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Abstract: The maintenance of genetic diversity is a central goal of conservation. It is the 
raw material for evolutionary change and if lost, can accelerate extinction of species. 
According to theory, total genetic diversity should be less in species with restricted ranges 
and in populations on the margins of distributional ranges, making such species or 
populations more vulnerable to environmental perturbations. Using mtDNA and nuclear 
Inter Simple Sequence Repeat (ISSR) data we investigated how the genetic diversity and 
structure of three con-generic species pairs of coral reef fishes (Pomacentridae) was related 
to species’ range size and position of populations within these ranges. Estimates of genetic 
structure did not differ significantly among species, but mtDNA and nucDNA genetic 
diversities were up to 10 times greater in spatially restricted species compared to their 
widespread congeners. In two of the three species pairs, the distribution of genetic 
variation indicated secondary contact among differentiated lineages in the spatially 
restricted species. In contrast, the widespread species displayed a typical signature of 
population expansion suggesting recent genetic bottlenecks, possibly associated with the 
(re) colonization of the Great Barrier Reef. These results indicate that historical processes, 
involving hybridization and founder effects, possibly associated with Pleistocene sea level 
fluctuations, have differentially influenced the widespread and spatially restricted coral 
reef damselfish species studied here. 
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1. Introduction  

The maintenance of genetic diversity has long been recognized as a central goal of conservation 
biology [1]. High genetic diversity is desirable because it is the raw material for natural selection, and 
therefore, potentially underpins fitness and/or adaptive capacity (reviewed in [2]). Genetic diversity is 
most often measured using molecular markers that are assumed to be neutral and therefore not shaped 
by natural selection [3]. However, neutral molecular variation has been linked to several desirable 
traits including fitness, adaptive capacity (measured as heritability) and population density in  
wild populations [2]. A loss of genetic diversity is of conservation concern because it can lead to 
inbreeding [4], a process that can increase extinction risk for populations and species [5]. As 
environmental perturbations associated with climate change, ocean acidification and pollution continue 
to impact on biodiversity world-wide, there is an increasing need to understand the distribution and 
abundance of genetic variation of species in space and time (i.e., population genetic structure [6]). 

The population genetic structure of species is determined by the interplay of genetic drift, gene 
flow, natural selection and mutation. Genetic diversity (H) is related to the effective population size, 
which at mutation—drift equilibrium can be expressed as: 

H = 4Neµ/(1+4Neµ) (1)  

where Ne is the effective population size and µ is the mutation rate per site per generation. Assuming 
mutation rates and generation times are equal among populations, genetic diversity becomes a function 
of the effective population size. When populations are stable (i.e., at migration—drift equilibrium) N 
and Ne should be approximately equal and the distribution of pairwise genetic differences should be 
unimodal with a large mean [7]. Hence, Ne should be lower in smaller compared to larger populations. 
Because Ne is the harmonic mean of N it is, however, greatly affected by fluctuations in population 
size. For example, when populations have undergone bottlenecks, or have been founded by a small 
number of individuals, genetic diversity will be low and gene variants will be identical or very similar 
among individuals [7,8]. Conversely, Ne may be high if populations contain several differentiated 
genetic lineages [8]. This demographic history should be evident in bi- or multimodal frequency 
distributions of pairwise genetic changes [7]. 

The interplay between demographic processes and geographical ranges has long interested 
biologists [9-12]. No species is found everywhere and the geographical extent of species distributions 
varies by more than 12 orders of magnitude [13]. In general, a positive relationship exists between the 
area of a species’ range and average population density [13] (but see [14]). Restricted geographical 
ranges may arise from physical barriers to dispersal, or because of discontinuities in suitable physical 
and biological environments [12,15]. Species borders, however, commonly occur in the apparent 
absence of such barriers suggesting that demographic attributes and/or meta-population dynamics may 
vary spatially between central and peripheral populations [16,17]. Generally, biological and 
environmental conditions are assumed to be optimal in the centre of a species’ distribution and to 
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decline towards its periphery (reviewed in [13,18]). Population density should therefore be highest in 
the centre of the species range and decline towards range edges, a model referred to as the abundant 
centre model [19,20]. Under this model, marginal populations should become smaller and more 
fragmented and may be subjected to meta-population dynamics [19,20].  

If restricted range species and marginal populations behave according to macro-ecological theory 
and they are at migration—drift equilibrium, they should display lower genetic diversities compared to 
more geographically widespread and centrally located populations [21]. This prediction is supported in 
plants [22]. Nevo et al. [23] also reported lower genetic diversity in endemic vertebrate species, but 
did not detect any differences among restricted or widespread species. Likewise, if local population 
abundances follow predictions from the abundant centre model and migration rates are proportional to 
local population density, marginal populations will experience lower levels of migration, and hence, 
should display stronger genetic structure among populations [17,21]. Greater genetic structure has 
been reported towards species margins in some species [24,25], but not in others [26]. The empirical 
evidence for variation in genetic diversities across a species’ range is also equivocal. Greater genetic 
diversities have been reported in peripheral populations of some species (e.g., [27-34] but not in  
others [35-39] suggesting substantial variation possibly associated with taxonomic and biogeographical 
factors [6]. Therefore, understanding the mechanisms responsible for geographical ranges and their 
population genetic consequences remains an area of considerable scientific interest [6]. 

Coral reef fishes provide an excellent model for testing predictions from macro-ecological theory 
using genetic data. They are speciose, amenable to population level sampling and genetic analyses, and 
the latitudinal extent of their ranges is relatively well known. Their diversity enables the design of 
comparative studies that aim to control for biological and environmental factors, which may affect 
patterns of genetic variation [40]. These factors include dietary specialization [41], ecological 
specificity [23,42,43], and life-history traits [44,45]. Here we examine the population genetic 
characteristics of coral reef fishes on the Great Barrier Reef (GBR) by means of a comparative design. 
Using a mtDNA sequence marker (Control region) and nuclear genetic fingerprints (ISSR), we 
examine the population genetic structure of three species with relatively small ranges (< 25° latitude) 
compared to three con-generic species with relatively larger geographical ranges (> 40° latitude), but 
examined at the same two reef locations (Table 1). We test predictions from range-abundance theory 
that species with restricted ranges will display lower genetic diversity and greater genetic structure 
compared to widespread species. Because of their restricted ranges the sampling locations of three 
species were close to the species margin compared to the widespread species. Our sampling design 
therefore also allowed a test of the predictions from the abundant centre model of species border 
evolution that genetic diversity should be reduced in peripheral compared to central populations.  
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Table 1. Latitudinal extent of geographical range, sampling locations and sizes for 
(mtDNA/nucDNA) analyses, distance from sampling locations to the northern (N) and 
southern (S) range margins (degrees of latitude and proportion of total range). LI = Lizard 
Island, OI = Orpheus Island, OTI = One Tree Island. 

Species 
Latitudinal range 

(extent in 
degrees) 

Sampling locations 
Dist. to N 

Edge 
Dist. to S 

Edge LI 
(mt/nucDNA) 

OI 
(mt/nucDNA) 

OTI 
(mt/nucDNA) 

Amphiprion 
melanopus 

20°N–25°S 
(45 degrees) 

20/24  22/22 34.5 degrees/ 
0.77 

1.5 degrees/ 
0.03 

Amphiprion 
akindynos 

8°S–32°S 
(24 degrees) 

20/23  24/24 6.5 degrees/ 
0.27 

8.5 degrees/ 
0.35 

Pomacentrus 
moluccensis 

24°N–25°S 
(49 degrees) 

25/24  21/24 38.5 degrees/ 
0.79 

1.5 degrees/ 
0.03 

Pomacentrus 
wardi 

8°S–32°S 
(24 degrees) 

22/20  20/23 6.5 degrees/ 
0.27 

8.5 degrees/ 
0.35 

Chromis 
atripectoralis 

20°N–25°S 
(45 degrees) 

 22/24 20/20 38.5 degrees/ 
0.86 

1.5 degrees/ 
0.03 

Chromis 
nitida 

16°S–32°S 
(16 degrees) 

 17/17 17/23 2.5 degrees/ 
0.16 

8.5 degrees/ 
0.53 

2. Experimental Section 

2.1. Study Species and Locations 

Six species (Table 1), representing three pomacentrid genera, and two species per genus, were 
collected from two of three reef locations separated by 800–1200 km. The northern sampling location 
was Lizard Island (14°40S; 145°28E) for four species (Amphiprion and Pomacentrus spp.) and 
Orpheus Island (18°38S; 146°28E) was the northern sampling location for the Chromis spp. One Tree 
Island (23°30S; 152°05E) was the southern sampling location for all species. The sampling locations 
are part of the Great Barrier Reef, a continuous reef complex without apparent latitudinal habitat 
discontinuities or vicariant barriers. Information about geographical ranges for all species was obtained 
from guidebooks [46,47], Fishbase [48] and Ocean Biogeographic Information System [49]. In each 
congeneric species pair, one had a restricted geographical distribution (16–24 degrees of latitude); the 
other species was comparatively widespread (45–49 degrees of latitude) (Table 1). The southern 
sampling location was within 1.5° of the known distributional limit (< 5% of total range) in all three 
widespread species and is referred to as a southern marginal population. The northern locations 
sampled for the spatially restricted species were within 2.5–6.5 degrees from their range margin  
(16–27% of total range) and is referred to as northern semi-marginal populations (Table 1). Species 
pairs were also carefully selected to control, as much as possible, for biological and ecological 
attributes that might otherwise confound the population genetic structure of these species. As such they 
had similar diets (all planktivorous, but Pomacentrus wardi is also herbivorous: [47]), all species are 
benthic spawners with relatively short generation times of 1–4 years [48], and are similar in body  
size [47,50]. All species also had relatively short mean pelagic larval durations whose ranges 
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overlapped within each congeneric pair (mean (range) in days: Amphiprion melanopus, 11 (8–14); 
Amphiprion akindynos, 11 (9–13); Pomacentrus moluccensis, 15 (14–21); Pomacentrus wardi,  
26.1 (19–28); Chromis atripectoralis, 21.2 (18–22), Chromis nitida, 16 (10–24)) [51-53]. Further, 
mean pelagic duration was equal in one pair (i.e., Amphiprion), less in one widespread species (i.e., 
P. moluccensis), and greater in another (i.e., C. atripectoralis). To our knowledge, no data is available 
with which to compare other traits, such as mean population density and reproductive success, for all 
these species at these sampling locations. Because of the apparently conserved nature of species within 
these genera, we have assumed that the comparative nature of our design will render such differences 
unimportant. Samples were collected from fishes collected at similar backreef and lagoonal habitats at 
all locations using 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 genetic analysis. 

2.2. Molecular Techniques 

DNA was extracted using a modified Proteinase K and Phenol-Chloroform extraction [54], 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 [55]. Sequences have been accessioned in GenBank (DQ250449 – DQ250526, DQ212240 
– DQ212281, DQ212323 – DQ212410). Genetic fingerprints were also generated using Inter Simple 
Sequence Repeats (ISSR) following the methods outlined in Bay et al. [55]. This technique was used 
because microsatellite primers were not available for our study species at the time of analysis (2005). 
Briefly, the ISSR technique allows highly reproducible fingerprints to be rapidly obtained across 
distantly related taxa. Semi-arbitrary fragment profiles corresponding to a DNA sequences delimited 
by microsatellites with similar repeat motifs are amplified using specific but universal primers [56,57]. 
Here we used five fluorolabelled primers (809: (AG)8YC, 834: (AG)YT; 841: (ATG)6;  
880: (GGAGA)3. 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. All analyses were conducted at the Genetic Analysis Facility at James 
Cook University. 

2.3. Statistical Procedures 

The best fitting substitution model and associated rate heterogeneity were estimated separately for 
the sequence data of each species using PAUP* 4.0b10 [58] and Modeltest 3.5 [59] and these, where 
possible, were implemented in all subsequent analyses (Electronic Supplementary Information [ESI] 
Table 1). Genetic diversity estimates for haplotype and nucleotide diversity [60,61] and their error 
were calculated using Arlequin 2.000 [62]. 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 [63]. Transition-transversion ratios indicated 
that saturation could be present in some species (ESI Table 1), and therefore, all analyses were 
repeated using transversions only. The distribution of genetic variation within species was compared 
among species using haplotype networks and the frequency distribution of pairwise differences among 
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individuals pooled from the two sampling locations. The effect of pooling was explored by analyzing 
sampling locations separately and was not found to affect the results. Mismatch analyses were 
implemented in Arlequin and DnaSP [64] using 1000 bootstrap replicates. We computed the 
distribution of pairwise nucleotide differences to that expected under population models of constant 
and sudden expansion under the assumption of panmixia. The best fitting model was determined using 
log-likelihood ratio tests. The sums of square deviations (SSD) from the observed mismatch 
distributions were calculated for each of the models and log-likelihoods calculated [65]. The statistical 
significance of log-likelihood ratios was adjusted using the Dunn-Sidak FDR method as above and 
when significant, the expansion model was accepted.	
  	
  

Due to the large number of fragments amplified by the five ISSR primers, only bands with a 
minimum proportion of 0.25 among samples within any particular species were analyzed. This resulted 
in the analysis of 132–232 fragments per species (mean ± SE = 162 ± 17). 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 heterozygosity 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 case. 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 [66] using 
AFLP-Surv 1 [67]. Genetic structure (ΦPT) was estimated using Genalex 5 [68] and significance levels 
were corrected for multiple comparisons [63]. Statistically significant differences between genetic 
divergence and diversity estimates between spatially restricted and widespread species were evaluated 
using Mann-Whitney U tests. Estimates of genetic diversity between sampling locations within species 
were considered different if their 95% confidence intervals did not overlap.  

3. Results  

3.1. Patterns of Genetic Structure among Spatially Restricted and Widespread Species: 

Estimates of genetic differentiation based on mtDNA were generally low (ΦST: −0.005–0.01) and 
statistically insignificant in all species following FDR correction when based on transitions and 
transversions, or on transversions alone (Table 2; p = 0.04–0.93). In contrast, estimates of genetic 
differentiation were greater when based on nuclear 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 2; p = 0.02–0.001). Patterns of gene flow were marginally lower in the spatially 
restricted species compared to widespread species when based on transversions of the mtDNA data 
(U3, 3 = −1.964, P = 0.05) but not when including transitions (Z3, 3 = −0.655, P = 0.513) or when based 
on ISSR data (Z3, 3 = −0.655, P = 0.513).  
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Table 2: Estimates of genetic differentiation between populations in the six species of 
Pomacentrid fishes. Mitochondrial fixation indices (ΦST) based on transitions and 
transversion (ts-tv) and transversions alone (tv) and fixation index based on ISSR data 
(ΦPT). Statistical significance indicated by * (FDR corrected α = 0.008).  

Species ΦST (ts-tv) p ΦST (tv) p ΦPT p 
Amphiprion melanopus −0.005 0.47  −0.002 0.38  0.188 0.001* 
Amphiprion akindynos −0.024 0.65  −0.019 0.51  0.119 0.001* 
Pomacentrus moluccensis  0.006 0.25  0.005 0.04  0.018 0.022  
Pomacentrus wardi −0.020 0.75  −0.025 0.93  0.034 0.002* 
Chromis atripectoralis −0.016 0.70  0.013 0.17  0.159 0.001* 
Chromis nitida  0.013 0.26  −0.037 0.89  0.114 0.001* 

3.2. Patterns of Genetic Diversity of Spatially Restricted and Widespread Species: 

Significant differences were observed in overall genetic diversity (haplotype h, nucleotide, π and 
mean heterozygosity, Hw) among species (Figures 1 and 2). Haplotype and nucleotide diversities were 
significantly greater in the spatially restricted species compared to their widespread congeners when 
based on transitions and transversions (Figure 1a and c) and this pattern was particularly evident  
when based on transversions only (Figure 1b and d). Likewise, levels of heterozygosity (Hw) were 
significantly greater in the spatially restricted species compared to the widespread congeners in two 
genera (Figure 2). Intraspecific variation in Hj of two species was large (A. akindynos and  
A. melanopus Figure 2). Nucleotide diversities were greater in spatially restricted compared to 
widespread species (both ts-tv and tv: U3, 3 = 1.964, p = 0.05 tv: U3, 3 = 1.964, p = 0.05), as was 
haplotype diversity when based on transversions only (U3, 3 = 1.964 p = 0.05). Haplotype diversity  
(ts-tv) and expected heterozygosities were not different between species groups (U3, 3 = 1.091,  
p = 0.28; U3, 3 = 0.655, p = 0.51). 

The haplotype networks and mismatch distributions revealed large and consistent differences 
between spatially restricted and widespread species (Figure 3). Mismatch distributions of spatially 
restricted species were characterized by larger means (13.7 ± 0.09 S.E.M.) and were bimodal in two of 
the three species (A. akindynos and P. wardi Figure 3 a–c). The mismatch distribution in C. nitida was 
broadly unimodal / multimodal, with a large mean and variance (13.57 ± 6.96 S.E.M.). In contrast, 
mismatch distributions of the geographically widespread species were unimodal with small means  
(4.6 ± 2.19 S.E.M.) (although a slightly higher mean of 8.99 was obtained for C. atripectoralis). The 
haplotype networks reflected the distribution of pairwise differences, as well as the lack of 
geographical structure (Figure 3 a–f). The haplotype networks of widespread central species were  
star-like and characterized by one, or a few, central haplotypes of greater frequency with distal 
haplotypes being separated by one or a few mutations (Figure 3 a–c). In contrast, networks of the 
spatially restricted species were complex; central haplotypes were less frequent and distal haplotypes 
were separated by many mutations (Figure 3 d–f). In all species, haplotypes did not show any 
geographical differentiation and many were shared by multiple individuals from both sampling 
locations (Figure 3). Demographic history analyses confirmed the difference in the distribution of 
genetic variation between widespread and spatially restricted species. The sudden expansion model 
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was accepted in all three widespread species (Figure 3). In contrast, a constant population model was 
accepted in two of the three spatially restricted species (A. akindynos and P. wardi; Table 3). 

Figure 1. Haplotype diversity (mean ± 95% confidence intervals) based on (a) transitions 
and transversions and (b) transversions alone, nucleotide diversity (mean ± 95% 
confidence intervals) based on (c) transitions and transversions and (d) transversions alone 
in the three widespread (W) and spatially restricted (R) species. 

 

Figure 2. Expected heterozygosity (mean ± 95% confidence intervals) in widespread (W) 
and spatially restricted (R) species. 
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Figure 3. Distribution of pairwise genetic differences using mismatch frequencies and 
haplotype networks of (a)–(c) widespread species and (d)–(f) spatially restricted species. 
Haplotype distributions indicated in networks by circles where their size and the embedded 
number indicates its frequency and the location indicated by shading (grey = shared,  
none = LI or OI/black = OTI,). The number of mutations separating haplotypes are 
represented by dashes. The observed frequency of pairwise differences are shown by the 
grey bars, the expected distribution based on a constant population size is plotted by the 
dotted line and the expanding population is plotted by the dashed line. 

 
  



Diversity 2011, 3   492 
 

 

Figure 3. Cont. 

 

Table 3. Demographic history analysis of all species including mismatch mean, summed 
square deviations (SSD) between the observed, constant and expected population models, 
log-likelihood ratio tests and Bonferroni corrected p (sequential Bonferroni correction,  
α = 0.008; ns = not significant). 

Species Mismatch 
mean 

SSD  
(Obs/Con) 

SSD  
(Obs/Exp) 

Log-likelihood 
ratio p 

Amphiprion melanopus 2.41 0.125 0.013 14.44 0.0007 
Amphiprion akindynos 13.85 0.033 0.035 0.621 0.733 ns 
Pomacentrus 
moluccensis 

2.42 0.033 0.017 11.102 0.0039 

Pomacentrus wardi 13.80 0.02 0.0278 5.58 0.061 ns 
Chromis nitida 13.57 0.029 0.012 13.92 0.0009 
Chromis atripectoralis 8.99 0.026 0.0009 14.36 0.0008 
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3.3. Patterns of Genetic Diversity between Central and Peripheral Populations: 

Mitochondrial (haplotype and nucleotide) and nuclear genetic diversities (Hw) differed among 
species but were fairly consistent between sampled locations (Figures 4 and 5). Haplotype diversities 
were generally high but lower overall in P. moluccensis and significantly lower in the northern  
semi-marginal location in A. akindynos when transitions and transversions were considered  
(Figure 4a). Haplotype diversities were lower when considering only transversions and were similar 
among sampled locations of all species except two. In A. melanopus and P. wardi, haplotype 
diversities were greater in the northern location that was semi-marginal in P. wardi (Figure 4b). 
Nucleotide diversities were generally high and did not vary between locations in any of the species 
except A. akindynos where nucleotide diversities were greater in the northern semi-marginal location 
(Figure 4c). When based on transversions, nucleotide diversities did not differ between sampled 
locations of any of the species, but were generally greater in the spatially restricted species compared 
to their widespread congeners (Figure 4d). 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 (Figure 5).  

Figure 4. (a) Haplotype diversity (mean ± 95% confidence intervals) based on transitions 
and transversions and (b) transversions alone, (c) nucleotide diversity (mean ± 95% 
confidence intervals) based on transitions and transversions and (d) transversions alone in 
central (C), southern marginal (M) and northern semi-marginal (SM) populations of the  
six species.  
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Figure 5. Expected heterozygosity (mean ± 95% confidence intervals) in central (C), 
southern marginal (M) and northern semi-marginal (SM) populations of the six species.  

 

4. Discussion 

4.1. Gene Flow and Genetic Diversities in Widespread and Restricted Species 

We detected significant and consistent differences in the genetic diversity (h, π and Hw) of 
widespread and spatially restricted species. Genetic diversities were consistently greater (up to 10 
times) in the spatially restricted species compared to widespread species despite very similar levels of 
genetic structure in all species. Levels of genetic diversity in the spatially restricted species were 
greater than most other values reported for reef fishes to date, whereas genetic diversity detected in the 
remaining species were similar to other widespread species [34,39,69-71] but see [72]. If Ne is related 
to N as predicted by theory and supported by substantial empirical data (reviewed by [22]), then our 
data suggest that a positive relationship between geographical ranges size and local abundance does 
not apply to the coral reef fishes we studied. It is also possible that population genetic processes, not 
directly related to the current size of local populations, has affected the distribution and abundance of 
genetic variation observed here. Such processes include hybridization and founder effects associated 
with patterns of colonization and speciation. These hypotheses are considered in turn below. 

4.2. High Genetic Diversity can Arise from Secondary Contact among Differentiated Lineages 

High haplotype and nucleotide diversities may arise when divergent populations hybridize, or if 
species have accumulated genetic variation over long timescales [70]. We observed strong bimodal 
mismatch distributions in two of the three restricted range species (i.e., A. akindynos and P. wardi) and 
a broad unimodal/multimodal mismatch distribution in C. nitida. While a constant population model 
was accepted in these species, bimodal distributions consistent with secondary contact among 
differentiated lineages [7,73] were observed. In contrast, all widespread species displayed narrow 
unimodal mismatch distributions consistent with population expansion. Genetic evidence for 
secondary contact among differentiated lineages and/or hybridization between species has previously 
been implicated in the ecology and evolution of coral reef fishes (e.g., [74-77]). Further analyses that 
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include additional sampling locations and species will be needed to elucidate the role of secondary 
contact/hybridization in the evolution of species with restricted geographical ranges more generally. 

4.3. Spatially Restricted and Widespread Species may have Colonized the GBR from Different Refugia 

The divergent patterns in genetic diversity of the spatially restricted and widespread species 
observed here could have arisen if the GBR was colonized by different species from different refugia. 
It is likely that the spatially restricted species colonized the GBR from eastern off-shore refugia where 
they may have persisted and/or diverged during the last glacial maximum [78]. The population genetic 
structure detected here, where two or more genetically differentiated lineages coexist with little spatial 
differentiation, supports the hypothesis that these lineages came into contact before or when the 
current GBR was formed approximately 6000–9000 years ago [79,80]. This east-to-west pattern of 
isolation and colonization has also been invoked to explain the presence of divergent lineages of 
Acanthochromis polyacanthus on the GBR [75,81,82].  

Based on current geographical distributions, it is possible that the widespread species could have 
colonized the GBR from northern sources. Genetic diversities commonly decline with increasing 
distance from Pleistocene refugia [15,83]. Consequently, the relatively low genetic diversity in 
widespread species, and their distinctive historical demographic expansion signal may have arisen if 
contemporary GBR populations were colonized by a single, possibly geographically distant, refuge. 
This explanation bears superficial resemblance to the centrifugal speciation hypothesis initially 
proposed by Brown [84] and advocated by Briggs [83]. In this model, widespread species disperse out 
of the centre of diversity and populations at the periphery of the ranges become isolated and diverge  
in allopatry during repeated cycles of range expansion and contraction thereby giving rise to new  
species [83,84]. These younger species that arise on the periphery are not able to colonize the centre of 
diversity potentially due to interactions with already established species thereby resulting in spatially 
restricted ranges [85]. Such unidirectional dispersal filters have been proposed for the east and west of 
the Indo-pacific centre of coral reef diversity [85], but have not previously been implicated in 
explaining the distributions of spatially restricted species to the south of the centre of reef fish 
diversity. However, some of the central tenets of the centrifugal speciation hypothesis, including the 
prediction that peripheral species are plesiomorphic and extinction prone relics [84,85] are not 
supported by our data. The phylogenetic relationships of the majority of species examined here (except 
P. wardi) were proposed using a 1989 bp mtDNA molecular phylogeny [86]. Branch length to nearest 
ancestor was the same for the Ampriprion species pair but longer in the spatially restricted C. nitida 
compared to widespread C. atripectoralis. The more genetically diverse, spatially restricted species 
therefore do not appear to be older than their widespread counter-parts. The high genetic diversity and 
strong levels of gene flow detected between locations also suggests that the spatially restricted species 
are not extinction prone [87]. However, predictions regarding the direction of dispersal and the 
presence of barriers erected by the centrifugal speciation hypothesis could explain the pattern of 
genetic diversity and current species distributions observed here.  

4.4. Gene Flow may Maintain High Genetic Diversities on the Edge of Species Ranges 

The population genetic effects of species’ borders based on demographic processes are well 
established in theory; however, empirical support remains equivocal [6]. In general, we found no 
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evidence to support the predictions from the abundant centre species’ borders model of greater genetic 
structure towards the species margin. All species displayed high levels of gene flow, although the 
ISSRs indicated that some genetic isolation was present. This result is consistent with other studies  
of reef fishes across similar spatial scales [41,55,88,89]. Consequently, all species, regardless of 
position in, and the geographical extent of the species range, were characterized by relatively low 
levels of genetic structure consistent with moderate gene flow or insufficient time of isolation between 
sampling locations.  

Genetic diversities varied among species and locations, but no consistent pattern was detected.  
A. akindynos had lower haplotype diversity and expected heterozygosity in the northern semi-marginal 
population, but nucleotide diversity was higher at this location. Similarly, A. melanopus, a widespread 
species, had lower haplotype diversity and lower expected heterozygosity in the northern population, 
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 position of this location within the species 
ranges. It is possible that a genetic signature of declining populations at the species margin was not 
detected because the sampling locations were not close enough to the border [17], or that we sampled 
too few populations to adequately describe the population genetic structure of our species. In contrast 
to the majority of studies on species border effects to date, we quantified the sampling distance from 
the reported border (1.5 degrees of latitude, 3%) [6]. We only sampled two populations per species; 
however, sampling effort did not affect the power to detect population genetic species border effects 
across 115 animal and plant taxa [6]. It is probably more likely that genetic diversity was maintained in 
peripheral populations by high levels of gene flow from central locations [20]. Weak genetic structure 
of the species studied here all indicated relatively high levels of gene flow between sampling locations 
that could maintain genetic diversity in marginal populations. In addition, our results suggest that the 
population genetic structure of some coral reef fishes on the GBR are influenced to a greater extent by 
historical factors, possibly associated with Pleistocene sea level variation and subsequent colonization 
of the GBR, rather than demographic variation among populations.  
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Appendix 

 ESI Table 1. 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. 

Species No base 
pairs 

Ts-Tv 
ratio 

Model 
selected 

−ln Likelihood 
score 

Among-site rate variation 
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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