 

1997; Stacey et al. 1997). In contrast, migration rates based on the microsatellites were 

generally high, mostly symmetrical and uniform among locations. There were no clear 

differences in migration rates between locations with significant genetic structure 

compared to those without. These results suggest that migration patterns may be sex-

biased (discussed below).  

 

Differences among markers 

In general, patterns of lower genetic differentiation and higher migration rates among 

populations, shelf position and regions were estimated for nuclear as compared to 

mtDNA markers. Such differences in estimates of fixation may arise due to differences 

in the levels of heterozygosity between markers (Hedrick 1999, 2005). In addition at 

least another three processes may have contributed to this difference between the results 

obtained with these two different classes of markers.  

Differences in migration rates and genetic structure between markers may have 

been due to the larger sample sizes of the microsatellites (3 loci, 2 alleles per locus) 

compared to the mtDNA (1 allele, 1 locus). However, substantial reduction of the 

microsatellite sample size did not materially change the migration rates estimated from 

them (although variances did increase substantially) (Appendix 1). It is, therefore, 

unlikely that these observed differences were due to sampling issues alone.  
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Slower fixation rates of neutral nuclear markers compared to mitochondrial ones 

because of greater effective population sizes (Birky et al. 1989; Neigel 1997, 2002; 

Balloux et al. 2000) may have contributed to the patterns observed here. This difference 

in fixation rates may also explain the pattern of pairwise genetic distances in the 

northern region where there was a westward trend of decreasing difference coinciding 

with the presumed age of the populations. Consequently, slower fixation of nuclear 

markers may have affected estimates of migration. The significant structure found by 

the microsatellites in a large proportion of the comparisons (75%), however, indicates 

that other processes may also be operating. It is also possible that the low number of 

loci, high heterozygosity and moderate sample sizes did not permit accurate estimation 

of the population genetic structure. If so, genetic differentiation estimates from all 

populations should be equally affected (assuming equal Ne and genetic diversity among 

populations). Levels of genetic structure varied greatly, from very high to very low, 

among populations separated by approximately equal distances. It is, therefore, unlikely 

that differences in fixation rates alone were responsible for the observed pattern.  

The third possibility is that the higher migration rates estimated based on 

microsatellites compared to mtDNA is the results of male-biased dispersal. Sex-biased 

dispersal may evolve where there are differential fitness consequences with respect to 

sex associated with acquiring and defending reproductive resources such as territorial 

space (e.g., Greenwood 1980; Clarke et al. 1997). Dispersal tends to be female biased in 

birds (Greenwood 1980) and male biased in mammals (Dobson 1982) and fishes 

(Hutchings and Gerber 2002; Fraser et al. 2004). Differences in pairwise genetic 

differentiation and migration rates observed here suggest that male-biased dispersal is 

occurring in this species.  If so, this study provides the first documented example of 

sex-biased dispersal in coral-reef fishes. However, until the effects of male-biased 

dispersal and slower fixation of microsatellites can be separated unequivocally some 

uncertainty of this interpretation remains.  

 

Differences among mutational models 

Pairwise genetic estimates of RST and FST among populations differed greatly (Table 5) 

despite apparent conformity of the data with the assumptions of both models (Table 2). 

While it is not always possible to evaluate which statistic provides a better estimate 

(Balloux and Goudet 2002), RST calculations incorporate more biologically realistic 

assumptions by taking into account the evolutionary relationships among alleles (Estoup 
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and Cornuet 1999), and may provide better estimates when mutation contributes 

significantly to allelic differences between populations (Goldstein et al. 1995; Pérez-

Lezaun et al. 1997). RST estimates, however, may also be associated with greater 

variances, especially if analyses are based on a low number of loci (Nei 1995; Takezaki 

and Nei 1996; Neigel 2002). In contrast, FST may provide a potentially biased estimate 

(because the effects of migration and mutation cannot be separated) but are typically 

associated with less error (Balloux and Goudet 2002). My results are consistent with 

these patterns; FST estimates were generally smaller but less variable than RST estimates 

(Table 5).  While an extensive analysis of which mutational model better describes the 

data is beyond the objectives of the current study, the high mutation rates of 

microsatellites may have affected estimated levels of fixation here and ‘true’ fixation 

levels are probably somewhere between those estimated by both models, that is, low but 

in many instances significantly greater than zero.  

 

Conclusion 

The population genetic structure of A. polyacanthus on the GBR contained significant 

scale-dependent variation consistent with isolation-by-distance and metapopulation 

models. Within regions, there was high levels of population structure and low and 

asymmetric migration. While the population structure of A. polyacanthus on the GBR 

strongly suggests that this species displays metapopulation dynamics, a crucial 

distinction between such a genetic system and others including island (Wright 1931) 

and patchy population models (Harrison 1991; Planes et al. 1996) lie in the occurrence 

and frequency of local extinctions. I examine the evidence for population bottlenecks 

and extinctions in a subsequent investigation of the genetic structure of this species 

(Chapter 3).  
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Chapter 3: Genetic diversities, demographic bottlenecks and 1 

coalescence times in a marine metapopulation. 2 

 3 

Publication: Bay LK Crozier RH and Caley MJ (In Review) Genetic diversities, 4 

demographic bottlenecks and coalescence times in a marine metapopulation. Journal of 5 

Evolutionary Biology 6 

 7 

Abstract 8 

Metapopulation dynamics are often invoked to explain the complex genetic structure 9 

and the evolution of distributional borders of species living in naturally fragmented 10 

ecosystems. The habitats of coral reef fishes are highly fragmented, but the evolution of 11 

their spatial genetic structure has rarely been examined in a metapopulation context. 12 

Here I use a mtDNA sequence marker (control region, n = 296) and three microsatellite 13 

loci (n = 316) to examine the evolution of spatial genetic structure in an abundant 14 

species of coral reef fish with direct development (Acanthochromis polyacanthus). I 15 

examine patterns of genetic diversity, historical demography, including local population 16 

reduction and/or extinctions, and coalescence times among populations and regions of 17 

this species on the Great Barrier Reef (GBR), Australia. Genetic diversities, mismatch 18 

and coalescence analyses all identified large variation in the demographic histories in 19 

this species among populations and regions. Evidence of genetic bottlenecks was 20 

detected by mismatch analysis in the majority of populations sampled (mismatch means 21 

= 0.7 – 12.3). In most populations, these bottlenecks appeared to be relatively old since 22 

genetic diversities (e.g. h > 0.6) and coalescence based population growth estimates (g < 23 

1000) did not indicate recent genetic bottlenecks. In contrast, three populations 24 

displayed low genetic diversities (e.g., h < 0.6) and large population growth rates (g > 25 

1500) indicating more recent genetic bottlenecks. Reductions in genetic diversities of 26 

local populations resulted in overall lower genetic diversity (e.g., h = 0.83, π = 0.007) 27 

and a higher regional expansion rate (g = 1936) in the southern region located towards a 28 

geographic margin of this species. These results suggest that A. polyacanthus exists as a 29 

metapopulation within regions on the GBR and that local populations experience 30 

periodic genetic bottlenecks and/or extinctions. These fluctuations in local populations 31 

have the potential to affect the evolution of the metapopulation and geographical range 32 

of this species. 33 
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Introduction 1 

Metapopulation theory is often invoked to explain the evolution of spatial genetic 2 

structure of populations and the geographical limits of species (Lennon et al. 1997; Holt 3 

and Keitt 2000). Many models based on spatially structured arrays of ephemeral 4 

populations that interact and persist through time via migration, extinction and re- 5 

colonization have been developed to describe such systems (Levins 1970; Hanski and 6 

Gilpin 1997; Hanski and Simberloff 1997). Models of metapopulations also often 7 

incorporate additional detailed information about fluctuations in population size (Lande 8 

et al. 1998). Therefore, within metapopulations, broadly defined, local populations may 9 

experience fluctuations in size ranging from small and transient changes to local 10 

extinction, and such fluctuations should increase towards the distributional margin of 11 

species (Lennon et al. 1997; Holt and Keitt 2000; Holt et al. 2005). The effects of these 12 

metapopulation dynamics on spatial genetic structure have typically been measured in 13 

terms of genetic differentiation among populations, but may also be evident in patterns 14 

of genetic diversity within local populations (Pannell and Charlesworth 1999, 2000; 15 

Pannell 2003). As such, important information about the role of local extinctions in a 16 

metapopulation and its importance in determining the species range may be gained by 17 

examining patterns of genetic diversity, demographic history and genetic differentiation 18 

in sets of local populations.  19 

In general, metapopulation dynamics should reduce total genetic diversity (πT) 20 

at the level of the metapopulation and genetic diversity within the sub-populations (πS) 21 

making up a metapopulation compared to a panmictic population equal in size to the 22 

metapopulation. The relative magnitude of this difference, however, may vary greatly 23 

depending on the frequency and intensity of effective population size reductions among 24 

the sub-populations, and the mode of subsequent re-colonization and migration (Pannell 25 

and Charlesworth 1999 and references therein). For example, reductions in genetic 26 

diversities may be large where reductions in effective size of sub-populations is 27 

frequent and large, and if re-colonisation obeys a propagule-pool model, where 28 

colonisers originate from a single population. Coalescence times within sub-populations 29 

are also reduced under this scenario because of genetic bottlenecks associated with 30 

propagule colonisation (Pannell and Charlesworth 1999). If sub-populations experience 31 

minor fluctuations in population size, or if colonisation obeys a migrant-pool model, 32 

where colonisers originate from a range of populations, sub-populations may not 33 
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experience genetic bottlenecks and πS and πT may not be affected to a measurable extent 1 

(Pannell and Charlesworth 1999, 2000; Pannell 2003).  2 

Coral reef fishes generally display high levels of gene flow, low population 3 

genetic structure and large effective population sizes (Palumbi 1994). Consequently, 4 

many marine fishes are characterised by relatively shallow population genetic structures 5 

with coalescence times indicating the presence of genetic bottlenecks often associated 6 

with Pleistocene climate variation (reviewed by Grant and Bowen 1998; Fauvelot et al. 7 

2003). With the exception of a single study, information on demographic bottlenecks 8 

and their effects on coalescence times in coral reef fishes are restricted to interspecific 9 

comparisons (e.g., Dudgeon et al. 2000; Fauvelot et al. 2003; but see van Herwerden 10 

and Doherty 2006). Consequently, we do not have a good understanding of 11 

metapopulation dynamics in coral reef fishes.  12 

Coral reef fish species with low dispersal and high genetic structure are the 13 

mostly likely to display metapopulation dynamics, and thereby provide opportunities to 14 

examine the roles of local extinction and demographic bottlenecks in natural marine 15 

systems. One such species is Acanthochromis polyacanthus. This species is unusual 16 

among coral reef fishes in not having a pelagic larval stage. Instead, it rears its broods 17 

within parental territories (Thresher 1985; Kavanagh 2000). Dispersal, which occurs 18 

most commonly during the larval phase in coral reef fishes, is restricted in this species 19 

and strong genetic and morphological (colouration) differentiation is apparent among 20 

reefs and regions (Doherty et al. 1994; Planes et al. 2001; van Herwerden and Doherty 21 

2006; Chapter 2). Populations of A. polyacanthus on the Great Barrier Reef (GBR) 22 

operate as a metapopulation at intermediate spatial scales (within regions) (Chapter 2). 23 

At this spatial scale, populations display high genetic structure in both mtDNA and 24 

microsatellite markers. Populations are characterised by low and asymmetric migration 25 

and colonisation appears to conform to a propagule-pool model (Chapter 2). Genetic 26 

bottlenecks may therefore play an important role through founder effects in producing 27 

the strong genetic differentiation observed among reefs in this species (Planes et al. 28 

2001; van Herwerden and Doherty 2006). However, genetic variabilities and 29 

demographic histories of this species have only been examined at the regional level. 30 

These previous studies suggest that the populations in the southern region of the GBR 31 

display lower genetic diversities than in the central and northern regions of the reef 32 

when estimated by both allozymes (Doherty et al. 1994) and mtDNA markers (van 33 

Herwerden and Doherty 2006) but more ancient population expansion times (van 34 
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Herwerden and Doherty 2006). To date, however, analyses of the population genetic 1 

structure of this species have been restricted to outer shelf locations on the Great Barrier 2 

Reef, offshore reefs, and northern and southern hybrid zones (Planes et al. 2001; van 3 

Herwerden and Doherty 2006). Consequently, the genetic structure of the populations of 4 

this species remains unexplored throughout large parts of its range on the GBR (but see 5 

Chapter 2).  6 

Here I examine patterns of coalescence and demographic bottlenecks within and 7 

among regions on the Great Barrier Reef based on both mtDNA and nucDNA markers. 8 

I examine the phylogenetic structure of A. polyacanthus populations sampled across the 9 

continental shelf in three regions on the Great Barrier Reef using a maximum likelihood 10 

approach. I then examine the evidence for local population size reductions and/or 11 

extinctions by examining genetic diversities among populations, regions and 12 

phylogenetic clades. Lastly, I employ two different methodologies, mismatch analysis 13 

and a maximum likelihood coalescence approach, to examine the demographic histories 14 

of populations and regions. I then interpret these results in the context of 15 

metapopulation dynamics at the regional level. 16 

 17 

Methods and Materials 18 

Sampling and Laboratory Procedures 19 

A total of 17 populations of A. polyacanthus from 3 regions of the GBR, north, central 20 

and south, and three individuals from the Solomon Islands were sampled during 2000 – 21 

2003 following the methods outlined in Chapter 2 (Fig. 1). The latitudinal range of A. 22 

polyacanthus extends from the southern Philippines (10oN) to southern Queensland, 23 

Australia (26oS) and the southern region was therefore close to the southern 24 

distributional margin of this species. Limited sample sizes were obtained for two other 25 

locations (Great Keppel Island n = 10 and Solomon Island n = 3). These two locations 26 

were included in the phylogenetic analysis but excluded from all other analyses. DNA 27 

was extracted and 356 base pairs of the mtDNA hyper variable control region 1 and 28 

three microsatellite loci (Miller-Sims et al. 2005) were amplified, scored and aligned 29 

following the methods outlined in Chapter 2.  30 

 31 

 32 
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 1 
 2 

Fig. 1: The sampling locations of Acanthochromis polyacanthus on the Great Barrier 3 

Reef. 4 

 5 

 6 

Sequences have been deposited in GenBank under accession numbers DQ199666 – 7 

DQ199947, DQ204725 – DQ204734, DQ206818 – DQ206820.  8 

Population genetic investigations commonly use a single mitochondrial marker, 9 

which introduces some uncertainty about whether results are gene specific or 10 

representative of population level processes (Avise 2000). Therefore, the analysis of the 11 

microsatellites here was intended to provide an assessment of population structure 12 

independent of the mtDNA. Because of the relatively low number of microsatellite loci 13 

screened, interpretations based on these data should be regarded with some caution.  14 

 15 
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Phylogenetic Analysis 1 

The best model of nucleotide substitution was determined using MrModeltest 2.2 2 

(Nylander 2004) and Paup* 4.0b10 (Swofford 1998). The hierarchical likelihood tests 3 

and Akaike Information Criteria agreed that the GTR model with a γ = 0.507 best fitted 4 

the data (-LogLikelihood = 1914.9; AIC = 3847.8). This model and rate heterogeneity 5 

estimate was used in the phylogenetic analysis. The phylogenetic structure of A. 6 

polyacanthus was explored using Bayesian inference implemented in MrBayes 3.0B4 7 

(Huelsenbeck and Ronquist 2001). The analysis was performed using a Markov Chain 8 

Monte Carlo search with four chains for one million generations. Trees were sampled 9 

every 100 generations and the first 100,000 generations were discarded as burn-in. The 10 

tree was rooted by an outgroup consisting of two closely related species, Amphiprion 11 

melanopus and A. akindynos. Credibility values were obtained from a majority rule 12 

consensus tree of the last 2000 trees and values greater than 90% are indicated on the 13 

major nodes of the tree. For the population level analyses of the ingroup the best model 14 

of nucleotide substitution was determined using Modeltest 3.5 (Posada and Crandall 15 

1998) and Paup* 4.0b10 (Swofford 1998). The hierarchical likelihood tests and Akaike 16 

Information Criteria agreed that the Tamura and Nei model (Tamura and Nei 1993) with 17 

a γ = 0.301 best fitted the data (-LogLikelihood = 1220.7; AIC =2453.3). This model 18 

and rate heterogeneity estimate was used in all population level analyses. 19 

The phylogenetic analysis of the mitochondrial control region sequences 20 

identified the presence of three divergent lineages on the GBR and the mitochondrial 21 

and nuclear population genetic datasets were categorised on the basis of these. Five 22 

groups were obtained of which three groups were based on the three major phylogenetic 23 

clades and two groups were based on geographic location within one of the clades 24 

(Clade 3). The “South” group contained all Clade 1 fish. The “Clade 2” group contained 25 

all northern region fish encompassed in the mtDNA Clade 2. The “Clade 3” group 26 

contained all Clade 3 individuals from the northern and central regions. The “Clade 3N” 27 

group was a subgroup of Clade 3 and contained all Clade 3 fish from the northern 28 

region. The “Central” group was also a subgroup of Clade 3 and contained all the fish 29 

from the central region. Because the nucDNA did not display any significant structure 30 

based on the mtDNA clade structure (Clade 2 vs. Clade 3N: Pairwise RST= 0.003, P = 31 

0.35) the microsatellites were analysed on the basis of geographic location only.  32 

 33 

Genetic Diversities 34 
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Estimates of mitochondrial haplotype and nucleotide diversity (Tajima 1983, 1993; Nei 1 

1987) and their associated standard deviations were calculated using Arlequin 2.000 2 

(Schneider et al. 2000) for each population and region. Standard deviations were 3 

converted to 95% confidence intervals as 95% CI = +1.96*(SD/√ (n)). For each 4 

population also, allele frequency and richness and the frequency of private alleles were 5 

estimated using Fstat 2.9.3.2 (Goudet 2001), while allelic diversity and heterozygosity 6 

were calculated using Arlequin. Mean genetic diversities and 95% confidence intervals 7 

were plotted and interpreted as being statistically different when error estimates did not 8 

overlap.  9 

 10 

Demographic History 11 

A range of analytical techniques are available for reconstructing past demography based 12 

on the identity and frequency of genotypes within and among populations (Knowles 13 

2004). Existing techniques employ different methodologies including frequentist, 14 

cladistic and Bayesian approaches, but do not always calculate error estimates 15 

associated with models and their parameters. (Knowles and Maddison 2002). Because 16 

of the potential role of fixed effects in these statistical models, and the frequency with 17 

which natural systems may violate their assumptions, these methods often produce 18 

historical demographic parameters with large error estimates making conclusions about 19 

the demographic histories of populations difficult to draw (Knowles and Maddison 20 

2002). The concurrent application of several of these analytical tools, and careful 21 

interpretation of error estimates where they do exist, can ameliorate some of the 22 

problems associated with the interpretation of such analyses (Knowles 2004).  23 

Demographic histories were explored by mismatch analysis of mtDNA sequence 24 

data using Arlequin and 1000 bootstrap replicates. This analysis compares the 25 

distribution of pairwise nucleotide differences to a permuted distribution under the null 26 

hypothesis of sudden expansion. The age of population expansion (τ) is also estimated 27 

(τ = 2µt, where µ = the mutation rate and t = generation time). Mismatch analysis was 28 

conducted based on geographical position (reef location and region) and phylogenetic 29 

clade membership (Clade 1, 2 and 3 from Fig. 2) independently. Because the mismatch 30 

mean of a population is inflated by genetic substructure, the spatial scale at which these 31 

comparisons were made was kept constant by analysing northern and central individuals 32 

of Clade 3 separately (Clade 3N and Central respectively). The age of population 33 
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expansion (τ) values were considered significantly different when their 95% confidence 1 

intervals did not overlap.  2 

Demographic bottlenecks in the microsatellites were investigated by examining 3 

the conformation to mutation-drift equilibrium (as identified by heterozygote excess) 4 

among populations and regions under the Infinite Allele Model (IAM) and the Stepwise 5 

Mutation Model (SMM) using one-tailed Wilcoxon tests (1000 bootstrap replicates) 6 

implemented in Bottleneck 1.2.02 (Piry et al. 1999). 7 

The exponential population expansion parameter (g) was calculated among 8 

locations, regions and clades using a maximum likelihood coalescence approach 9 

implemented in FLUCTUATE 1.4 (Kuhner et al. 1998). A search strategy, each 10000 10 

steps long using ten short chains, sampling every 20th step, followed by ten long chains 11 

each of 20000 steps sampled every 20th step, gave consistent results among runs and 12 

was used in all analyses. Estimates of g and their associated standard deviations were 13 

plotted and interpreted as significantly different if these error estimates did not overlap. 14 

Allele frequency data cannot presently be used in FLUCTUATE. This analysis was 15 

therefore restricted to the mtDNA data. The information obtained from all demographic 16 

history analyses were summarised into four demographic history models for 17 

interpretative purposes. 18 

 19 

Results 20 

Phylogenetic Structure 21 

356 bases of the mtDNA control region I were obtained from 296 individuals sampled 22 

from 17 locations. The Bayesian analysis produced a well-resolved tree (-ln likelihood 23 

= 2146.39) and the ingroup was monophyletic (Fig. 2). Three clades were well resolved 24 

with credibility values greater than 90%. One clade (Clade 1) was further split into two 25 

clades of which one was well supported (Clade 1, credibility value = 100%) and the 26 

other less well supported (Clade 2, credibility value 72%). Clades 1 and 2 are sister 27 

clades to Clade 3 (credibility value = 100%). Clade 1 (credibility value = 100%) is 28 

composed of all individuals from the southern region and does not contain individuals 29 

from other regions. Clade 2 is comprised of individuals from the northern region with a 30 

high proportion of individuals from the two inner shelf (Martin and Linnet) and one 31 

midshelf reef (North Direction) (Fig. 2). Clade 3 (credibility value = 95%) is the largest 32 

clade in the tree and contains individuals from all reefs from the northern and central 33 

regions (although the three primary reefs in Clade 2 (Martin, Linnet, North Direction) 34 
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are represented by few individuals) (Fig. 2). Clade 4 (credibility value = 100%) is the 1 

most basal clade in the ingroup and the sister clade to Clades 1 - 3. It was exclusively 2 

composed of three individuals from the Solomon Islands (Fig. 2). 3 

 4 
 5 

Fig. 2: Bayesian tree of 100 unique sequences from A. polyacanthus and outgroups. 6 
Internal branch support estimates greater than 90 are shown.  7 
 8 

 9 
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Patterns of Genetic Diversity 1 

Genetic diversities of both mtDNA and microsatellite markers were generally high and 2 

variable among regions (Fig. 3). Haplotype diversities were very high when summed 3 

over all populations (total (+ 95%CI) = 0.97 (+0.0003)) and high in the northern and 4 

central regions (and consequently also high in Clade 3 and its subgroup Clade 3N). 5 

Haplotype diversities, however, were significantly lower and much more variable 6 

among locations in the southern region and in Clade 2 (Fig. 3a). Nucleotide diversities 7 

were generally high (total (+ 95%CI) = 6.6% (+0.37)), and highest and most variable, in 8 

the northern region. Nucleotide diversities were low in Clade 2 and generally declined 9 

toward the south (Fig. 3b). Allelic diversities displayed a very similar pattern to that of 10 

the nucleotide diversities: they were generally high (total (+ 95%CI) = 1.00 (+ 0)), 11 

greater in the northern region and declined with increasing latitude (Fig. 3c). 12 

Heterozygosities were high (total (+ 95%CI) = 0.9 (+0.04)) and did not differ among 13 

regions (Fig. 3d). 14 

Genetic diversities varied among reefs (Fig. 4). Each region contained one or 15 

two reefs with significantly lower haplotype diversities than the rest (i.e., North = 16 

Yonge, Central = Trunk, south = One Tree Island and Sykes) (Fig. 4a). In the southern 17 

region, the allelic diversity pattern was opposite to that of the mtDNA (lowest at 18 

Polmaise and Broomefield, highest at One Tree Island and Sykes) (Fig. 4c). 19 

Heterozygosity estimates were associated with large variances and did not differ among 20 

reefs within or among any of the regions (Fig. 4d).  21 

 22 

 23 
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 1 
 2 

Fig. 3: Genetic diversities among regions and clades. a) Haplotype diversity and b) 3 
nucleotide diversity of mtDNA, c) allelic diversity and d) heterozygosity of the 4 
microsatellites. Statistical differences have been indicated with letters (shared letter = 5 
not significantly different) above means. 6 
 7 

 8 
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 1 
 2 

Fig. 4: Genetic diversities among reefs within regions. a) Haplotype diversity and b) 3 
nucleotide diversity of mtDNA, c) allelic diversity and d) observed heterozygosity of 4 
the microsatellites. Location abbreviations are: BRI = Britomart Reef, BRO = 5 
Broomefield Reef, DAY = Day Reef, LIN = Linnet Reef, LIZ = Lizard Island, MAR = 6 
Martin Reef, MYR = Myrmidon Reef, NDR = North Direction Island, PIT = Pith Reef, 7 
OTI = One Tree Island, ORP = Orpheus Island, POL = Polmaise Reef, SYK = Sykes 8 
Reef, TRU = Trunk Reef, YON = Yonge Reef. Statistical differences have been 9 
indicated for each region separately with letters (shared letter = not significantly 10 
different).  11 
 12 
 13 
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The number of alleles and allele richness were generally high and varied among 1 

populations and loci (Table 1). Microsatellite AC 42 had the highest number of alleles 2 

(24 at Martin) and highest allele richness (19.34 at Sykes). Microsatellite AC33 3 

displayed the lowest number of alleles (3 at Britomart and Polmaise) and lowest allele 4 

richness (2.8 at Trunk). Private alleles were infrequent at most loci and populations, but 5 

one allele of microsatellite AC37 was more frequent at Yonge Reef (Table 1). 6 

 7 

Historical Demography and Population Expansion 8 

Mismatch analyses indicated that sudden expansion could not be rejected for any region 9 

or clade (Table 2). The mean number of pairwise differences ranged from 2.3 in the 10 

southern region to 12.3 in the northern one. There was, however, considerable 11 

uncertainty associated with the northern estimate (Fig. 5a). The age of population 12 

expansion (τ) ranged from 0.7 in Clade 2 (the southern region) to 6.5 in Clade 3. There 13 

were no statistically significant differences in this parameter among regions or clades. 14 

In the southern region, the lower bound of the 95% confidence interval could not be 15 

distinguished from 0 (Fig. 5b). Estimates of population expansion varied greatly among 16 

regions and clades (Fig. 5c). Estimates of population expansion were significantly 17 

greater in the southern region, intermediate in the central region, and close to 0 in the 18 

northern region (Fig. 5c). Population expansion rates were more variable in the two 19 

northern clades (Clade 2 and Clade 3N) and were significantly greater in Clade 3N 20 

compared to the northern region. Clade 3 was intermediate to the northern and the 21 

central regions.  22 

The mismatch analysis indicated that the genetic architectures of all populations 23 

except two (i.e., North Direction and Linnet) were consistent with a model of sudden 24 

expansion (Table 2). These two populations were characterised by intermediate 25 

proportions of individuals contained in Clade 2 and 3, respectively (Fig. 2). The 26 

microsatellites did not reveal population bottlenecks under either the IAM or SMM 27 

models at any of the reefs (Table 2). 28 

Mismatch distribution means were variable among reefs and ranged from 0.7 29 

(Sykes) to 11.8 (Linnet). Reefs from the northern region that contained 20 – 65 % of 30 

individuals contained in Clade 2 had greater mismatch means, and larger uncertainty 31 

(Fig. 6a). Mismatch means were lower and more similar among reefs in the central and 32 

southern regions. The age of population expansion (τ) followed a similar pattern to that 33 

of the mismatch means. 34 
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Table 1: Genetic diversity indices from three microsatellite loci among 15 populations of Acanthochromis polyacanthus on the Great Barrier 3 
Reef including average number of alleles, mean allelic richness per population, number of private alleles and their frequencies, observed and 4 
expected heterozygosity.   5 
 6 

 Number of alleles Allelic richness Private alleles (frequency) Observed H Expected H 
Locus AC33 AC37 AC42 AC33 AC37 AC42 AC33 AC37 AC42 AC33 AC37 AC42 AC33 AC37 AC42 
Reef                
Day Reef 7 13 26 5.964 10.22 17.75 0 1 (0.042) 2 (0.042) 0.625 0.708 0.833 0.737 0.845 0.944 
Yonge Reef 6 8 11 5.52 6.36 8.65 0 1 (0.159) 0 0.636 0.636 0.636 0.755 0.753 0.777 
Lizard Island 10 10 23 8.712 9.27 18.65 0 1 (0.056) 1 (0.028) 0.778 0.778 0.722 0.776 0.764 0.944 
North Direction 12 11 20 9.36 8.64 15.01 1 (0.042) 0 1 (0.021) 0.958 0.542 0.625 0.845 0.774 0.928 
Linnet Reef 7 15 23 5.762 11.99 17.42 0 1 (0.022) 3 (0.108) 0.739 0.783 0.522 0.713 0.891 0.940 
Martin Reef  7 11 24 4.872 9.80 12.17 1 (0.021) 0 2 (0.084) 0.458 0.792 0.792 0.703 0.833 0.944 
Myrmidon Reef  6 12 17 3.237 8.15 16.88 0 0 0 0.435 0.826 0.870 0.580 0.870 0.862 
Pith Reef  4 11 22 3.853 6.83 16.46 1 (0.024) 0 0 0.286 0.571 0.905 0.323 0.715 0.934 
Trunk Reef  4 7 18 2.795 9.67 16.82 1 (0.067) 0 1 (0.033) 0.4 0.333 1.000 0.429 0.700 0.920 
Britomart Reef  3 11 23 6.807 8.74 13.93 0 0 2 (0.042) 0.292 0.833 0.917 0.369 0.851 0.943 
Orpheus Island  9 11 19 3 7 10 0 0 1 (0.043) 0.217 0.870 0.826 0.553 0.854 0.911 
Polmaise Reef  3 7 10 3.336 8.54 7.46 0 0 0 0.154 0.769 0.692 0.500 0.698 0.787 
Broomefield 
Reef  

4 10 9 6.133 9.01 16.35 0 0 0 0.042 0.917 0.708 0.376 0.845 0.799 

One Tree Island  7 10 20 7.18 7.39 14.42 0 0 4 (0.167) 0.500 0.722 0.833 0.637 0.832 0.926 
Sykes Reef  10 10 21 8.333 12.2 19.34 2 (0.048) 0 3 (0.048) 0.290 0.774 0.806 0.674 0.770 0.922 

7 
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Error estimates from most reefs in all three regions overlapped to a great extent. 

Greater values with large variances were observed in two northern reefs (North 

Direction and Linnet), lower and less variable estimates were found in one central 

location (Trunk) and in two southern locations (One Tree Island and Sykes) (Fig. 6b). 

The age of population expansion (τ) could not be distinguished from 0 in four locations: 

Trunk and Orpheus Island in the central region and One Tree Island and Sykes in the 

southern region. Population expansion rates varied significantly among locations (Fig. 

6c). All northern locations displayed negative growth rates close to 0. Reefs in the 

central region showed both positive and negative growth rates that were all close to 0 

except Trunk that displayed a highly positive value. The high mean regional growth rate 

in the southern region (Fig. 5c) was contributed to by three of the four reefs having 

growth rates that were greater than all other reefs except one (Trunk in the central 

region) (Fig. 6c). 

 

Discussion 

The analyses of the mtDNA of A. polyacanthus indicated a complex phylogenetic 

structure with evidence of population expansion at most spatial and phylogenetic scales 

examined. There were substantial differences in the timing of these expansions and the 

population expansion rates among regions and reefs within regions. These results 

indicate that local populations of A. polyacanthus have experienced periodic reductions 

in population size, and possibly local extinctions. Taken together these results suggest 

that the evolution of the spatial dynamics of this species are best interpreted in a 

metapopulation context.  

 

Population Demography among Regions 

Patterns of haplotype, nucleotide and allelic diversity, mismatch analyses and 

population growth estimates all indicated substantial differences in the demographic 

histories of A. polyacanthus among regions on the GBR (Fig. 3a – c, Fig. 5a - c). The 

southern region, located close to the species’ southern border, was characterised by 

lower nuclear and mitochondrial genetic diversity and a expansion rate 5 – 10 times 

greater than the central and northern regions (Fig. 5c). 
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Fig. 5: Mismatch means, expansion parameter (τ) and population expansion rates (g) 
among regions and clades. Statistical differences have been indicated with letters 
(shared letter = not significantly different) above means. 
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Fig. 6: Mismatch means, expansion parameter (τ) and growth rate (g) among reefs 
within regions. Location abbreviations follow Fig. 4. Statistical differences have been 
indicated for each region separately with letters (shared letter = not significantly 
different).  
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Table 2: Results of the demographic bottleneck analyses: mismatch means (mismatch), sums of squared deviations (SDD), probability (p) of 
sudden expansion, sequential Bonferroni corrected significance level (α), one-tailed probabilities of heterozygotic excess using a Wilcoxon test 
under the Infinite Allele Model (IAM) and the stepwise mutation Model (SMM).  
 MtDNA Microsatellites 
Region, clade or reef Mismatch SDD p α IAM SMM 
NORTH 12.293 0.045 0.02ns 0.003 0.125 ns 1.00   ns 
CENTRAL 3.939 0.007 0.33 ns 0.005 0.934 ns 0.938 ns 
SOUTH 2.373 0.004 0.61 ns 0.01 0.813 ns 1.00   ns 
Clade 2 2.801 0.055 0.22 ns 0.004   
Clade 3 5.618 0.002 0.64 ns 0.01   
Clade 3N 3.576 0.006 0.45 ns 0.006   
Day Reef 5.273 0.051 0.35 ns 0.005 0.063 ns 1.00   ns 
Yonge Reef 3.032 0.198 0.01 ns 0.003 0.188 ns 0.938 ns 
Lizard Island 9.395 0.050 0.24 ns  0.004 0.813 ns 0.938 ns 
North Direction 11.11 0.140 0.000 * 0.002 0.125 ns 0.938 ns 
Linnet Reef 11.76 0.097 0.000 * 0.003 0.063 ns 0.938 ns 
Martin Reef 4.343 0.032 0.58 ns 0.007 0.063 ns 0.938 ns 
Myrmidon Reef 1.919 0.017 0.39 ns 0.006 0.813 ns 1.000 ns 
Pith Reef 3.619 0.074 0.03 ns 0.003 0.938 ns 1.000 ns 
Trunk Reef 0.857 0.001 0.81 ns 0.03 0.938 ns 1.000 ns 
Britomart Reef 2.830 0.051 0.16 ns 0.003 0.063 ns 0.875 ns 
Orpheus Island 1.819 0.012 0.58 ns 0.008 0.813 ns 1.000 ns 
Polmaise Reef 4.551 0.011 0.73 ns 0.02 0.875 ns 0.938 ns 
Broomefield Reef 2.561 0.006 0.83 ns 0.05 0.125 ns 0.938 ns 
One Tree Island 0.705 0.007 0.28 ns 0.004 0.813 ns 1.000 ns 
Sykes Reef 0.692 0.0321 0.01 ns 0.003 0.813 ns 1.000 ns 
Statistical significance: * = p <0.0001, ns = not significant. 
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The lower genetic diversities in the southern region identified here agrees with previous 

reports (e.g., Doherty et al. 1994; van Herwerden and Doherty 2006). However, the 

mean number of pairwise differences and the expansion parameter (τ) for the southern 

region identified here were not significantly different to estimates obtained from the 

central and northern regions. This contrasts with a previous report (van Herwerden and 

Doherty 2006) that the southern region had undergone a more ancient population 

expansion based on the mean number of pairwise differences and the expansion 

parameter (τ). The 95% confidence interval of their estimates, however, overlapped 

among regions indicating that they were not significantly different. I suggest that the 

southern region has undergone a more recent population expansion compared to the 

other two regions. This interpretation is based on the results of both the mismatch 

analysis (the lower bound of the 95% confidence interval of τ could not be 

distinguished from 0 in the southern region) and the population expansion analysis 

(population expansion rate was significantly greater in the southern region). These 

results support the predictions that local extinctions may affect the metapopulation 

dynamics towards the species margin to a greater extent than within more centrally 

located regions (Lennon et al. 1997; Holt and Keitt 2000). 

 

Population Demography among Locations 

There were substantial differences in the genetic diversities, mismatch means and 

population growth rates among reefs within regions (Fig. 4 and 6). Four general patterns 

were observed (Table 3). The majority of populations conformed to a model of 

mutation-drift equilibrium with no evidence of local extinctions. In contrast, two 

populations in the northern region (North Direction, Linnet) conformed to a model of 

migration-drift equilibrium with a departure from panmixia (Table 3). Very high 

nucleotide diversities in these locations (Fig. 4b, Fig. 6a) argue against a model of 

sudden expansion (Table 2). These high diversities were most likely the result of the 

presence of approximately equal numbers of individuals from two differentiated 

lineages at these locations (Fig. 2). Because the sudden expansion model was supported 

in both these lineages when analysed independently (Clade 2 and Clade 3N Table 2), it 

is likely that these differences were caused by a departure from panmixia, rather than 

long-term stability of the populations leading to the accumulation of diversity via 

mutation.  
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Such sub-structure within populations violates the assumption of mismatch analysis of 

panmixia (Slatkin and Hudson 1991) and this result highlights the potential role of 

departures from the assumptions of demographic history analyses (Knowles and 

Maddison 2002; Knowles 2004). 

Only a single reef (i.e., Yonge) provided support for a model of a weak 

bottleneck or a large bottleneck followed by migrant-pool colonisation, where 

colonisers originate from many sources (Wade and McCauley 1988; McCauley 1991) 

(Table 3). Genetic diversity estimates were significantly lower at this reef than other 

northern reefs (Fig. 4a – c) but this low diversity was not associated with a higher 

population expansion rate (Fig. 6c). The genetic pattern observed at this reef may be 

expected if a local population reduction was followed by a migrant-pool colonisation 

event. If colonisers were few, but from a range of genetically differentiated populations, 

this could lead to reduced genetic diversities, but not necessarily a shorter coalescent 

history (Pannell and Charlesworth 2000; Pannell 2003). Conversely, it is possible that 

the observed reduction here in local genetic diversity (πS) was not great enough to result 

in a bottleneck (Nei et al. 1975) although a large genetic bottleneck, identified by a high 

expansion rate, was detected in the population from Trunk Reef which displayed a 

similar reduction in local genetic diversity (πS).  

Populations on three reefs, Trunk, One Tree Island and Sykes, conformed to a 

model of a large bottleneck and/or extinction followed by propagule-pool colonisation, 

where colonisers originate from a single source (Wade and McCauley 1988; McCauley 

1991) (Table 3). These locations were characterised by low local diversity (πS) and high 

population expansion rates. In addition, the expansion parameter (τ) for these 

populations did not differ from 0 (Fig. 6b) and, therefore, their expansion times could 

not be distinguished from the present. In concert, these results provide strong evidence 

for recent population bottlenecks and/or local extinctions in these populations with re-

colonisation most likely following the propagule-pool model. This finding suggests that 

the evolution of marine metapopulations may be more greatly affected by local 

extinctions than previously thought (Planes et al. 1996; Planes 2002). The southern 

region was characterised by a high frequency of local populations with reduced genetic 

diversity (πS), which resulted in a reduction of regional diversity (πT) for that region. 

Therefore, there appears to be considerable potential for local genetic bottlenecks and/or 
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extinctions to affect regional genetic diversity (πT), and consequently, the evolutionary 

potential and the metapopulation dynamics of this marine species. 

 

Table 3: Models of the demographic histories of populations of Acanthochromis 
polyacanthus on the Great Barrier Reef and criteria including genetic diversity (πS), 
conformation to the sudden expansion model and population growth used to assess 
support for each model.  
 

Model of demographic history πS Sudden 

expansion 

Population 

growth 

Examples 

Migration-drift equilibrium High Retained Low DAY, 

MYR 

Migration-drift equilibrium and  

departure from panmixia 

High Rejected Low NDR, LIN 

Small population size reduction or  

extinction and migrant-pool colonisation 

Low Retained Low YON 

Large population reduction and/or  

extinction and propagule-pool colonisation 

Low Retained High TRU, OTI, 

SYK 

 

 

Nuclear vs. mtDNA Diversity and Historical Demography Analyses 

Patterns of microsatellite allelic diversity largely matched those recorded by the mtDNA 

except among populations in the southern region (Fig. 3 and 4). In this region, there was 

an opposing pattern where locations displayed high mtDNA diversity associated with 

low allelic diversity and vice versa (Fig. 4a and c). It is possible that these discrepancies 

can, in part, be explained by variations in sample sizes given the sensitivity of allelic 

diversity estimates to sample size (Leberg 2002). Indeed, the population here with the 

lowest allelic diversity was also the population with the smallest sample size (18 

alleles). In contrast, however, allelic diversities were significantly different between 

Broomefield and One Tree Island despite similar sample sizes (34 and 36). Therefore, 

differences in sample sizes are unlikely to be the only source of variation in the allelic 

diversity estimates reported here. 

None of the regions, or populations within regions, were characterised by 

heterozygote excess, regardless of the model of microsatellite evolution used (Table 2). 

The absence of a bottleneck signal in the nuclear markers may be a result of differences 
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in the effective population sizes of nucDNA and mtDNA (Avise 2000). Because of the 

four-fold difference in effective population size a smaller population reduction may 

result in a bottleneck in the mtDNA but not in the nucDNA. Furthermore, if present, the 

genetic signal of demographic bottlenecks may be rapidly erased in nuclear markers 

(Cornuet and Luikart 1996). It is, however, also possible that the genetic bottlenecks 

observed in some of populations examined here were restricted to the mitochondrial 

genome. For example, a selective sweep on functional mtDNA genes, physically linked 

to the Control region (Rand 2001), could result in a similar pattern but without the 

severe reduction in population size characteristic of a bottleneck. It is also possible, that 

the number of loci used in this study was insufficient to detect bottlenecks that were 

indeed present. Concomitant reductions in allelic and mtDNA diversities found in some 

populations (e.g., Yonge and Trunk Fig. 4a – c) suggest that the bottlenecks indicated 

by the control region data were not restricted to the mitochondrial genome. Instead, the 

absence of genetic bottlenecks in the microsatellites are likely to have been caused by 

the number of microsatellite loci used here, the greater effective population size and the 

slower fixation of nuclear genes.  

 

Phylogenetic Structure and Species Status 

The phylogenetic analysis presented here resolved four highly divergent lineages of A. 

polyacanthus in the set of sampled populations. Two of these lineages consisted 

exclusively of the bicoloured morph in the northern region of the GBR (Fig. 2). The two 

lineages of bicoloured morphs co-occurred on a large proportion of sampled reefs in the 

northern region and the frequency of Clade 2 individuals increased across the 

continental shelf toward the west. According to our analyses, Clade 1 (black southern 

fish) and Clade 2 (northern bicoloured fish) were more closely related to each other than 

were Clade 2 and Clade 3 (northern and central bicoloured fish) and Clade 3 and Clade 

4 (Melanesian bicoloured fish). This contrasts with the findings of van Herwerden and 

Doherty (2006) who reported monophyly among all northern fish and Planes et al. 

(2001) who reported chromatic monophyly. Differences between this study and the 

previous ones may have resulted from the inclusion of both transitions and transversions 

in the current phylogeny. The sequences used here showed a low ts/tv ratio, indicating 

that transitions carried significant information, and that combined with the lack of 

compositional heterogeneity between sequences indicated that using all substitution 

types was appropriate for these data.  
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Previous authors (e.g., Planes et al. 2001; van Herwerden and Doherty 2006) 

have argued that the depth of genetic divergence between the southern black and the 

northern bicoloured morphs warrants species status and have recommended a 

taxonomic review of Acanthochromis. The sequence divergences between black (Clade 

1) and bicoloured morphs (Clade 2) found here, however, appeared to be less than the 

divergence among geographically disjunct bicoloured populations Clade 2 or 3 vs. 

Clade 4). I also found deep sequence divergence between bicoloured individuals co-

existing on the same reefs (Clade 2 and 3). I propose, therefore, that the considerable 

genetic structure of chromatically similar and geographically co-occurring individuals 

does not support the simple interpretation of two species congruent with colour morph. 

The presence and maintenance of two or more divergent lineages within populations 

across relatively small spatial scales is emerging as a feature of many coral reef 

organisms (e.g., Knowlton 1993; Barber et al. 2000; Bernardi et al. 2003; Bay et al. 

unpublished data). Exactly how many divergent lineages of A. polyacanthus co-occur 

on the GBR, and whether the degree of divergence that is present constitutes species 

status will require further study. In the meantime, however, the data presented here do 

not support a single division of what is currently recognized as A. polyacanthus into two 

species aligned with colour morphs. 

 

Conclusion 

The variation in genetic diversities and population expansion rates among populations 

reported here strongly indicate that A. polyacanthus functions as a metapopulation and 

that local extinctions may play an important part in the evolutionary dynamics of this 

species through founder effects. These conclusions contrast with previous suggestions 

that genetic bottlenecks and/or local extinctions are unimportant in the metapopulation 

dynamics of coral reef fishes. The development and application of highly sensitive 

molecular markers and within-region sampling have the potential to illuminate the 

presence of metapopulations and the role of local extinctions in marine species with 

higher gene flow. 
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Chapter 4: Intraspecific variation in the pelagic larval duration. 

 

Publication: Bay LK, Buechler K, Gagliano M Caley MJ (In Press) Intraspecific 

variation in the pelagic larval duration of tropical reef fishes. Journal of Fish Biology 

 

Abstract 

The pelagic larval duration (PLD) of coral reef fishes is an important life-history trait 

that can both affect and record the ecology and evolution of these species. Although the 

importance of PLD has been previously recognized, PLDs are available from only a 

handful of papers and, as a result, a typological view of the PLD of species has 

developed. Emerging evidence, however, suggests considerable intraspecific variation 

of PLDs. Here I present additional estimates of PLD for ten species of Pomacentridae 

and two species of Gobiidae, and coupled with previously published estimates, examine 

spatial and temporal variation of PLDs within these species. In eight of the twelve 

species examined here, within-population mean PLDs differed between sampling times, 

locations within regions and among regions. In contrast, the range of these same PLD 

estimates overlapped at all spatial and temporal scales examined in eleven of the twelve 

species, but not between regions in one species (Amphiprion melanopus). Therefore, 

despite tight error estimates typically associated with estimates of PLD taken from a 

particular population at a particular time in some taxa, the overlapping ranges in PLD 

reported here indicate that the length of the pelagic larval phase is a much more plastic 

trait than previously appreciated. Improved understanding of within-species variation in 

PLD has considerable potential to provide further insights into the ecology and 

evolution of tropical reef fishes.  
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Introduction 

The life cycle of nearly every species of coral reef teleost fish includes a pelagic larval 

phase and a benthic reef-associated one (Leis 1991; Leis and Carson-Ewart 2000). 

During the past few decades the importance of the dispersive larval phase for 

understanding aspects of these species’ ecology (e.g., Swearer et al. 2002; Sponaugle et 

al. 2002) and evolution (e.g., Shulman 1998; Bonhomme and Planes 2000) has begun to 

be appreciated. For example, processes acting on pelagic larvae may affect recruitment 

rates (Caley et al. 1996), biogeographical distributions (Thresher et al. 1989; Wellington 

and Victor 1989; Victor and Wellington 2000; Zapata and Herron 2002; Robertson et al. 

2004), connectivity among populations (Doherty et al. 1995; Shulman and Bermingham 

1995; Shulman, 1998; Riginos and Victor 2001), individual condition (McCormick 

1998a; Searcy and Sponaugle 2000), post-recruitment growth (McCormick and Hoey 

2004) and survival (Shima and Findlay 2002). Because of these important links between 

the pelagic and benthic phases, it is important to have reliable estimates of the spatial 

and temporal variation in pelagic larval durations (PLD) (Leis 1991; Victor 1991; 

Cowen and Sponaugle 1997; Victor and Wellington 2000). For example, understanding 

interspecific spatial variation in PLDs may provide insights into processes that vary at 

geographical scales. Species recruiting to remote locations may display longer PLDs 

than those recruiting to well connected ones (e.g., Brothers and Thresher 1985; Victor 

1986a), if selection favours connectivity, or shorter PLDs if self-recruitment is 

favoured. Similarly, geographical patterns in larval growth and dispersal may be 

informed by inter- and intraspecific spatial patterns of PLDs (Cowen and Sponaugle 

1997). Temporal variation in PLDs may provide insight into environmental effects on 

larval duration and recruit quality (e.g., Searcy and Sponaugle 2000; Shima and Findlay 

2002; Sponaugle and Pinkard 2004). 

PLD can be reliably estimated using pre-settlement counts of daily rings 

deposited in otoliths (Pannella 1971; Victor 1982; Pitcher 1988). Estimates of PLDs are 

now available for a large number of species (Brothers et al. 1983; Brothers and Thresher 

1985; Thresher and Brothers 1985; Victor 1986a; Thresher and Brothers 1989; Thresher 

et al. 1989; Wellington and Victor 1989), but little attention has been paid to the 

possible implications of variation in PLDs either within or among populations. Where 

variation in PLDs has been reported, this has typically been a subsidiary outcome of 

research studying other phenomena, not its primary focus (e.g., Murdoch and Doherty 

1997; Kerrigan 1996, Sponaugle and Cowen 1997; Wilson and McCormick 1997; 
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Searcy and Sponaugle 2000; Sponaugle and Pinkard 2004; but see Thorrold and 

Milicich 1990; Radtke et al. 2001; Wellington and Victor 1992; McCormick 1994). 

Because the estimates of PLD are being used in a variety of applications such as 

predicting genetic differentiation among populations (e.g., Doherty et al. 1995; Shulman 

and Bermingham 1995) and explaining the evolution of larval durations (Bonhomme 

and Planes 2000), it is imperative to know the spatial and temporal variation of such 

estimates. 

Sources of intraspecific variation in PLDs are potentially diverse. For any 

species, a range of PLDs might be expected with the lower limit of this range indicating 

the minimum time taken to attain competency to settle (Searcy and Sponaugle 2000) 

and the upper limit reflecting the maximum period of survival in the pelagic 

environment. Variation in PLDs within species should, therefore, reflect genotype X 

environment interactions influenced by the conditions encountered by larvae in the 

plankton such as food availability and temperature (e.g., McCormick and Molony 1992 

1995; Meekan et al. 2003), plus any maternal effects (Kerrigan 1997; McCormick 

1998b), and innate physiological capacities for growth and development (Victor 1986b; 

Cowen 1991; McCormick 1999). Alternatively, differences in PLDs in allopatric 

populations of the same species may indicate evolved mean differences in pelagic 

duration. 

Here I document intraspecific variation in the means and ranges of PLDs 

estimated for 12 species of tropical reef fishes, both among populations separated in 

space, and within populations through time. The species compared include ten species 

of damselfishes (Family Pomacentridae) and 2 species of gobies (Family Gobiidae). 

Presented comparisons are based on combinations of new estimates of PLDs and 

previously published ones. These comparisons are interpreted as to whether the 

variation observed most likely reflects plasticity of PLDs, or evolved differences among 

populations.  

 

Materials and methods 

The PLDs of ten species of damselfishes (i.e., Amphiprion melanopus Bleeker, 

Amphiprion akindynos Allen, Chrysiptera rollandi (Whitley), Chrysiptera rex (Snyder), 

Chromis viridis (Cuvier), Pomacentrus wardi Whitley, Pomacentrus moluccensis 

Bleeker, Pomacentrus amboinensis Bleeker, Amblyglyphidodon curacao (Bloch), 

Amblyglyphidodon aureus (Cuvier)) and two species of gobies (i.e., Amblygobius 
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rainfordi (Whitley), Amblygobius phalaena (Valenciennes)) were estimated in 

individuals collected from populations in the south (i.e., One Tree Island 23o30S; 

152o05E) and/or north (e.g., Lizard Island 14o40S; 145o28E) of the Great Barrier Reef 

(GBR) during 2000. Fishes were collected using a range of methods. Fishes were 

measured (SL + 0.1 mm) and then frozen. Otoliths were later removed (sagittae only), 

cleaned and stored and sagittal transverse sections were obtained following Wilson and 

McCormick (1997). Otoliths were read using a high-powered microscope (x40 

magnification) and polarised transmitted light. In all species, a settlement mark was 

apparent as a dark ring followed by a marked decrease in increment width (i.e., Type 1, 

following Wilson and McCormick 1999). The pre-settlement rings were counted from 

the nucleus to the settlement mark along one axis. Three blind counts were done on 

consecutive days and percentage error (PE) estimates were calculated following 

Beamish and Fournier (1981):  

 

  

  

  

where N is the number of fish aged, R is the number of times increments on each otolith 

were counted, Xij is ith age determination for the jth fish and Xj is the average age 

estimated for the jth fish. 

 For all the species examined here, published estimates of mean PLD, and their 

associated error and range, where available, were used in combination with my data to 

sample variation in PLDs among times and locations. Because total ring counts of 

newly settled individuals tend to overestimate PLD by a few days (Wellington and 

Victor 1989), only estimates based on pre-transitional daily ring counts were used in the 

comparisons reported here. The techniques to quantify the pre-transitional phase are 

well established and these counts have been used most widely, and were therefore 

preferable for the purposes of this investigation. Where possible, mean, error (95% CI) 

and range were compared among studies on the same species. When 95% CIs could be 

calculated and did not overlap, means were deemed to be significantly different. In a 

number of cases from the literature, error estimates were not reported. In such cases, 

mean estimates were deemed to differ if they were not encompassed by the 95% 

confidence intervals calculated for other mean estimates.  
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Results 

Sequential daily ring counts were very consistent with percentage error estimates of less 

than 4 % (range 1.47 – 3.35 rings) in the majority of species but 13.1 % in P. wardi. 

The mean larval duration displayed significant spatial and temporal variation in eight of 

the twelve species and these differences ranged from just over half a day (0.63 A. 

aureus) to more than 5 days in P. wardi (5.14) (Fig. 1). These differences were 

primarily associated with differences among locations, although P. wardi displayed 

significant temporal variation in PLD estimates.  

The majority of species displayed a range of PLDs of approximately 5 – 6 days 

(mean 5.47 days + SE 0.85) although this was much greater in the gobies (15.25 + SE 

2.50) than in the pomacentrids (4.17 + SE 0.58). The range of larval durations among 

times and locations overlapped in all but one of the species examined. In Amphiprion 

melanopus the GBR locations ranged from 8 – 14 days whereas the Palauan population 

ranged from 15 – 22 days. In P. wardi the ranges of previously published PLD 

estimates (from the same location) were non-overlapping before the addition of our 

estimate. 

 

Discussion 

Previous authors have argued for the consideration of variation in PLDs in trying to 

understand the importance of the pre-settlement life-history stage of fishes to other 

aspects of their ecology and evolution (Leis 1991; Victor 1991; Wellington and Victor 

1992; Cowen and Sponaugle 1997; Leis 2002), but their calls, to a certain extent, have 

been ignored. This study confirms significant intraspecific variation in PLDs in eight 

out of twelve species. Despite the high spatial and temporal variation in PLDs, 

variability at specific times and places (when it could be estimated) was generally low 

(Fig. 1). This indicates that although the processes affecting the length of larval life are 

complex, they tend to produce PLDs that vary little at specific times and places. 

Therefore single point estimates can underestimate considerably the capacity for 

intraspecific PLD variation. 

The intraspecific range of larval durations observed here were about 5.5 days for 

pomacentrids and 15 days for gobies. This data confirm that the potential for variation 

in PLDs varies among taxonomic groups with pomacentrids being less variable than 

gobies (Thresher et al. 1989; Wellington and Victor 1989; Sponaugle and Cowen 1994;  
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Fig. 1: Mean larval duration (horizontal bar) + 95% confidence intervals (where 
available) (box) and range (whiskers) in twelve species of coral reef fish. Statistical 
significance and sample sizes are indicated below data points. OTI = One Tree Island, 
LI = Lizard Island, GBR = Great Barrier Reef (specific location not given), PHIL = 
Philippines, PNG = Papua New Guinea, Palau = Palau. Sources (year of sampling): 
1This study (2000), 2Thresher et al. 1989 and Thresher and Brothers 1989 (1983), 
3Wellington and Victor 1989 (1987), 4Brothers and Thresher 1985 (not indicated), 
5Brothers et al. 1983 (1976-77, 1978-99), 6Wilson and McCormick 1997 (1994), 
7Kerrigan 1996 (1990-93). *1 Wilson and McCormick (1997) found no statistical 
difference in PLDs among 5 locations and for simplicity only one representative 
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location has been shown here. # Kerrigan (1996) found significant differences among 
seasons and season by pulses and only the overall range of PLDs has been indicated. 
 

Cowen and Sponaugle 1997). The ranges of PLDs overlapped in all species examined 

except A. melanopus (Fig. 1).  

The overlapping ranges of these PLDs may reflect environmentally mediated 

variation in growth rates during the pre-competent phase, and/or potentially 

behaviourally controlled delays in settlement (Cowen and Sponaugle 1997). Whatever 

the proximate cause of this observed variation in larval lifespan, the selective forces 

maintaining this plasticity remain to be understood.  

Amphiprion melanopus, on the other hand, represents the first published 

example (to my knowledge) of intraspecific divergence of PLDs in coral reef fishes. 

This divergence suggests that local adaptation has occurred between Palauan and GBR 

populations of this species and that a longer larval duration has evolved in the 

apparently more isolated location (i.e., Palau) or shorter PLDs, among the well-

connected locations (i.e., GBR). This conclusion, however, is based on a very small 

sample size from Palau (n = 3) and must remain tentative until more data are available. 

Similarly, it should be noted the non-overlapping pelagic larval durations are not 

necessary evidence of evolved differences in PLDs among populations. More subtle 

shifts in the distributions of PLDs among populations could also indicate evolved 

differences, but reliable estimations of such differences will require considerable 

additional sampling effort. These examples illustrate that conclusions derived from 

single point estimates of PLDs may fail to incorporate considerable intercohort variation 

in PLDs. Future investigations will need to consider this variation. 

Geographical patterns in the length of larval life have primarily been 

investigated by interspecific or intergeneric comparisons (Brothers and Thresher 1985; 

Victor 1986a; Thresher et al. 1989; Wellington and Victor 1989; Victor and Wellington 

2000) and several patterns have emerged from these analyses. Species, or genera, with 

shorter larval durations may have more localised populations (defined on the basis of 

colour pattern variation, Thresher et al. 1989), smaller ranges (Wellington and Victor 

1989) and may also be characterised by considerable local genetic structure (Doherty et 

al. 1995; Nelson et al. 2000). Conversely, species at geographically isolated locations 

may have significantly longer PLDs compared to congeneric species at more central 

locations (Brothers and Thresher 1985; Victor 1986a). A. melanopus appears to have 
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sufficiently restricted gene flow to allow for local adaptation in traits such as mean 

larval duration. Further investigations incorporating intraspecific variation in PLD 

among well-connected and isolated populations may provide new insights into the 

relationship between larval duration and geographical isolation. Pelagic larval duration 

has also been used as a proxy for dispersal ability (Victor and Wellington 2000) and, in 

turn, used to predict genetic differentiation among populations (Waples 1987; Doherty 

et al. 1995; Shulman and Bermingham 1995; Shulman 1998; Riginos and Victor 2001). 

Typically, studies of the relationship between PLD and genetic differentiation have used 

mean larval durations estimated at few times or places (Waples 1987; Doherty et al. 

1995; Shulman and Bermingham 1995; Shulman 1998; Riginos and Victor 2001). Mean 

PLDs however, are clearly spatially and temporally variable (Cowen and Sponaugle 

1997; this study). Because very low levels of migration can prevent genetic divergence 

through drift among locations (Wright, 1943), exploration of the relationship between 

PLD and genetic structuring of populations may be best done using maximum, rather 

than mean, larval durations (Leis 1991; Victor 1991), even if PLDs at a species’ upper 

limit are only rarely expressed. 

 

Conclusion 

Variations in pelagic larval durations of coral reef fishes may be important in ecological 

and evolutionary contexts and provide significant information about many pre- and 

post-settlement processes that may be otherwise logistically difficult to document. By 

re-examining PLD in a range of coral reef fish species, this investigation has been able 

to provide three tangible examples of this. First, intracohort variability in PLDs can 

substantially underestimate intraspecific variability in this trait. Second, additional 

information presented here for one species, P. wardi, show that previously divergent 

ranges in PLDs at opposite ends of the GBR now appear to be overlapping at these 

locations. Third, with the addition of further estimates of PLD for A. melanopus on the 

GBR, the GBR and Palau populations of this species appear to have diverged. 

Understanding variation in larval duration is a worthwhile pursuit that has already 

provided many new insights, but one that can still yield more. 
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Chapter 5: The relationship between population genetic structure and 

pelagic larval duration in coral reef fishes on the Great Barrier Reef. 

 

 

Publication: Bay LK Crozier RH and Caley MJ (In Press) The relationship between 

population genetic structure and pelagic larval duration in coral reef fishes on the Great 

Barrier Reef. Marine Biology 

 

Abstract 

Pelagic larval duration (PLD) is a commonly used proxy for dispersal potential in coral 

reef fishes. Here I examine the relationship between PLD, genetic structure and genetic 

variability in geographically widespread and ecological generalist species from one 

coral reef fish family (Pomacentridae) that differ in mean larval duration by more than a 

month. Genetic structure was estimated in eight species using a mitochondrial 

molecular marker (control region) and in a sub-set of five species using nuclear 

molecular markers (ISSRs). Estimates of genetic differentiation were similar among 

species with pelagic larvae, but differed between molecular markers. The mtDNA 

indicated no structure while the ISSR indicated some structure between the sampling 

locations. I found a relationship between PLD and genetic structure using both markers. 

These relationships, however, were caused by a single species, Acanthochromis 

polyacanthus, which differed from all the other species examined here in lacking a 

larval phase. With this species excluded, there was no relationship between PLD and 

genetic structure using either marker despite a range of PLDs of more than 20 days. 

Genetic diversities were generally high in all species and did not differ significantly 

among species and locations. Nucleotide diversity and total heterozygosity were 

negatively related to maximum PLD but again these relationships were caused by A. 

polyacanthus and disappeared when this species was excluded. These genetic patterns 

are consistent with moderate gene flow among well-connected locations and indicate 

that at this phylogenetic level (i.e., within family) the duration of the pelagic larval 

phase is unrelated to patterns of genetic differentiation.  
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Introduction 

Identifying patterns of connectivity among populations and the extent of self-

recruitment is important to the study of the population biology of marine species (e.g., 

Jones et al. 1999; Swearer et al. 1999; Taylor and Hellberg 2003) and to the effective 

management and conservation of marine resources (Palumbi et al. 2003; Palumbi 2004). 

Studies using genetic markers have become vital in this context due to the difficulties 

associated with directly observing movement among populations in the marine 

environment (e.g., Hedgecock 1986; Bohonak 1999; Hellberg et al. 2002). Although 

more genetic estimates of connectivity among marine populations are becoming 

available, generalisations about which species are likely to have genetically structured 

populations, and the processes driving such differentiation, are still hard to draw 

(Bohonak 1999). Comparative studies may be particularly important in filling this gap 

in our current knowledge since they allow for factors affecting dispersal to be isolated 

and controlled (Bohonak 1999). 

Many marine organisms are relatively sedentary as adults, dispersing primarily 

during the larval phase (Leis 1991; Bonhomme and Planes 2000). The dispersal 

potential of these species may be related to traits such as egg type (e.g., pelagic vs. 

benthic: Shulman and Bermingham 1995; Shulman 1998) and larval development 

(direct vs. pelagic: Hunt 1993; Hellberg 1996; Arndt and Smith 1998; Ayre and Hughes 

2000), length of the pelagic larval phase (PLD: Waples 1987; Doherty et al. 1995; 

Shulman and Bermingham 1995; Riginos and Victor 2001) and pelagic larval 

environment (inshore vs. offshore: Riginos and Victor 2001). In previous reports, 

species with shorter larval durations have generally displayed stronger genetic 

differentiation than species with longer larval durations (e.g., Waples 1987; Doherty et 

al. 1995; Riginos and Victor 2001). However, many exceptions, such as genetically 

differentiated populations of species with extensive larval durations have also been 

documented (e.g., Planes et al. 1998; Barber et al. 2000; Taylor and Hellberg 2003). 

Consequently, the relationship between potential and realised dispersal remains unclear 

(Shulman 1998; Bohonak 1999) and further study is warranted. 

Behavioural, physiological and ecological factors may affect dispersal abilities, 

and these may vary among taxonomic groups (Bohonak 1999). For example, larval 

swimming ability, a potentially important determinant of dispersal distance varies 

considerably among reef-fish families (Stobutzki 1998; Leis 2002; Fisher 2005). 

Consequently, the distances that particular species may disperse during pelagic larval 
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phases of the same length may differ among families with different swimming abilities. 

Likewise, the spawning mode and early developmental patterns of species may also 

affect larval dispersal (Bohonak 1999). Directly developing species generally display 

strong genetic structure across small geographical distances (Doherty et al. 1994; 

Bernardi 2000; Planes et al. 2001) and the inclusion of such species may greatly affect 

comparative investigations of PLD and gene flow (Bohonak 1999; Riginos and Victor 

2001). Conversely, species that broadcast spawn pelagic eggs may display lower genetic 

structure, but it is currently unclear whether this occurs because of the early 

developmental state at which they enter the plankton, the distribution of these larvae in 

the water column or because of the longer larval duration generally associated with this 

suite of life history traits (Leis 1991; Victor 1991; Shulman 1998). Because 

examinations of the relationship between PLD and genetic structure in marine fishes to 

date have incorporated a range of distantly related species, displaying different 

spawning characteristics and adult ecologies (e.g., Waples 1987 (10 species, 9 families); 

Doherty et al. 1995 (7 species, 3 families); Shulman and Bermingham 1995 (8 species, 

6 families); but see Riginos and Victor 2001 (3 species, 1 family)) current 

understanding of the relationship between genetic structure and pelagic larval duration 

in species that display little variation in their biology and ecology is poor. 

Pelagic larval durations within species may vary greatly both spatially and 

temporally (Chapter 4). For example, the PLD of Amphiprion melanopus was reported 

as 16.7 days (+SE = 1.5) in a sample of 3 individuals from Palau (Wellington and 

Victor 1989) but 10.96 days (+SE = 0.32) in a sample of 15 individuals from One Tree 

Island on the Great Barrier Reef (Chapter 4). At present it is unclear whether such intra-

specific variation in PLDs may affect the relationship with genetic structure because 

only mean larval duration has previously been used to predict genetic structure (e.g., 

Doherty et al. 1995; Shulman and Bermingham 1995; Riginos and Victor 2001). 

Consequently, investigations that incorporate information about the mean pelagic larval 

duration and its variation have the potential to increase our understanding of the 

relationship between gene flow and larval duration further (Leis 1991; Victor 1991). 

In order to minimise the potential effects of spawning strategy, adult ecology 

and phylogeny on any relationship between pelagic larval duration and gene flow, I 

examined the relationship between mean, minimum and maximum pelagic larval 

duration, genetic structure and genetic diversities among common, widespread and 

generalised species of the family Pomacentridae on the Great Barrier Reef (GBR). I 
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estimated population genetic structure between northern and southern locations of the 

Great Barrier Reef, Australia, in eight species using a rapidly evolving mtDNA 

sequence marker (control region) and, in a sub-set of five species, using nuclear genetic 

fingerprints (ISSRs). In this technique semi-arbitrary banding profiles with bands 

corresponding to a DNA sequence deliniated by two microsatellites are amplified by 

PCR (Zietkiewicz et al. 1994) and compared among individuals. I examined the 

relationship between mean, minimum and maximum pelagic larval duration and genetic 

differentiation. I then examined patterns of genetic variability (heterozygosity, 

haplotype and nucleotide diversity) among species and locations and their relationships 

to mean, minimum and maximum pelagic larval duration. Lastly I re-analysed data from 

Doherty et al (1995) to examine the potential roles of using different estimates of PLD 

on the relationship between PLD and genetic structure. 

 

Materials and Methods 

Specimen collection and estimation of pelagic larval duration 

Eight species that span a broad range of pomacentrid genera were selected. These 

species differ in their pelagic larval duration, but share characteristics such as benthic 

spawning, a generalised ecology in terms of habitat use, high local abundances and wide 

geographical distributions (Table 1). Based on their relationship between PLD and gene 

flow, Doherty et al. (1995) suggested that the genetic structure of species with larval 

durations of less than 9 days are likely to be primarily influenced by drift, and hence, 

display strong genetic structure, whereas, the population genetic structure of species 

with larval durations between 9 and 39 days are likely to be influenced by both drift and 

migration and species with larval durations longer than 39 days are likely to display low 

genetic structure due to high migration rates and minimal importance of drift (Doherty 

et al. 1995). Because I was interested in genetic structure that was under the influence of 

both drift and migration, I investigated species displaying pelagic larval durations of 

less than 39 days. No pomacentrid species with a larval duration of less than 9 days, 

other than A. polyacanthus (Table 1), was available for inclusion in this study.  

Approximately 25 individuals per species were collected from each of the same 

two locations: Northern GBR (Lizard Island, 14o40S; 145o28E) and southern GBR (One 

Tree Island 23o30S; 152o05E). These locations are separated by more than 1200 km 

with no obvious habitat discontinuities, or other hard barriers to dispersal. Collections 

were made during 2000 and 2001 and all individuals from each species were collected 
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in the same year. Fish were collected using hand spears, and clove oil and hand nets. 

Animals were placed in an ice slurry following capture, and then transported to shore 

where a tissue sample (fin clip preserved in 100% EtOH) was taken.  
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Table 1: Study species and their geographical, biological and ecological attributes. Markers used and sample sizes, latitudinal spread (Lat. 

spread), pelagic larval duration (PLD) (min – max), diet (P = planktivore, H = herbivore), reproductive mode (B = benthic spawning) and habitat 

use (L = live, D= dead). 

 Sample sizes Geography, Biology and Ecology 

Species Control 

region 

ISSR Lat. spread1 PLD Diet1 Rep.1 Habitat use1 

Acanthochromis polyacanthus 41 46 40 02 P B L/D coral 

Amphiprion melanopus 42 46 40 11 (8 – 22)3 P B Anemones (3 spp.) 

Pomacentrus moluccensis 46 48 55 15 (14 – 21) 3 P/ H B L/D branching corals 

Pomacentrus amboinensis 41  55 17 (15 – 32)3 P/ H B L/D coral, sand 

Chromis atripectoralis 41 44 62 16 (10 – 24)4 P B L/D branching corals 

Chrysiptera rex 46 48 57 18.2 (16 – 25)3 H B D coral 

Amblyglyphidodon curacao 42  45 17 (15 – 22)3 P B L/D branching corals 

Stegastes nigricans 39  60 28 (16 – 32) 5 P/ H B L/D branching corals 

Sources: 1www.fishbase.org; 2Kavanagh (2000); 3Chapter 4; 4Thorrold and Milicich (1990) and Murdoch (1995); 5Thresher et al. (1989) and 

Wellington and Victor (1989). 
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All species were included in the mtDNA analysis and a sub-set of five of these species 

was included in the ISSR analysis (Table 1). In five species, published estimates of 

mean larval duration from counts of pre-settlement rings on otoliths of fishes from the 

GBR were used (Chapter 4) (Table 1). Estimates of mean larval duration were obtained 

for two additional species, Chromis atripectoralis and Stegastes nigricans by averaging 

published estimates from Thresher et al. (1989), Wellington and Victor (1989), 

Thorrold and Milicich (1990) and Murdoch (1995) (Table 1). Because point estimates 

of larval durations often display little variation (Chapter 4), the minimum and maximum 

larval durations used here were estimated by using the extremes of the range of pre-

settlement ring counts published so far for each species (Table 1).  

 

DNA extraction and amplification 

Genomic DNA was extracted from approx 0.25 cm2 of fin tissue (rehydrated by several 

TE washes) by a modified Phenol-Chloroform extraction procedure (Sambrook and 

Russell 2001, excluding the phenol-chloroform step) and resuspended in 50µl of TE. 

Concentrated DNA stock was diluted 1:50 yielding a final DNA concentration of 

approximately 5 ng/µL. A 400 base-pair region of the mitochondrial control region 

(hyper variable region I, HVR I) was amplified using the universal primers CR-A 

L15995 (5’-AATTCTCACCCCTAGCTCCCAAAG-3’) and CR-E H16498 (5’-

CCTGAAGTAGGAACCAGATG-3’) (Lee et al. 1995). After a representative sample 

of all species had been sequenced, a specific forward primer was designed (dLoopF 5’-

CATATATGTRTTATCAACATTA-3’), and this was used with CR-E in all further 

PCR and sequencing reactions. PCR reactions were carried out on a PE Applied 

Biosystems 9700 in 25µl containing 1x PCR Buffer (Promega), 3.5 mM MgCl2, 200 

µM each dNTP, 0.4 µM each primer, 10 ng template DNA and 0.1 unit of Taq 

Polymerase (Promega). Amplification using the polymerase chain reaction (PCR) was 

conducted with a cycling profile of 30 s at 94oC, 45 s at 48oC and 60 s at 72oC for 30 

cycles. The cycling profile was flanked by an initial 2 min denaturing step (94oC) and a 

10 min terminal extension phase (72oC). Using this procedure, only a single product 

ranging in size from 335 – 555 base pairs was amplified in most species, although two 

products (approximately 550 and 350 base pairs) were occasionally amplified in 

Pomacentrus amboinensis. Analysis of these fragments in P. amboinensis confirmed 

that the presence of the smaller fragment was due to a repeat in the t-RNA Pro end of 
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the Control region as previously described for a pomacentrid species (Bernardi et al. 

2002). Only the larger fragment was sequenced. PCR products were cleaned up using 

PCR clean up columns (Qiagen) and resuspended in 20µL of ddH2O. Two µL of the 

cleaned product was sequenced in the forward and reverse direction using a dyenamic 

ET dye terminator kit (Megabase) chemistry (Amersham Biosciences). Sequence 

products were cleaned using sephadex G-50 columns. Labelled extension products were 

sequenced on a Megabase 1000 (Amersham Biosciences) at the Genetic Analysis 

Facility of James Cook University. Representative sequences have been deposited in 

GenBank under accession numbers DQ199708 – DQ199726, DQ199879 – DQ199899, 

DQ212199 – DQ212495. 

Genetic fingerprints were obtained from 21 – 24 individuals per location using 

Inter Simple Sequence Repeats (ISSR). In this technique, semi-arbitrary banding 

profiles (where each banding position corresponds to a DNA sequence delimited by two 

microsatellites) are amplified by PCR (Zietkiewicz et al. 1994; Bornet and Branchard 

2001). Because the PCR reaction is primed by a specific but universal primer, it allows 

highly reproducible fingerprints to be rapidly obtained across distantly related taxa. Five 

5 fluorolabelled universal primers were used (809: (AG)8G, 834: (AG)8YT, 

841:(AG)8YC, 864: (ATG)6 and 880: (GGAGA)3). Reactions were carried out in 15µL 

reactions containing 1x High Fidelity PCR Buffer, 2 mM MgSO4, 200 µM each dNTP, 

0.8 µM primer, 1 ng template DNA (diluted in water) and 0.3 unit of Taq Polymerase 

(Invitrogen Life Technologies). All amplifications were conducted on the same Peltier 

thermal cycler (DNA Engine Tetrad 2) following a cycling profile with an initial step of 

96oC for 5 min then 35 cycles of denaturing at 96oC (1 min.), primer annealing at 50oC 

(30 sec.), then extension at 68oC (1 min.) and a final extension step of 68oC (10 min). 

PCR products were cleaned using sephadex G-50 plates (Whatman) and multiplexed 

into 10µL volumes containing 0.5µl of each product and 0.25µl standard (Amersham 

ET 900). Labelled extension products were genotyped on a Megabase 1000 (Amersham 

Biosciences) at the Genetic Analysis Facility in the Advanced Analytical Center (James 

Cook University). Presence and absence of bands between 50 and 850 base pairs were 

scored using MegaBACE Fragment Profiler 1.2 (Amersham Biosciences), then 

converted into binary data matrices and concatenated. Raw binary data matrices are 

available from the author upon request. 
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Statistical Analyses 

mtDNA: Forward and reverse sequences were aligned using Sequencher 4.2 

(GeneCodes Corp. Michigan USA). The best fitting substitution model and associated 

rate heterogeneity were estimated separately for each species using Modeltest 3.5 

(Posada and Crandall 1998) and PAUP* 4.0b10 (Swofford 1998) and these, where 

possible, were implemented in all subsequent analyses. Genetic diversity measures 

(haplotype and nucleotide diversity) (Tajima 1983; Nei 1987) and their associated 

standard deviations were calculated using Arlequin 2.000 (Schneider et al. 2000). 

Standard deviations were converted to 95% confidence intervals (95% CI = +1.96*(SD 

/ √ (n))) and genetic diversities were interpreted as statistically different when 95% 

confidence intervals did not overlap. Estimates of genetic structure were calculated as 

pairwise ΦST values following the methods implemented in Arlequin and significance 

levels were corrected for multiple comparisons following the Dunn-Sidak method 

(Sokal and Rohlf 1995). Transition–transversion ratios indicated that saturation may be 

occurring in some of the species, and therefore, all analyses were repeated using 

transversions only. 

ISSR data: Due to the large number of fragments amplified by the 5 primers, 

only bands with minimum frequencies of 0.25 within species were analysed. No 

differences were found among analyses of 0.05, 0.1 and 0.25 minimum frequency data 

sets conducted for a subset of species (Bay, unpublished data). Mendelian segregation 

of fragments with a single dominant (amplified) and recessive (absent) allele at each 

banding position was assumed. Because dominant data do not allow within-individual 

heterozygosities to be estimated, Hardy-Weinberg equilibrium was assumed in the 

analysis of these data. Given the large population sizes and pelagic larval dispersal in all 

species except A. polyacanthus, this assumption was deemed reasonable in this study. 

Analogues of codominant genetic diversity measures including within-population 

diversity He (here Hj), total heterozygosity Ht and mean heterozygosity across 

populations Hs (here Hw) were calculated following the methods of Lynch and Milligan 

(1994) using AFLP-Surv 1 (Vekemans et al. 2002). Their associated standard errors 

were converted to 95% confidence intervals as above. Genetic differentiation (ΦPT) was 

estimated using Genalex 5 (Peakall and Smouse 2001) and significance levels were 

corrected for multiple comparisons (Sokal and Rohlf 1995).  

The relationships between genetic differentiation, genetic diversities and larval 

duration were explored independently for each marker using mean, minimum and 
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maximum PLD both including and excluding A. polyacanthus, by fitting least-squares 

regressions. Estimates of fixation (ΦST and ΦPT) showed some departure from 

normality, however, transformations failed to rectify these and untransformed data were 

analysed. Genetic diversity estimates between locations for each species separately were 

interpreted as statistically different when confidence intervals did not overlap. The non-

parametric Mann Whitney U test was used to test for differences in genetic diversities 

between locations and the Kruskal-Wallis test was used to test for differences among 

species. The results of Doherty et al. (1995) were reanalysed using log transformed 

mean FST values from their Table 5, mean, minimum and maximum PLD values from 

their Table 1 and the mean, minimum and maximum PLD values used here (Table 1).  

 

Results 

Genetic differentiation and PLD 

Control region: 335 – 555 base pairs at the 5’ end of the control region were resolved in 

39 – 46 individuals from each of eight species of pomacentrid fishes on the Great 

Barrier Reef (Table 2). Pairwise genetic distances were generally low and insignificant 

in most species (although near significant in A. curacao and C. rex), but high and 

significant in A. polyacanthus (Table 3). A significant negative relationship between 

mean, minimum and maximum PLD (Mean PLD: F(1,6) = 17.23, P = 0.006; Minimum 

PLD: F(1,6) = 11.21, P = 0.015; Maximum PLD: (F(1,6) = 15.85, P = 0.007) and ΦST was 

evident (Fig. 1). Mean, minimum and maximum PLD explained 70, 59 and 68% of the 

variation in ΦST, respectively. These relationships were not significantly different with 

the 95% confidence intervals of all slopes and intercepts overlapping (mean PLD: y = -

0.037 (-0.06 – -0.02) x + 0.679 (0.304 – 1.05); Min PLD: y = -0.038 (-0.07 – -0.01) x + 

0.611 (0.203 – 1.019); Max PLD: y = -0.027 (-0.04 – -0.01) x + 0.689 (0.299 – 1.079). 

Consequently, only the relationship between mean PLD and ΦST is presented (Fig. 1). 

All three relationships, however, were driven primarily by A. polyacanthus. With this 

species removed, little variation in genetic structure was explained (Mean PLD: F(1,5) = 

2.89, P = 0.15; Min PLD: F(1,5) = 1.804, P = 0.237; Max PLD:F(1,5) = 2.76, P = 0.16).  
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Table 2: Sample sizes, Number of transitions (ts) vs. number of transversions (tv), ts/tv ratio, substitution model selected and among rates 

variation (gamma) estimated by Modeltest and model implemented for the eight species. 

 

Species No. base 

pairs 

No.Ts/ No.Tv ts - tv 

ratio 

Model -ln Likelihood Gamma Model1 

Acanthochromis polyacanthus 351 34/24 8.5 TN(93) 1220.65 0.3012 TN(93) + G 

Amphiprion melanopus 335 17/3 6.3 HKY 576.73 0 TN(93) 

Pomacentrus moluccensis 349 21/4 5.9 HKY 652.70 0 TN(93) 

Pomacentrus amboinensis 555 26/7 3.4 HKY 983.98 0 TN(93) 

Chromis atripectoralis 349 42/7 7.8 HKY 924.56 0 TN(93) 

Amblyglyphidodon curacao 398 73/5 12.5 HKY 989.57 0.1687 TN(93) + G 

Chrysiptera rex 348 31/3 14.4 HKY 751.84 0.0069 TN(93) + G 

Stegastes nigricans 423 51/5 16.1 HKY 1065.54 0.0146 TN(93) + G 
1 Implemented in Arlequin. 
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Transitions accounted for the majority of substitutions in all species (Table 2) although 

they accounted for less of the variation in A. polyacanthus. Therefore, the population 

genetic structure of these species may be affected by saturation. Estimates of genetic 

differentiation based on transversions alone were low and insignificant in all species 

except A. polyacanthus (Table 3). The exclusion of transitions did not appear to affect 

the relationship with PLD. Using the transversion data alone, PLD explained less 

variation in ΦST (Adj. R2 = 0.54) and was not significantly different to the relationship 

between PLD and ΦST obtained with both transitions and transversions because the 95% 

confidence intervals of both slopes and intercepts overlapped (Mean PLD: F(1,6) = 9.128, 

P = 0.02, y = -0.033 (-0.059 – -0.006)x + 0.64 (0.18 – 1.10)). This relationship also 

became statistically insignificant with A. polyacanthus removed (F(1,5) = 0.76, P = 0.42). 

 

 
 

Fig. 1: The relationships between mean pelagic larval duration and genetic structure of 
the mtDNA (ΦST) in eight species of coral reef fishes. 
 

 

 Estimates of genetic differentiation based on the ISSR markers were higher 

compared to estimates based on the mtDNA control region and indicated significant 

genetic structure between sampling locations in all species (Table 3). There was a 

significant negative relationship between minimum PLD and genetic subdivision 

explaining 85% of the variation (F(1,3) = 22.81, P = 0.01) (Fig. 2).  
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Table 3: Estimates of genetic differentiation based on MtDNA control region (ΦST) including and excluding transitions and ISSRs (ΦPT) and 
their significance levels. 
 
 Transitions and transversions Transversions  ISSR  
Species ΦST p ΦST P ΦPT p 

Acanthochromis polyacanthus 0.91 <0.0011 0.89 <0.0011 0.426 0.0012 

Amphiprion melanopus -0.005 0.47 -0.001 0.42 0.188 0.0013 

Pomacentrus moluccensis 0.006 0.25 0.01 0.18 0.018 0.0224 

Pomacentrus amboinensis -0.008 0.60 -0.002 0.45   

Chromis atripectoralis 0.012 0.23 0.011 0.25 0.272 0.0015 

Amblyglyphidodon curacao 0.030 0.06 0.024 0.07   

Chrysiptera rex 0.158 0.28 0.044 0.07 0.027 0.0076 

Stegastes nigricans -0.195 0.97 0.014 0.17   

Bonferroni corrected α: 1 0.006, 2 0.01, 3 0.02, 4 0.05, 5 0.01, 6 0.03. 
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However, neither mean nor maximum PLD was significantly related to ΦPT (Mean 

PLD: F(1,3) = 5.76, P = 0.1; Max PLD: F(1,3) = 4.00, P = 0.14). The relationship between 

minimum PLD and ΦPT became statistically insignificant upon exclusion of A. 

polyacanthus (F(1,2) = 4.98, P = 0.16). 

 

 
 

Fig. 2: The relationships between minimum pelagic larval duration and genetic 
structure of the nucDNA (ΦPT) in five species of coral reef fishes. 
 

 

A re-analysis of the results of Doherty et al. (1995) found that their relationship 

between PLD and gene flow remained significant when using their estimate of 

minimum PLD (F(1,5) = 22.26, P = 0.005, Adj. R2 = 0.78) but became insignificant when 

maximum PLD was used (F(1,5) = 4.95, P = 0.07, Adj. R2 = 0.39). The relationships 

between mean and minimum PLD and genetic structure were not significantly different 

and the 95% confidence intervals of both slopes and intercepts overlapped (Mean PLD: 

y = -0.04 (-0.06 – -0.02)x -- 0.313 (-0.95 – 0.32); Min PLD: y = -0.04 (-0.07 – -0.02)x - 

0.343 (-1.04 – 0.35)). The relationship between mean PLD and genetic structure of the 

benthic spawning species (including the brooding species) became insignificant when 

mean PLD values estimated in Chapter 4 were used ((F(1,3) = 4.07, P = 0.14). Maximum 

PLD values (Chapter 4) produced a significant relationship with genetic differentiation, 

whereas minimum PLD did not (Max PLD: F(1,3) = 13.51, P = 0.035; Min PLD: F(1,3) = 

2.08, p = 0.245). 
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Genetic diversity and PLD 

None of mean, minimum or maximum PLD could predict haplotype diversity (Mean 

PLD: F(1,6) = 3.51, P = 0.11; Min PLD: F(1,6) = 1.74, P = 0.24; Max PLD: F(1,6) = 3.14, P 

= 0.13). Mean and maximum PLD were negatively related to nucleotide diversity 

(Mean PLD: F(1,6) = 6.49, P = 0.04, Adj. R2 0.44; Max PLD: F(1,6) = 18.18, P = 0.005, 

Adj. R2 = 0.53) but again this relationship was reliant on A. polyacanthus (with A. 

polyacanthus excluded: Mean PLD: F(1,5) = 0.58, P = 0.48; Max PLD: F(1,5) = 0.02, P = 

0.89). Minimum PLD did not predict nucleotide diversities (Min PLD: F(1,6) = 5.89, P = 

0.051). Minimum PLD could predict total heterozygosity (Ht) (F(1,3) = 12.39, P = 0.039, 

Adj. R2 = 0.74), but neither mean nor maximum PLD could predict Ht (Mean PLD: F(1,3) 

= 6.97, P = 0.078; Max PLD: F(1,3) = 2.57, P = 0.21). Again, this relationship became 

insignificant upon exclusion of A. polyacanthus (F(1,2) = 4.59, P = 0.17). Neither mean, 

minimum nor maximum PLD could predict mean heterozygosity among locations (Hj) 

(Mean PLD: F(1,3) = 1.99, P = 0.25; Min PLD: F(1,3) = 3.77, P = 0.15; Max PLD: F(1,3) = 

2.89, P = 0.19). 

 

Genetic diversities among species and locations 

Haplotype diversities ranged from 0.8 – 1, other than A. polyacanthus at One Tree 

Island which was 0.49. Haplotype diversities were similar between sampling locations 

for all species except two (A. polyacanthus and C. rex). In these species, the northern 

populations (Lizard Island) were more diverse than the southern ones (One Tree Island) 

(Fig. 3a). Nucleotide diversities ranged from 0.1 – 3.2% (although most species were 

less than 2.5%) and were similar between sampling locations of all species except two. 

In A. polyacanthus, the northern location was more diverse, and in P. amboinensis the 

southern location was more diverse (Fig. 3b). Heterozygosities ranged from 0.3 – 0.4 

among species and locations, and were significantly different between sampling 

locations in two species (A. melanopus and C. atripectoralis) (Fig. 4). There were no 

significant differences between haplotype diversity (Fig. 3a Mann-Whitney U = 23.5, Z 

= -0.89, P = 0.37),  nucleotide diversity (Fig. 3b Mann-Whitney U = 29.5, Z = -0.26, P 

= 0.79) or heterozygosity (Fig. 4 Mann-Whitney U = 12, Z = -0.104, P = 0.92) and 

geographical location, nor were there any significant differences in genetic diversities 

among species (Haplotype diversity: Kruskal-Wallis H(7, 16) = 13.08, P = 0.07; 



 

 85 

Nucleotide diversity Kruskal-Wallis H (7, 16) = 9.26, P = 0.23; Hw: Kruskal-Wallis H(4, 10) 

= 5.345, P = 0.25). 

 
 

Fig. 3: Genetic diversities of the mtDNA in southern (One Tree Island, OTI) and 
northern (Lizard Island, LI) populations of eight species of coral reef fishes. 
 

 

Discussion 

Genetic structure on the GBR 

Estimates of genetic differentiation differed between molecular markers, but were 

consistent among species. In both datasets, A. polyacanthus displayed much stronger 

genetic differentiation than all other species, although less structure was indicated by 
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the ISSRs (Table 3). This result was expected given the strong genetic structure often 

recorded in this species (Doherty et al. 1994; Doherty et al. 1995; Chapter 2). It also 

adds support to the notion that directly developing marine species generally display 

more genetic structure than ones with pelagic larvae (e.g., Hunt 1993; Hellberg 1996; 

Arndt and Smith 1998).  

 

 
 

Fig. 4: Within population heterozygosity (Hw) in southern (One Tree Island, OTI) and 
northern (Lizard Island, LI) populations of five species of coral reef fishes. 
 

 

The mtDNA marker revealed no genetic structure between northern and 

southern locations in all species with pelagic larvae. These species all displayed very 

small and insignificant ΦST estimates (Table 3). In contrast, the ISSRs revealed 

significant structure between the sampling locations with ΦPT values ranging from 0.02 

– 0.27 (Table 3). Such differences in the population structure indicated by the two 

markers may arise because of the large effective population size (reducing the effect of 

genetic drift) and the higher variability of the nucDNA marker compared to the mtDNA 

marker. The higher level of fixation indicated by the mtDNA  may also be indicative of 
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sex-biased dispersal. Sex-biased dispersal may evolve when there are sex-biased fitness 

consequences associated with acquiring and defending reproductive resources 

(Greenwood 1980; Clarke et al. 1997). Where sex-biased dispersal has been reported in 

fishes, it tends to be male biased (Hutchings and Gerber 2002; Fraser et al. 2004). Sex-

biased dispersal can be identified directly by a comparison of the population genetic 

structure of males and females (Mossman and Waser 1999), or indirectly, by a 

comparison of maternally inherited molecular markers and those with bi-parental 

inheritance (Avise 2000). If males migrate at higher rates than females, maternally 

inherited mitochondrial genes should show more genetic structure, compared to bi-

parentally inherited nuclear genes. This is the pattern observed in A. polyacanthus 

(Table 3). Conversely, if dispersal is female biased, mitochondrial markers would be 

expected to be less differentiated than nuclear markers. This pattern was observed in all 

species with pelagic larvae (Table 3). Male-biased dispersal has recently been suggested 

for A. polyacanthus on the GBR (Chapter 2) and the higher genetic structure of the 

mtDNA marker compared with the nucDNA marker reported here is consistent with this 

hypothesis (ΦST = 0.90; ΦPT = 0.43). The other species included in this study are all 

thought to disperse primarily during the pelagic larval phase (Leis 1991; Bonhomme 

and Planes 2000). It is unclear whether these larvae are sex differentiated (Fishelson 

1998) and if so, how female larvae would realise greater dispersal than male larvae. 

Furthermore, the adults of many of the species included here change sex (e.g., A. 

melanopus Godwin and Thomas 1993) and reproductive resources are defended by 

males in most of the species (but females in A. melanopus). Therefore, I consider that 

the differences in genetic differentiation between the mtDNA and nucDNA markers for 

these species with pelagic larvae are unlikely to be caused by sex-biased dispersal.  

It is also possible that the differences in population structure indicated by the 

mtDNA and nucDNA markers were caused by differences in mutation rates between 

markers. The ISSRs record microsatellite variation (Zietkiewicz et al. 1994; Bornet and 

Branchard 2001) and should therefore evolve at a rapid rate. If so, under low levels of 

migration, such rapidly evolving markers should show local genetic structure because of 

a high mutation rate, whereas markers evolving at a slower rate might not (Avise 2000). 

Consequently, all species with pelagic larvae included in this study display genetic 

structures consistent with some migration between populations in the northern and 

southern parts of the GBR. This conclusion is compatible with previous results based on 
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allozyme markers (Doherty et al. 1995) where significant genetic structure was found in 

five of the same species among locations on the GBR. 

 Genetic diversities may differ within and among species due to differences in 

their evolutionary histories (Fauvelot et al. 2003). However, genetic diversities recorded 

here were similar within and among species. Haplotype diversities were generally high 

and comparable with those observed in other coral reef fishes on the GBR (e.g., 

Chlorurus sordidus h = 0.98 Bay et al. 2004; Gobiodon histrio h = 0.87 Munday et al. 

2004; Pseudochromis fuscus h = 0.79 Messmer et al. 2005). The very low haplotype 

diversity in the southern population of A. polyacanthus is most likely due to a recent 

mitochondrial or population bottleneck (van Herwerden and Doherty 2006; Chapter 3). 

Nucleotide diversities were also generally high and comparable to estimates from other 

coral reef fish species on the GBR (e.g., Chlorurus sordidus %  = 3.0 Bay et al. 2004; 

Gobiodon histrio %  = 1.23 Munday et al. 2004; Pseudochromis fuscus %  = 0.36 

Messmer et al. 2005). The very high nucleotide diversity from the northern population 

of A. polyacanthus appears to be the result of the presence of two differentiated mtDNA 

lineages in this region (Chapter 3). Estimates of heterozygosity were similar between 

sampling locations within species (except in A. melanopus and C. atripectoralis) and 

among species (Fig. 4). ISSRs have not previously been used to investigate the 

population genetic structure of fishes and could therefore not be compared to previous 

estimates. Consequently, the estimates of genetic variability of both mtDNA and 

nucDNA markers indicated that recent evolutionary histories did not differ substantially 

among locations or species. 

 

PLD and population genetic structure 

I identified a relationship between PLD and genetic structure using both the mtDNA 

and the nucDNA markers (Fig. 1 and 2). However, this relationship was strongly 

influenced by the inclusion of the directly developing species (A. polyacanthus) that 

displayed strong genetic differentiation between locations. Once this species was 

removed from the analysis, little variation was explained. Riginos and Victor (2001) 

found a significant relationship between PLD and gene flow in three species of blennies 

with mean larval durations spanning 32 days (range = 28 – 50 days). It is possible that 

the range of larval durations exhibited by the species included in the present study (28 

days) was not great enough to reveal measurable differences in genetic differentiation. 
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However, given the significant genetic structure revealed by the ISSRs here and the 

analysis by Doherty et al. (1995) indicating that the genetic structure of species with 

larval durations between 9 – 39 days should be determined by the opposing forces of 

drift and migration, such a possibility appears unlikely. Instead, the species with pelagic 

larvae included in this study more likely displayed very similar levels of genetic 

structure unrelated to the length of their larval life. Because these species are closely 

related, and have relatively generalised ecologies and similar spawning behaviours 

(Table 1), this result may indicate that biological and ecological traits, some of which 

may be associated with phylogeny, may be important in producing differences in gene 

flow, independent of the duration of the pelagic larval phase.  

Population genetic structure may result from a range of causes that were not 

explored here. For example, ecological specialisation may play an important role in 

shaping patterns of genetic structure even in species with extensive larval durations 

(e.g., Taylor and Hellberg 2003; Rocha et al. 2005). The inclusion of such species may 

have affected previous investigations of the relationship between genetic structure and 

spawning strategy. For example, Shulman and Bermingham (1995) reported high 

genetic structure in Halichoeres bivittatus indicating low migration rates contrary to 

expectations in a species with pelagic eggs and a relatively long larval duration (i.e., 

24.1 days). The high population genetic structure of this species was more recently 

attributed to its level of ecological specialisation (Rocha et al. 2005). With the removal 

of this species, the data of Shulman and Bermingham (1995) were consistent with the 

idea of higher gene flow in pelagically spawning species. Consequently, examinations 

of the relationship between gene flow and PLD or spawning mode need to account, 

where possible, for such biological and ecological factors. Future investigations 

comparing the relationship between PLD and genetic differentiation among groups of 

species with different biological, ecological or biogeographical attributes have the 

potential to illuminate this issue further.  

 PLDs may vary substantially within species (e.g., Chapter 4). Such variation 

could weaken any relationship between PLD and genetic differentiation (Leis 1991; 

Victor 1991) and may vary among datasets generated using different molecular markers 

that evolve at different rates. For example, the population genetic structure recorded by 

more slowly evolving molecular markers may be greatly affected by low levels of 

migration (Wright 1931). Individuals displaying a longer PLD may, therefore, influence 

the population genetic structure of species, even if such maximum PLDs are only rarely 
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expressed. In contrast, allele frequencies of rapidly evolving molecular markers should 

not be as strongly affected by rare long distance dispersers because of the rate at which 

new genetic variation is generated by mutation within local populations. My analyses, 

and the re-analysis of the results of Doherty et al. (1995), indicated that the relationship 

between PLD and genetic structure may differ depending on the estimate of PLD used 

and its variation. Using mean, minimum or maximum PLD did not affect the 

relationship between PLD and genetic structure estimated using mtDNA. Only 

minimum PLD could predict gene flow and total heterozygosity using the more rapidly 

evolving nucDNA marker. The estimates of genetic structure based on allozymes could 

be predicted from their estimates of mean and minimum PLD, but not from my mean 

and maximum PLD estimates. The low number of species included in the ISSR analysis 

could potentially have restricted my ability to detect such relationships using this 

marker. However, it is also likely that the population genetic structure of the species 

investigated here based on the nucDNA, and presumably faster evolving marker, were 

more strongly influenced by individuals displaying a shorter PLD, whereas the 

relationships based on the mtDNA, and presumably slower evolving marker were more 

strongly affected by mean and maximum larval durations.  

 

Conclusion 

I identified a relationships between PLD and population genetic structure using both 

mtDNA and nucDNA markers. These relationships, however, were dependent on the 

inclusion of a directly developing species with high genetic structure. With this species 

removed PLD could not predict population genetic structure in the species examined 

here. The relationship between PLD and genetic structure varied depending on the 

estimates of PLD and genetic structure used. These results suggest that observed 

relationships between the population genetic structure and pelagic larval duration may 

be highly dependent on the molecular marker, estimator of PLD and species used. 

Further consideration of such variation has the potential to provide additional insights 

into the relationship between population genetic structure and dispersal potential. 
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Chapter 6: Greater genetic diversity on the edges of species’ ranges: 

Secondary contact among differentiated lineages?  

 

Publication: Bay LK Caley MJ and Crozier RH (In Prep) Greater genetic diversity on 

the edges of species’ ranges: Secondary contact among differentiated lineages?  

 

Abstract 

Using mtDNA (control region) and nuclear (ISSR) markers, I investigated the 

population genetic structure of three congeneric species pairs of pomacentrid reef fishes 

(Pomacentridae) in the context of species’ borders theory. Each species pair consisted of 

one species sampled at two central locations within its geographic range, and one 

species sampled at the same locations, but for which these locations constituted one 

location toward the centre of its range and another close to its edge. Theory predicts that 

populations located on the periphery of a species’ range should be smaller and more 

fragmented and hence, display greater genetic structure among populations and lower 

genetic diversities within populations, compared to more centrally located populations. 

Estimates of genetic structure did not differ among central and peripheral species as 

expected. Similarly in contrast to predictions from theory, genetic diversities were 

greater in species whose sampling included a population toward the edge of its 

geographic range compared to species sampled at two locations toward the centre of 

their range. In two of the three species pairs, the distribution of genetic variation 

indicated secondary contact among differentiated lineages in the species sampled 

towards its periphery, but not in its congener that was not sampled towards a range 

edge. Elevated mutation rates mediated by environmental stress on the species’ margin 

may have contributed further genetic variability in these species. 
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Introduction 

What limits the geographic ranges of species has long interested biologists (Darwin 

1859, Mayr 1963), yet many issues in this field remain unresolved (Holt and Keitt 2005; 

Holt et al. 2005). Ultimately, the distributional range of a species will be determined by 

vital demographic rates and their variation across geographic ranges and through time, 

with borders forming where population growth rates approach zero beyond some point 

(Holt et al. 2005). Zero growth rates may result from physical barriers to dispersal, or 

because of discontinuities in suitable physical and biological environments (Gaston 

2003; Holt et al. 2005). Species borders, however, commonly occur in the absence of 

such barriers, suggesting that range edges form in response to other demographic 

processes that result in a decline in fitness from the centre to the periphery or through 

changing metapopulation dynamics towards the species’ margin (Lennon et al. 1997; 

Holt and Keitt 2000).  

Generally, biological and environmental conditions are assumed to be optimal in 

the centre of a species’ distribution and to decline towards its periphery (Hoffmann and 

Parsons 1991). As a result, population density should be highest in the centre of the 

species range and decline towards range edges (Brown 1984; Vucetich and Waite 2003; 

Guo et al. 2005 and references therein). Marginal populations should, therefore, become 

smaller and more fragmented (Vucetich and Waite 2003). They should also experience 

lower levels of migration among populations and hence display stronger genetic 

structure (Holt 1987; Lennon et al. 1997). Greater genetic structure has been reported 

towards species margins in some species (e.g., Gapare and Aitken 2005; Ayre and 

Hughes 2004) but not in others (Grant and Antonovics 1978). Consequently, the role of 

reduced gene flow towards the edge of the range in determining species borders is at 

present unclear. 

The demographic processes operating on at a species border should be evident in 

the effective population sizes and genetic diversities of such populations. At migration – 

drift equilibrium, genetic diversity can be expressed as the effective number of alleles: 

 

! 

H =
4N

e
µ

1+ 4N
e
µ

    (Eq. 1) 

 

where Ne is the effective population size and µ is the mutation rate per site per 

generation. Neµ is multiplied by 4 to account for the biparental origin of a diploid 

marker. Assuming mutation rates are equal among populations, genetic diversity 
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becomes a function of the effective population size and generation time. The effective 

population size is almost always smaller than the actual size of the population (N) (Hartl 

and Clark 1997). Differences between N and Ne may arise when N fluctuates (Hartl and 

Clark 1997). Under such circumstances and because it is the harmonic mean of N, Ne 

tends to be the most affected by the smallest value of N. Ne will be low in populations 

that have undergone a severe reduction in size, or that have been founded by a small 

number of individuals. Marginal population should, therefore, display lower effective 

population sizes and lower genetic diversities compared to more centrally located 

populations (Holt 1987). Empirical investigations of variation in genetic diversities 

across a species’ range have reported lower genetic diversities in peripheral populations 

in some species (e.g., Jain et al. 1981; Kat 1982; Schnabel and Hamrich 1990; Palumbi 

et al. 1997; Bowen et al. 1997; Durka 1999; Pedersen and Loeschcke 2001; McCauley 

and Ballard 2002; Hoffman and Blouin 2004; Lecomte et al. 2004) but not in others 

(Tigerstedt 1973; van Rossum et al. 1997; Betancourt et al. 1991; Planes and Fauvelot 

2002; Garner et al. 2004; Gapare et al. 2005). Consequently, empirical support for this 

relationship remains equivocal and warrants further study. 

Estimates of genetic diversity may also be affected by the mutation rate (Eq. 1). 

Mutation rates may vary among markers (Nei and Graur 1984), but are commonly 

assumed to be constant within markers among populations and closely related species 

(Avise 2000). Indeed, constant mutation rate is an explicit assumption in most 

commonly used population genetic analyses (e.g., AMOVA, Weir and Cockerham 

1984). Emerging evidence, however, suggests that mutation rates of neutral genetic 

markers may be increased by environmentally induced stress (Parsons 1987; Hoffmann 

and Parsons 1991). This may occur through a variety of processes including a stress-

induced error prone DNA repair mechanism (Walker 1984; MacPhee 1984). Elevated 

mutation rates following sub-lethal stress has only been demonstrated under controlled 

laboratory conditions (Lindgren 1972; Kerkis 1975; Belyaev and Borodin 1982). 

Consequently, it is not clear how widespread this mechanism is and how it may affect 

the population genetic structure of wild populations.  

Coral reef fishes provide an excellent model for examining the evolution of 

species borders because they are speciose and their ranges are relatively well known. 

Their diversity enables the design of comparative studies that allow issues of species 

borders evolution to be addressed. Biological and ecological factors which may affect 

patterns of genetic variation such as ecological specificity (Nevo 1978; Smith and Fujio 
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1982), demographic and reproductive characteristics (e.g., Selander and Kaufman 1973; 

Mitton and Lewis 1989) can be controlled through the selection of species that display 

similar ecological and biological attributes. Despite this, coral reef fishes have not 

previously been used as a model system to test species border theory. 

Here I examine the evolution of species borders in coral reef fishes on the Great 

Barrier Reef (GBR) using a comparative design. Using a mtDNA sequence marker 

(Control region) and nuclear genetic fingerprints (ISSR) I examine the population 

genetic structure of species sampled towards their range margin and compare this to 

congeneric species sampled in the centre of their ranges. I test the hypotheses that 1) 

species experience higher genetic structure towards the species’ margin and 2) 

demographic processes such as smaller and more fragmented populations result in 

decreased genetic diversity in peripheral populations.  

 

Materials and methods 

Study species and locations 

Three congeneric species pairs were selected for use in this study. Each species pair was 

selected from a different pomacentrid genus and was collected from a combination of 

three locations separated by 800-1200 km. There are no known dispersal barriers 

separating any of these locations. From each species pairs, one species had a 

distribution that allowed it to be collected from a location toward the centre of that 

species’ geographic range and a location close to a geographic range limit. These 

species are hereafter referred to as the peripheral species. The congeneric species of 

each of the peripheral species had a geographic range that extended well beyond the 

sampling locations allowing it to be collected from two central locations. These species 

are hereafter referred to as the central species. Species pairs were also selected to 

control for other biological and ecological attributes that could otherwise confound the 

population genetic structure of these species.  Species were selected that had similar 

dispersal potentials (Chapter 5), habitat use, diets, reproductive modes and generation 

time (Table 1). Distributional information was obtained from guidebooks (e.g., Randall 

et al. 1997; Kuiter 1993), Fishbase (www.fishbase.org) and the Australian Museum fish 

distribution database. Approximately 25 – 30 individuals per species were collected 

from each of the two locations used for each species (Table 1).  
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Table 1: Sampling locations, biological and ecological attributes of the six species. Sampling locations: One Tree Island (OTI) 23o30S; 152o05E; 
Orpheus Island (OI) 18o38S; 146o28E; Lizard Island (LI) 14o40S; 145o28E. Position in the species range (C = centre, P = peripheral) and sample 
sizes for (mtDNA/ nucDNA) data sets, latitudinal spread (Lat. spread) (W = widespread, R = restricted), pelagic larval duration (PLD) (min – 
max), diet (P = planktivore, H = herbivore), reproductive mode (Rep.) (B = benthic spawning), generation time (years) and proportional local 
abundance (Prop. abund) of widespread species (W) vs. restricted (R) species. = indicates approx. equal abundance of widespread and restricted 
species within a genus and W > R indicate a greater local abundance of the widespread species. 
 
 Sampling locations  Geography, biology and ecology 

Species One Tree 

Island 

Orpheus 

Island 

Lizard 

Island 

Lat. 

spread 1 

PLD 

 

Diet 1 Rep. 1 Gen. time 

1 

Prop. abun 

Amphiprion melanopus C (22/22)  C (20/24) 40 (W) 11 (8 – 14)2 P B 1.4 – 4.4 

Amphiprion akindynos C (24/24 )  P (20/23 ) 22 (R) 11 (9 – 13)2 P B 1.25 

W > R 5 

Pomacentrus moluccensis C (21/ 24)  C (25/24 ) 55 (W) 15 (14 – 21)2 P B 1.25 

Pomacentrus wardi C (20/23 )  P (22/20 ) 22 (R) 26.1 (19 – 28)2 H / P B  

W > R 6 

Chromis atripectoralis C (20/ 20) C (22/ 24)  62 (W) 21.2 (18 – 22)3 P B 1.25 

Chromis nitida C (17/ 23) P (17/ 17)  23 (R) 16 (10 – 24)4 P B 1.4 – 4.4 

W = R 7 

 
Source: 1 www.fishbase.org; 2 Chapter 4; 3 Bay unpubl. data; 4 Doherty et al. 1995, Thorrold and Milicich (1990); 5 Srinivasan unpubl. data; 6 
Fulton unpubl. data; 7 Eagle unpubl. data 
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Fish were collected by hand-held spears, fence nets, clove oil and hand-held dip-nets. 

Fishes were transported live, or on ice, to the nearest shore where a sample (fin clip) 

was preserved in 100% EtOH for later analysis.   

 

Molecular techniques 

MtDNA: DNA was extracted, 335 to 398 base pairs of the mitochondrial hyper variable 

control region I were amplified, sequenced in the forward and reverse directions and 

aligned in 39 to 46 individuals from all species following methods outlined in Chapter 

5. Representative sequences have been deposited in GenBank under accession numbers 

DQ250449 – DQ250526, DQ212240 – DQ212281, DQ212323 – DQ212410. 

ISSR: Genetic fingerprints were obtained from 17 – 24 individuals per location using 

Inter Simple Sequence Repeats (ISSR) using 5 universal primers following the methods 

outlined in Chapter 5. Presence and absence of bands between 50 and 850 base pairs in 

length were scored using MegaBACE Fragment Profiler 1.2 (Amersham Biosciences), 

then converted into binary data matrices and concatenated. Raw binary data matrices are 

available from the authors upon request. 

 

Statistical procedures 

Sequence data: The best fitting substitution model and associated rate heterogeneity 

were estimated separately for each species using PAUP* 4.0b10 (Swofford 1998) and 

Modeltest 3.5 (Posada and Crandall 1998) and these, where possible, were implemented 

in all subsequent analyses (Table 2). Genetic diversity estimates for haplotype and 

nucleotide diversity (Nei, 1987, Tajima 1983) and their associated standard deviations 

were calculated using Arlequin 2.000 (Schneider et al. 2000). Standard deviations were 

converted to 95% confidence intervals (95% CI = +1.96*(SD/√ (n))). Estimates of 

genetic structure were calculated as pairwise ΦST values following the methods 

implemented in Arlequin and significance levels were corrected for multiple 

comparisons following the Dunn-Sidak method (Sokal and Rohlf, 1995). Transition – 

transversion ratios indicated that saturation may have occurred in some species (Table 

3). Therefore, all analyses were repeated using transversions only. The demographic 

history of species was analysed using mismatch analysis using Arlequin and 1000 

bootstrap replicates.  
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Table 2: Number of base pairs, transition – transversion ratios (ts-tv) substitution models, gamma distribution shape parameter (γ), invariable 
sites and their likelihoods (determined by Modeltest) for the six species included in this study 
 

     Among-site rate variation 

Species No base 

pairs 

Ts-Tv 

ratio 

Model 

selected 

-ln Likelihood 

score 

Invariable 

sites 

γ Model 

implemented 

Amphiprion melanopus 335 6.3 HKY 576.73 0 0 TN(93) 

Amphiprion akindynos 354 9.8 HKY 956.9848 0 0.1410 TN(93) +G 

Pomacentrus moluccensis 349 5.9 HKY 652.70 0 0 TN(93) 

Pomacentrus wardi 359 8.1 HKY 1211.3286 0 0.3002 TN(93) +G 

Chromis atripectoralis 349 7.7 HKY 924.56 0 0 TN(93) 

Chromis nitida 347 6.2 HKY 1058.0591 0.6167 0.7053 TN(93) +G 
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The distribution of genetic variation within species was compared among species using 

haplotype networks and the frequency distribution of pairwise differences among 

individuals pooled from the two sampling locations. 

ISSR data: Due to the large number of fragments amplified by the 5 primers, only bands 

with a minimum frequency of 0.25 within any particular species were analysed. No 

differences were detected among analyses of 0.05, 0.1 and 0.25 minimum frequency 

data sets conducted for a subset of species. Therefore, this data reduction did not appear 

to have affected the results significantly. Mendelian segregation of fragments with a 

single dominant (amplified) and recessive (absent) allele at each banding position was 

assumed. Because dominant data do not allow within-individual heterozygosities to be 

estimated, Hardy-Weinberg equilibrium was assumed in the analysis of these data. 

Given the large population sizes and the potential for considerable pelagic larval 

dispersal, this assumption was deemed reasonable in this study. Analogues of 

codominant genetic diversity measures including within-population diversity He (here 

Hj), total heterozygosity Ht and mean heterozygosity across populations Hs (here Hw) 

were calculated following the methods of Lynch and Milligan (1994) using AFLP-Surv 

1 (Vekemans et al. 2002). Genetic structure (ΦPT) was estimated using Genalex 5 

(Peakall and Smouse 2001) and significance levels were corrected for multiple 

comparisons (Sokal and Rohlf 1995). Genetic diversity estimates were interpreted as 

statistically different when confidence intervals did not overlap.  

 

Results 

Estimates of genetic differentiation based on the mtDNA were generally low (ΦST -

0.005 – 0.01) and statistically insignificant in all species when based on transitions and 

transversions or on transversions alone (Table 3). In contrast, estimates of genetic 

differentiation were higher when based on the ISSR data (ΦRT 0.018 – 0.188) and 

indicated significant genetic structuring between northern and southern GBR locations 

in all species except P. moluccensis (Table 3). Patterns of gene flow were significantly 

lower in the peripheral species compared to central species when based on transversions 

of the Control region data (Z3, 3 = 1.964, P = 0.0495) but not when including transitions 

(Z3, 3 = 0.655, P = 0.654) or when based on ISSR data (Z3, 3 = 0.577, P = 0.564).   
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Table 3: Estimates of genetic differentiation in the six species. Mitochondrial fixation indices (ΦST) based on transitions and transversion (ts-tv) 
and transversions alone (tv) and fixation index based on ISSR data (ΦPT). Significance: * P < 0.01, ns = not significant (insignificance following 
sequential Bonferroni correction in bold).  
 

Species ΦST (ts – tv) p ΦST (tv) p ΦPT p 

Amphiprion melanopus -0.00487 0.47 ns -0.0019 0.38 ns 0.188 0.001* 

Amphiprion akindynos -0.02405 0.65 ns -0.0186    0.51 ns 0.119 0.001* 

Pomacentrus moluccensis 0.00553 0.25 ns 0.0049    0.04 ns1 0.018 0.022 * 

Pomacentrus wardi -0.02021 0.75 ns -0.0249    0.93 ns 0.034 0.002* 

Chromis atripectoralis -0.01551 0.70 ns 0.0131    0.17 ns 0.159 0.001* 

Chromis nitida 0.01328    0.26 ns -0.0366    0.89 ns 0.114 0.001* 

1 Bonferroni corrected significance level α = 0.008 
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Mitochondrial (haplotype and nucleotide) and ISSR diversities (Hw) varied 

among species and locations (Fig. 1 – 3). Haplotype diversities were generally high (but 

lower in P. moluccensis) and significantly lower in the peripheral population in a single 

species (A. akindynos) when transitions and transversions were included (Fig. 1a). 

Haplotype diversities were low when considering only transversions and were similar 

between populations of all species except two. In A. melanopus and P. wardi haplotype 

diversities were greater in the northern population coinciding with the northern range 

margin in P. wardi (Fig. 1b). Haplotype diversities were consistently greater in both 

populations of the peripheral species compared to haplotype diversities of both 

populations of central species (Fig. 1b). Nucleotide diversities were generally high and 

did not vary between locations in any of the species except A. akindynos where 

nucleotide diversities greater in the peripheral population (Fig. 2a). When based on 

transversions, nucleotide diversities did not differ between populations of any of the 

species, but were generally higher in the peripheral species compared to their central 

congeners (Fig. 2b). Expected heterozygosities (Hj) were significantly lower in the 

northern location of A. akindynos and A. melanopus but similar between locations of the 

other four species (Fig. 3).  

Significant differences were observed in overall genetic diversity (haplotype, 

nucleotide and mean heterozygosity) among species (Fig. 4 - 6). Haplotype and 

nucleotide diversities were significantly higher in the peripheral species compared to 

their central congeners when based on transitions and transversions (Fig. 4a, 5a) and 

this pattern was particularly evident when based on transversions only (Fig. 4b, 5b). 

Likewise, levels of heterozygosity (Hw) were significantly greater in the peripheral 

species compared to the central congeners in two genera (Fig. 6). Intraspecific variation 

in Hj of two species was large (A. akindynos and A. melanopus Fig. 3) and hence, the 

estimate of Hw was variable in these species. Nucleotide diversities were significantly 

greater in peripheral compared to central species (ts - tv: Z3, 3 = -1.963 p = 0.0495; tv: 

Z3, 3 = -1.96, P = 0.0495) but haplotype and expected heterozygosities were not (ts - tv: 

Z3, 3 = -0.65, P = 0.51; tv: Z3, 3 = 1.527, P = 0.126; Hw: Z3, 3 = 1.547, P = 0.248). 

The haplotype networks and mismatch distributions revealed large and 

consistent differences between peripheral (Fig. 7a – c) and central species (Fig. 7d – e). 

The haplotype networks of peripheral species were complex; central haplotypes were 

less frequent and distal haplotypes were separated by many mutations. 
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Fig. 1: Haplotype diversities (+ 95% confidence intervals) based on a) transitions and 
transversions and b) transversions alone in central (C) and peripheral (P) populations of 
the six species. LI = Lizard Island, OTI = One Tree Island. 
 

 

Mismatch distributions were characterised by larger means (13.7+SE 0.09) and were 

bimodal in two of the three species (A. akindynos and P. wardi Fig. 7 a, b). The 

mismatch distribution in C. nitida was unimodal with a large mean and variance (13.57 

+SD  6.96). In contrast the haplotype networks of the central species were characterised 

by one, or a few, central haplotypes of higher frequency with distal haplotypes being 

separated by one or a few mutations. Mismatch distributions were unimodal with small 
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means (4.6 +SE 2.19) (although a slightly higher mean of 8.99 was obtained for C. 

atripectoralis). This pattern was also evident in comparisons using only transversions, 

although mismatch means and their variation were lower (unpublished data).  

 
 

Fig. 2: Nucleotide diversities (+ 95% confidence intervals) based on a) transitions and 
transversions and b) transversions in central (C) and peripheral (P) populations of the 
six species. LI = Lizard Island, OTI = One Tree Island. 
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These differences in genetic diversities could not be explained by differences in 

demographic histories as all species appeared to have a signal of demographic 

expansion (the null hypothesis of sudden expansion was retained in all species, Table 4) 

and experienced similar expansion times, regardless of positions in the species’ range of 

the populations sampled (Table 4). 

 

 
 

Fig. 3: Expected heterozygosities (+ 95% confidence intervals) in central (C) and 
peripheral (P) populations of the six species. LI = Lizard Island, OTI = One Tree Island. 
 

 

Discussion 

Gene flow and genetic diversities on the species margin 

Although the population genetic effects of species’ borders determined by demographic 

processes are well established in theory, empirical support remains equivocal. In 

general, this study found no evidence to support the predictions from species’ borders 

theory of greater genetic structure and lower genetic diversities towards the species 

margin. All species displayed high levels of gene flow although the ISSRs indicated that 

some genetic isolation was present (Table 3). Reduced gene flow towards the edge of 

the range was only evident from analyses of transversions (Table 3).  
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Table 4: Demographic history analysis of all species including mismatch mean, summed square deviations (SSD) and Bonferroni corrected p (ns 
= not significant, bold indicates insignificance following sequential Bonferroni correction), expansion parameter (τ) and its 95% confidence 
interval. 
 
Species Mismatch 

mean 

SSD p τ Lower bound 

of 95% CI 

Upper bound 

of 95% CI 

Amphiprion melanopus 2.416 0.007 0.091 ns 2.59 1.147 3.369 

Amphiprion akindynos 13.853 0.022 0.035 ns1 5.023 1.312 26.895 

Pomacentrus moluccensis 2.416 0.007 0.091 ns 2.896 0.727 5.652 

Pomacentrus wardi 13.804 0.011 0.329 ns 3.589 1.481 16.545 

Chromis nitida 13.569 0.002 0.954 ns 13.774 9.059 23.071 

Chromis atripectoralis 8.988 0.001 0.966 ns 9.986 6.096 12.753 

1 Bonferroni corrected significance level α = 0.008 
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This result may indicate that historical gene flow was lower than present day patterns, 

although the reduction in data may have influenced this result. Consequently, all 

species, regardless of position in the species range, were characterised by relatively low 

levels of genetic structure consistent with moderate gene flow between sampling 

locations. 

 

 
 

Fig. 4: Haplotype diversities (+ 95% confidence intervals) based on a) transitions and 
transversions and b) transversions in the three central (C) and the three peripheral (P) 
species. 
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Fig. 5: Nucleotide diversities (+ 95% confidence intervals) based on a) transitions and 
transversions and b) transversions in the three central (C) and the three peripheral (P) 
species. 
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Fig. 6: Mean heterozygosity (+ 95% confidence intervals) in the three central (C) and 
the three peripheral (P) species. 
 

 

Genetic diversities varied among species and locations, but were not consistently lower 

in the populations sampled close to their geographic limits. For example, A. akindynos, 

a peripheral species, had lower ts-tv haplotype (Fig. 1a) and expected heterozygosity 

(Fig. 3) in the peripheral population, but nucleotide diversities were higher at this 

location (Fig. 2). Similarly, A. melanopus, a central species, had lower haplotype 

diversity (Fig. 1b) and lower expected heterozygosity in the northern population (Fig. 

3), centrally located in its range. Therefore, the lower genetic diversities in the 

Amphiprion spp. appear to be associated with the northern location rather than the 

peripheral position in A. akindynos. While it is possible that I did not detect a genetic 

signature of declining populations at the species margin because I did not sample close 

enough to the border (Lennon et al. 1997), high genetic diversities can be maintained in 

peripheral populations, even if these are effectively sinks, by high levels of gene flow 

(Vucetich and Waite 2003). The estimates of genetic structure of the species included in 

this study all indicated relatively high levels of gene flow between central and 

peripheral populations. Consequently, the high genetic diversities maintained on the 

species margins recorded by this study may be maintained by high gene flow from more 

centrally located populations. 
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Fig. 7: Mismatch distributions and haplotype networks of the peripheral species (a – c) 
and the central species (d – f). Haplotype networks: Haplotypes indicated by circles 
where their size and the embedded number indicates its frequency with the frequency of 
shared haplotypes indicated in brackets (LI/OI, OTI), the location indicated by colour 
(white = LI/ OI, black = OTI, grey = shared) and the number of mutations separating 
haplotypes represented by bars.  
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Fig. 7 Continued 

 

 

Genetic diversities in peripheral and central species 

Genetic diversities were consistently greater in the peripheral species compared to 

central species (Fig. 4b, 5, 6), despite very similar levels of gene flow in all species. 

Levels of genetic diversity in the central species were similar to those reported for 

widespread coral reef fishes that have experienced long stable evolutionary histories 

(e.g., Fauvelot et al. 2003). In contrast, the genetic diversities of the peripheral species 
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were higher than most other values reported for reef fishes (e.g., Grant and Bowen 

1998; Planes 2002; Fauvelot et al. 2003). The concordance of this pattern among 

species from three genera suggests that a general mechanism may be underlying this 

pattern. A number of possible explanations can be erected to explain the higher genetic 

diversities in the peripheral species and I consider these in turn below. 

 

Large population sizes on the species’ periphery 

The higher genetic diversity in peripheral species could arise if they have higher local 

abundances (Soulé 1976) and if true would suggest that Lawton’s universal rule (of a 

positive relationship between local abundance and geographic distribution) does not 

apply to coral reef fishes. Here, the central species were either similarly or more 

abundant than the peripheral species at all sampling locations (Table 1). Local 

abundance patterns do not therefore appear to provide an adequate explanation for the 

observed differences in genetic diversities.  

 

Peripheral species are older or have inhabited the GBR for longer 

If mutations accumulate at a constant rate then the higher genetic diversity in peripheral 

species may be expected if the taxa are older, or if they have occupied the GBR for 

longer (Soulé 1972). The phylogenetic relationships of the majority of species used here 

(except P. wardi) were examined by Quenouille et al. (2004). Branch lengths of 

peripheral species were not significantly longer than branch lengths of central species 

(F2, 1 = 0.17, P = 0.13) indicating that these taxa are not older. Likewise, peripheral 

species did not appear to have occupied the GBR for longer than the central species; all 

species displayed a signal of sudden expansion and expansion times did not differ 

among species (Table 4). These results indicate that the populations of the species 

included in this study may not be at migration – drift equilibrium, however, the 

potential degree of disequilibrium did not appear to differ among species. The current 

population genetic structure of these species may have been affected by a genetic 

bottleneck potentially associated with the initial colonisation of the GBR following the 

last glacial maximum. If so, this did not appear to have had a greater effect on central 

species compared to peripheral ones. It therefore appears that neither taxon age, nor 

duration of local occupancy provide adequate explanations for the observed patterns. 
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Peripheral species have greater genetic diversity because of their evolutionary histories 

High haplotype and nucleotide diversities may arise when populations that have 

diverged during historical isolation come into secondary contact, or if species have 

experienced a long and stable evolutionary history (Grant and Bowen 1998). Secondary 

contact among differentiated lineages should be evident as bimodal or multimodal 

distributions of pairwise differences whereas long stable evolutionary histories should 

produce broad unimodal mismatch distributions (Avise 2000). I observed strong 

bimodal mismatch distributions in two of the three peripheral species (i.e., A. akindynos 

and P. wardi) and a broad unimodal mismatch distribution in C. nitida (Fig. 7a - c) 

contrasting with the narrow unimodal distributions obtained for all three central species 

(Fig. 7d – f). This pattern indicates that the high genetic diversities in at least two of the 

peripheral species could be the result of secondary contact. It is possible that the 

peripheral species persisted and diverged in isolated off-shore refugia during the last 

glacial maximum (Davies 1989) and that these lineages came into contact when the 

GBR was formed approximately 6000 - 9000 years ago (Hopley and Thom 1983; 

Larcombe 2001). Consequently, the observed pattern in genetic diversities could have 

been produced if the GBR was colonised by several genetically differentiated lineages 

of the peripheral species, but only one of the central species. While this mechanism is 

plausible, it is not particularly parsimonious. It is unclear why such isolation would only 

apply to some of the species, given that all commonly co-occur on many reefs of the 

GBR. It is also plausible that this pattern could have been generated in sympatry if gene 

flow were historically lower in peripheral species compared to their central 

counterparts. I detected lower gene flow in the spatially restricted species based on 

analyses of transversions (Table 3). These rates, however, were still too high to allow 

for this level of divergence. Conversely, if historically the dispersal potential of the 

peripheral and central species were similar, patterns of genetic diversity may have been 

generated if they did not occupy the same Pleistocene refugia to the east of the GBR, or 

if the central species colonised the GBR from northern refugia. Genetic diversities 

commonly decline with increasing distance from Pleistocene refugia (reviewed by 

Gaston 2003; Briggs 2004). Consequently the differences in the genetic diversities 

between central and peripheral species may by explained by their contemporary 

proximity to such refugia. This explanation bears superficial resemblance to the 

centrifugal speciation hypothesis initially proposed by Brown (1957) and advocated by 

Briggs (2000). In this model species disperse out of the centre of diversity and 



 

 112 

populations at the periphery of the ranges become isolated and speciate in allopatry 

during repeated cycles of range expansion and contraction (Brown 1957; Briggs 2000). 

The peripheral species are not able to colonise the centre of diversity potentially due to 

interactions with already established species (Briggs 1974). Such unidirectional 

dispersal filters have been proposed for the east and west of the Indo-pacific centre of 

diversity (Briggs 1974), but have never previously been implicated in explaining the 

species distributions to the south of the centre of diversity. Some of the tenets of the 

centrifugal speciation hypothesis, such as peripheral species being plesiomorphic and 

extinction prone relics (Brown 1957; Briggs 1974) are not met by the current study. 

Here the peripheral species were not older and did not appear extinction prone given 

their very high effective population sizes. However, the predictions regarding the 

direction of dispersal and the presence of barriers erected by the centrifugal speciation 

hypothesis could explain the pattern of genetic diversity found by this study, although 

this explanation is not very parsimonious.  

 

Species have higher mutation rates on the periphery of the range 

The differences in genetic diversities between the peripheral species and the central 

species could be generated if mutation rates differ between the two groups. Mutation 

rates can be elevated by sub-lethal temperature stress (Drosophila melanogaster, 

Lindgren 1972) or by other stressful conditions that disrupt intracellular homeostasis 

(Mus musculus, Kerkis 1975; Belyaev and Borodin 1982). Environmental conditions are 

generally assumed to be effectively more extreme and stressful on populations at the 

species margin compared to populations closer to range centres (Hoffmann and Parsons 

1991; Parsons 1991). If so, such a process may have led to a higher mutation rate at this 

location. The moderate levels of gene flow (Table 3) could have then distributed these 

mutations across the species’ range. It is, however, unclear how elevated rates of 

mutation on the species margin could have produced the bimodal mismatch 

distributions observed in two of the peripheral species without genetic isolation among 

lineages (Fig 7 a – b). Consequently, elevated mutation rates on the species margin may 

play an important role in producing the very high genetic diversities in the peripheral 

species. This hypothesis alone, however, does not provide a satisfactory explanation for 

patterns of genetic diversities observed here. 
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The species’ borders are the result of physical barriers or physiological stress 

It is possible that the species’ borders examined are not the product of declining 

demographic processes in peripheral populations but rather a result of a physical barrier 

to dispersal. If so, barriers would have to occur in at least two different locations and be 

species specific or unidirectional (i.e., permeable from the north but not the south) 

(Briggs 1974) given the distributional patterns of the species studied here. At present 

there is insufficient evidence of the population genetic structure of marine organisms at 

this spatial scale to evaluate this hypothesis. Further sampling incorporating a 

population genetic examination of central species from locations north of the GBR may 

elucidate the potential presence and role of such putative barriers.  

It is possible that the species borders examined here are determined by 

physiological stress at the species margin, a lack of genetic variation in stress tolerance 

related traits and/or a failure of natural selection to produce local adaptive optima 

because of gene flow from central locations (Hoffmann and Parsons 1991). The 

examination of neutral genetic variation here does not permit an examination of these 

hypotheses, but the high levels of gene flow recorded indicate a potential important role 

of migration into marginal populations.  

 

Conclusion 

Contrary to expectations, gene flow did not differ among central and marginal species 

and genetic diversities were not less in peripheral populations compared to central 

populations or species sampled in the centre of their ranges. Indeed, genetic diversities 

were much higher in the spatially restricted border species compared to their more 

widespread counterparts indicating that they have much larger effective population 

sizes. Based on the distribution of genetic diversity in the peripheral and central species, 

it appears most likely that historical isolation and subsequent secondary contact has 

produced the patterns of genetic diversities detected here. Higher mutation rates 

mediated by environmental stress on the species margin may have further enhanced 

genetic diversities in the peripheral species. Here, I can only speculate on the processes 

generating the very high genetic diversities in the species sampled at the species margin. 

The genetic patterns uncovered by this investigation, however, may form the foundation 

for further investigations examining the genetic consequences of species’ borders in 

coral reef fishes.  
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Chapter 7: General Discussion 

 

General summary 

This thesis demonstrates the complex nature of the factors that determine the population 

genetic structure of coral reef fishes on the GBR. By examining a low dispersal species 

in detail I demonstrated that population genetic structure may be scale dependent and 

vary between local and regional spatial scales. I also revealed the capacity of a low 

dispersal species to display metapopulation dynamics at local scales. The frequency of 

local extinctions varied geographically among regions and increased towards the margin 

of this species’ range. Using the length of the pelagic larval duration as a proxy for 

dispersal potential, I could only predict population genetic structure in eight 

pomacentrid species, that varied little in their biological and ecological attributes, when 

a directly developing species was included in the analysis. Population genetic structure, 

therefore, did not appear to be related to this life-history trait among species from this 

reef-fish family. Position in the species range did not appear to influence the level of 

genetic structure and levels of genetic differentiation were similar among species 

sampled towards the periphery of their ranges compared to those sampled in the centre 

of their ranges. Genetic diversities were not reduced in peripheral populations compared 

to central populations, however, genetic diversities were much greater in peripheral 

species overall compared to central species. In all, these results suggest that the 

population genetic structure of coral reef fishes may be affected by the spatial scale at 

which it is examined, it may vary geographically within the species range and be greatly 

influenced by historical factors that may act in a species-specific manner.  

 

 

Summary of key findings 

The application of population genetic models to the genetic structure of A. polyacanthus 

on the GBR varied among spatial scales, with evidence of isolation-by-distance at the 

largest spatial scale (among regions) and metapopulation dynamics within regions 

(Chapter 2). Consequently, these results demonstrate that isolation-by-distance and 

metapopulation models are not mutually exclusive, but instead can operate within the 

same species at different spatial scales. Genetic structures conforming to the isolation-

by-distance model have been commonly identified across large spatial scales in many 
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species (e.g., Palumbi et al. 1997; Planes and Fauvelot 2002; Bay et al. 2004). It is 

unclear, however, whether such species display significant genetic structure at local 

scales, because the sampling regimes of most population genetic studies of coral reef 

fishes have not included any local-scale sampling (but see Doherty et al. 1995). The 

effect of scale was also evident in the demographic history analyses of A. polyacanthus 

(Chapter 3). In the southern region of the GBR, half the sampled populations contained 

a genetic signal of a recent demographic bottleneck and this was evident at the regional 

level, with the southern region displaying lower genetic diversities, a more recent 

demographic expansion, and a higher growth rate. Consequently, an accurate appraisal 

of the population genetic structure of coral reef fishes require an understanding of both 

local and regional scale patterns. 

I identified an extensive capacity of a coral reef fish with low dispersal to 

display complex genetic structure that conformed to predictions based on 

metapopulation theory largely developed and tested in terrestrial systems (Chapter 2 and 

3). Populations of A. polyacanthus displayed a genetic structure consistent with low 

migration (Chapter 2), propagule-pool colonisation (Chapter 2), and periodic local 

extinctions (Chapter 3). This represents the first comprehensive example of 

metapopulation dynamics in a coral reef fish and is one of only a handful of 

investigations examining the genetic consequences of migration, extinction and re-

colonisation in a single study (reviewed by Giles and Goudet 1997). It is at present 

unclear whether other coral reef species, in particular those with pelagic larvae, also 

display metapopulation dynamics. Investigations of the population genetic structure of 

coral reef fishes have either not sampled populations at local scales, or when local scale 

genetic structure has been examined, metapopulation theory has not used to interpret the 

patterns, even when strong genetic structure was found (e.g., Nelson et al. 2000; Planes 

et al. 2001; but see Planes et al. 1996).  

The length of the pelagic larval phase has commonly been used to predict 

population genetic structure of coral reef fishes (e.g., Waples 1989; Doherty et al. 1995; 

Riginos and Victor 2001), however, most previous relationships have included a range 

of distantly related species and consequently, we have a limited understanding of how 

this relationship applies within the taxonomic level of families. Estimates of PLD 

typically show little variation at a particular time and place, but may vary greatly among 

sampling times, locations with regions, and regions (Chapter 4). It is likely that such 

variation in PLDs may affect the population genetic structure of species, however, this 
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has not previously been incorporated into examinations of the relationship between PLD 

and genetic structure. I identified a relationship between PLD and population genetic 

structure based on mtDNA and nucDNA markers, however, this relationship was 

dependent on the inclusion of a directly developing and highly genetically structured 

species (Chapter 4). The relationship between PLD and population genetic structure 

varied depending on the estimate of PLD and molecular marker used. Genetic structure 

based on the mtDNA could be predicted from mean, minimum and maximum PLD, 

whereas the genetic structure based on nucDNA (both the ISSRs and allozymes from 

Doherty et al. 1995) could only be predicted from my  estimate (Chapter 4) of minimum 

PLD. These results suggest that the relationship between PLD and population genetic 

structure may depend on the molecular markers used, the estimate of PLD and its 

variation, and the species included in analyses. 

Theory suggests that species borders may evolve in response to a decline in 

demographic processes from the centre to the periphery of geographic ranges or through 

changing metapopulation dynamics towards the species’ range margin (Lennon et al. 

1997; Holt and Keitt 2000). Empirical support for this theory, however, remains 

equivocal. The population genetic structure of A. polyacanthus appeared to support the 

predictions of this theory (Chapter 3). Population expansions were more recent, 

population growth rates were higher and genetic diversities were lower in half of the 

populations in the southern region located close to the species’ margin of this species. 

This indicates that extinction rates in local populations may increase towards the margin 

of the species’ range. Although this design did not allow a separation of the population 

genetic species’ border effects from any potential geographical effects, these results 

indicate that metapopulation effects may play an important role in determining the 

geographical border in this low dispersal species (Chapter 3). The predicted species 

border effects were not evident in species with greater dispersal potential (Chapter 6). 

All species included in this analysis displayed a population genetic structure consistent 

with moderate gene flow between sampling locations and genetic diversities were not 

reduced in peripheral populations. It is likely that moderate levels of gene flow may 

have prevented the predicted decay of genetic diversity in the peripheral populations 

(Vucetich and Waite 2003). Genetic diversities were much greater in the peripheral 

species, and higher than most comparable estimates from other reef fishes (e.g., Grant 

and Bowen 1998; Fauvelot et al. 2003). This result indicates that processes are 
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operating on the periphery of these species’ ranges are complex and are not easily 

explained within the existing theoretical framework. 

The distribution of genetic variation within and among populations can be 

greatly affected by historical processes (Benzie 1999; Avise 2000). All the species 

examined in this thesis appear to have been substantially affected by historical effects, 

however, these effects differed greatly among species. Most species contained a signal 

of demographic bottleneck, most likely associated with the initial colonisation of the 

GBR (Chapter 3, 5 and 6). This result supports the suggestion that species in habitats 

affected by Pleistocene sea level fluctuations may contain a signal of demographic 

expansion (Fauvelot et al. 2003). I identified extensive intraspecific variation in the 

timing of demographic bottlenecks and population growth rates in A. polyacanthus 

among regions and reefs within regions of the GBR (Chapter 3). Reductions in size 

and/or local extinctions appeared to be frequent in this species and one fifth of sampled 

populations contained a genetic signal of recent expansion, a high population growth 

rate and reduced genetic diversities (Chapter 3). This suggests that coral reef fish 

metapopulations may be more greatly affected by local extinctions than previously 

thought (e.g., Planes et al. 1996; Planes 2002). Species sampled towards the periphery 

of their ranges also appeared to be affected by historical processes, however, in these 

species such processes increased rather than reduced genetic diversity (Chapter 6). The 

distribution of genetic variation in at least two of the peripheral species indicated 

secondary contact among historically differentiated lineages, suggesting either 

hybridisation between different species, or that historical gene flow on the species 

periphery was restricted compared to gene flow among population in species that were 

sampled in the centre of their ranges.  

 

Overall conclusions and future directions 

Studies of the population genetic structure of coral reef fishes are accumulating at a 

rapid rate and, concomitantly, so is our understanding of the processes that determine 

the population genetic structure in such systems. By examining one species in detail in 

this thesis I demonstrated an extensive capacity of a low dispersal species to display 

complex spatial genetic structure that conformed to predictions from metapopulation 

theory. There is, however, a poor understanding of how this theory may apply to other 

coral reef species with greater dispersal potential. A good understanding of the spatial 

genetic structure of coral reef fishes is critically important to their effective 
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management and conservation (Palumbi et al. 2003; Palumbi 2004). The use of highly 

sensitive molecular markers, such as microsatellites or ISSRs, coupled with nested 

sampling designs incorporating local and regional spatial scales may facilitate the 

resolution of this issue. 

The application of a comparative framework has revealed many insights into the 

processes that determine the population genetic structure of coral reef fishes (e.g., 

Doherty et al. 1995; Riginos and Victor 2001; Fauvelot et al. 2003; Rocha et al. 2005; 

Chapter 5 and 6). Further insights into the evolution of population genetic structure of 

coral reef fishes are likely to be gained from studies that not only compare patterns 

among species, but also apply phylogenetically controlled analyses to such data. The 

application of comparative designs will allow relationships between, for example, PLD 

and population genetic structure, to be compared among species with different 

biological and ecological attributes such as spawning strategy, level of ecological 

specialisation, and geographical range size among others, while controlling for the role 

of phylogeny. Such analyses have the potential to increase our understanding of this 

important relationship further.  

This study used ISSRs, a genetic fingerprinting technique, for the first time to 

examine the population genetic structure of coral reef fishes. The application of this 

technique increased the resolution of this study and allowed a comparison between 

mtDNA and nucDNA markers rarely undertaken in population level analyses. While 

mtDNA genes suitable for population level analyses can be readily amplified from 

universal primers, nuclear population level markers (such as microsatellites and SNPs) 

generally require prior sequence information that may not be easily obtained for a large 

number of species. ISSRs may be useful in comparative investigations because they 

allow highly variable and repeatable nuclear genetic fingerprints to be obtained from a 

range of distantly related species using universal primers. Despite of analytical 

restrictions because of their dominant nature, ISSRs may therefore provide an 

alternative nuclear marker in studies where the number of species or the lack of 

sequence information make the development of co-dominant markers impracticable.  

Lastly, this thesis reports of substantial differences in the population genetic 

structure in a single species and generally among species sampled towards the periphery 

of their ranges. In the species with pelagic larvae, however, the population genetic 

structure associated with range edges were contrary to theoretical expectations with 

genetic diversities being much greater in these species compared to most other coral 
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reef fishes for which comparable diversity estimates exist. The use of more sensitive 

molecular markers, such as microsatellites, and a sampling strategy that includes 

multiple populations sampled towards the species margin, may reveal any potential 

border effects that were not evident from the analyses presented in Chapter 6. Such an 

approach would allow a more comprehensive evaluation of the application of species 

border theory to species with moderate dispersal levels. Furthermore, it would be 

interesting to examine if the patterns reported here apply more generally among species, 

among borders (latitudinal and longitudinal) and among reef systems. Such 

investigations will facilitate a better understanding of the processes that determine the 

extent of species’ ranges in coral reef fishes, in particular, and evolutionary dynamics in 

tropical marine systems in general. 
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Appendix 1 
 
Reciprocal migration rates (4NeM) among reefs in the northern, central and southern 
regions estimated for the microsatellites reduced by 1/3 and 1/6. The thickness of the 
arrows indicate the migration rates and the colour indicates statistical difference 
between reciprocal migration rates (black = 95% confidence intervals of estimates did 
not overlap; grey = 95% confidence intervals of estimates overlapped). 
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