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CHAPTER 4:  Hybridisation as a mode of coral speciation 

 
4.1 Introduction 

It was suggested over a decade ago that regional Indo-Pacific endemic corals and 

putative subspecies’ could be morphogically unique hybrid species (Veron, 1995). 

Hybridization is thought to have been an important factor in the evolutionary success of 

the genus Acropora (Willis et al., 2006).  However there are few unambiguous 

examples of hybrids or hybrid coral species.  The only accepted hybrid is A. prolifera a 

product of crosses two Acropora species that are restricted to the Atlantic Ocean - A. 

palmata and A. cervicornis (Van open et al., 2000; Vollmer and Palumbi 2002).  In the 

Indo-Pacific, up to 60 Acropora species can occur in sympatry (WW Acropora database 

unpublished), and this greatly complicates unravelling interspecific relationships. 

Previously, complex patterns of allele sharing and polyphyly have been proposed as 

evidence for introgressive hybridisation however alternative explanations have not been 

ruled out (Ordorico and Miller, 1991; Hatta et al., 1999; van Oppen et al., 2001; 

Wolstenholme et al., 2003).   

 

It is evident form the common Acropora species that have been studied to date, that 

Acropora have a reticulate evolutionary history because extensive genetic overlap is 

present among some species (Ordorico and Miller, 1991; Hatta et al., 1999; Veron, 

1995; van Oppen et al., 2001, 2002; Marquez, 2003).  However, the unspecified age of 

many extant Indo-Pacific species makes it difficult to distinguish between introgressive 

hybridisation, incomplete lineage sorting (i.e. shared ancestral polymorphism - van 

Oppen et al., 2001; Vollmer and Palumbi, 2002; Wolstenholme et al., 2003) or 

morphological convergence (van Oppen et al., 2001; Marquez et al., 2002; 

Wolstenholme et al., 2003).  For the common species examined to date (e.g. A 

hyacinthus; A. aspera, A. pulchra, A. humilis, A. gemmifera, A. digitifera, A. florida, A. 

sarmentosa, A. intermedia), census population sizes (N), effective population sizes (Ne) 

and coalescence times were not measured.  It is most likely however that in these 

common species, coalescence times are long meaning that if alleles are shared 

between species this is indicative that the species have not fully diverged. 

  

If divergence times could be estimated it would be possible to distinguish between 

some of the causes of genetic overlap between species.  For example, if two species 

with large populations were recently evolved, the most likely explanation for their 

identical sequence data would be a recent common ancestry.  However in Acropora, 
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the fossil record limits molecular clock calibration to the earliest record for the genus 

{Palaeocene (approx 57 mya) (Carbone et al., 1993) and to species group records 

(Wallace, 2008).  I consider rare species can provide new insights into the evolution of 

reef corals due to their intrinsically limited population sizes and therefore very short 

coalescence times.  If reticulate patterns are present in rare species, this may provide 

for the first time in the Pacific Ocean, unambiguous evidence in support of interspecific 

hybridisation. 

 

Further, because some rare Acropora species occur outside typical reef flat, reef crest 

and upper reef slope habitats (i.e. 2-30 m) in marginal interreefal, shallow exposed or 

deep locations there is a strong possibility that some rare corals may be hybrids that 

occupy atypical or non-parental niches.  Such is the case for the Caribbean hybrid 

species A. prolifera (Vollmer and Palumbi, 2002). To address to address the question of 

whether rare Indo-pacific Acropora species might also be hybrids, I analysed DNA 

sequence data from nuclear and mitochondrial loci in a range of rare and common 

Acropora species from the Indo-Pacific and Caribbean.  

 

4.2 Methods 

4.2.1 Sample collection  

New samples (n = 1 – 3 individuals per species) of 14 rare and 8 common Indo-Pacific 

species of Acropora (Table 11) were collected from the Great Barrier Reef (Palm Island 

Group), the Marshall Islands (Rongelap Atoll) and Papua New Guinea (Kimbe Bay) for 

molecular analyses (Same samples examined in chapter 3 analysis).  These were 

combined with existing sequences of 10 common corals from (van Oppen et al., 2001) 

and existing sequences from the three Caribbean Acropora species (van Oppen et al., 

2000) and Isopora cuneata (Marquez et al., 2002). Corals sampled were separated by 

at least 10 meters to avoid the possibility of sampling of clonemates. Skeletal and 

matching tissue samples were collected from all corals sampled (n=102 corals).  

Richards and Wallace identified material with reference to the World Wide Acropora 

Collection at the Museum of Tropical Queensland. (www.mtq.qld.gov.au).  
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Table 11:  36 target species, abundance/distribution, range, ecological niche, 
number of global site records in the Worldwide Acropora database, collection 
locations and outgroups.  

Species 
 
Abundance Range Ecological niche 

Collection location 

A. walindii Rare PNG deep sandy reef slopes 8-40m Kimbe Bay, PNG 

A. rongelapensis 
Rare Marshall Is. Irian 

Jaya protected sandy slopes 15-40m 
Rongelap Atoll, RMI 

A. loisetteae 
Rare Malaysia, W. Aust, 

Micronesia protected sandy lagoons 5-25m 
Rongelap Atoll, RMI 

A. pichoni 
Rare 

PNG, Micronesia 
submerged shelf reefs, 
shipwrecks 25-70m 

Kimbe Bay, PNG 

A. lokani 

Rare 

SE Asia shallow reef flat 2-8m 

Kimbe Bay, PNG 

A. derawanensis 
Rare 

SE Asia 
protected deep sandy slopes8-
40m 

Kimbe Bay, PNG 

A. tenella 
Rare 

SE Asia 
subtidal protected slopes, shelfs 
25-70m 

Kimbe Bay, PNG 

A. batunai Rare Indonesia, PNG submerged reefs, slopes 10-40m Kimbe Bay, PNG 

A. chesterfieldensis 
Rare Chesterfield Is., 

Micronesia submerged shallow reefs 5-12m 
Rongelap Atoll, RMI 

A. kimbeensis Rare PNG, Micronesia submerged reef flat 3-12m Kimbe Bay, PNG 
A. spathulata Rare GBR, PNG reef flat and slope to 5m Orpheus Island, GBR 

A. kirstyae 
Rare Indo., GBR, PNG,  

New Caledonia 
protected interrefal locations 10-
20m 

Orpheus Island, GBR 

A. papillare 
 
Rare 

W. Australia, 
GBR, Japan 

ultra shallow and exposed   
reef 0-5m 

Orpheus Island, GBR 

A. speciosa 
 
Rare 

SE Asia, GBR,  
Central Pacific 

subtidal, protected slopes  
and walls 15-40m 

Rongelap Atoll, RMI 

A. jacquelineae 
 
Rare Indonesia, PNG 

reef slopes and submerged reefs, 
10-35m 

Kimbe Bay, PNG 

A. caroliniana Rare SE Asia-Pacific submerged habitats to 12m Kimbe Bay, PNG 

A. tortuosa 
 
Common Central Pacific subtidal, protected sandy lagoons 

Rongelap Atoll, RMI 

A. granulosa Common Indo-Pacific reef slopes and walls 15-50m Rongelap Atoll, RMI 

A. vaughani 
Common 

Indo-Pacific 
protected subtidal habitats  
5-35m 

Orpheus Island, GBR 

A. pulchra Common Indo-Pacific intertidal or shallow subtidal Van Oppen et al. 2001 

A. aspera Common Indo-Pacific intertidal or shallow subtidal Van Oppen et al. 2001 

A. longicyathus Common SE Asia-Pacific subtidal habitats Van Oppen et al. 2001 

A. loripes 
Common 

Indo-Pacific 
subtidal shallow reef habitats 5-
25m 

Rongelap Atoll, RMI 

A. gemmifera Common Indo-Pacific intertidal or shallow subtidal Van Oppen et al. 2001 

A. microphthalma Common Indo-Pacific subtidal habitats 5-30m Orpheus Island, GBR 

A. millepora Common Indo-Pacific intertidal or shallow subtidal Van Oppen et al. 2001 

A. digitifera Common Indo-Pacific intertidal or shallow subtidal Van Oppen et al. 2001 

A. humilis Common Indo-Pacific intertidal or shallow subtidal Van Oppen et al. 2001 

A. austera Common Indo-Pacific shallow subtidal habitats Van Oppen et al. 2001 

A. cerealis Common Indo-Pacific shallow subtidal habitats Van Oppen et al. 2001 

A. nasuta Common Indo-Pacific shallow subtidal habitats Van Oppen et al. 2001 
A. valida Common Indo-Pacific shallow subtidal habitats 5-15m Magnetic Island, GBR 
A. palmata Outgroup Atlantic Ocean subtidal habitats Van Oppen et al. 2000 
A. prolifera Outgroup Atlantic Ocean subtial habitats Van Oppen et al. 2000 
A. cervicornis Outgroup Atlantic Ocean subtidal habitats Van Oppen et al. 2000 
I. cuneata Outgroup Indo-Pacific subtidal habitats Van Oppen et al. 2001 
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4.2.2 DNA Extraction, PCR, Cloning and Sequencing 

Conditions of Pax-C (nDNA) and mitochondrial Control Region (mtDNA) sequencing 

and cloning are described in 3.2.2, 3.2.3, and 3.2.4. 

 

4.2.3 Phylogenetic Analysis 

Sequences were manually aligned in Sequencher 4.5 against a subset of the existing 

Acropora Pax-C intron and mitochondrial control region sequences (van Oppen et al., 

2001; Marquez et al., 2002) before phylogenetic analysis in a Bayesian statistical 

framework in Mr Bayes 3.1.2 (Huelsenbeck and Ronquist, 2001).  Genetic distances 

were calculated as Kimura 2-parameter distances (Kimura, 1980). The optimal model of 

sequence evolution was identified using hierarchical likelihood ratio tests in 

MrModeltest 2.2 (Nylander, 2004). The (MCMC) analyses were run for 5 million 

generations, with burn-in times of 20,000-50,000 (p<0.05). Trees generated from the 

Pax-C data were rooted using sequences from Isopora cuneata, whereas the mtDNA 

tree was rooted with A. cervicornis as in this case the degree of divergence of the I. 

cuneata sequence effectively precluded unambiguous alignment. Analyses were 

conducted on the full alignments without the exclusion of indels or repeat regions 

because I found the overall topology remained the same when large indels or repeat 

regions are included, excluded or weighed down (see also van Oppen 2001).  Results 

of the phylogenetic analysis are compared with previous published molecular 

phylogenetic results sequences (van Oppen 2001; Marquez et al., 2002).  Alignments 

for nuclear and mitochondrial data are submitted to Genbank accession numbers – 

EU918202-EU918288 and EU918771-EU918925. 

 

4.2.4 Census Estimation 

Global census size estimates (N) are calculated in order to get an estimate of effective 

population size (Ne).  Mean global census size of rare species (+SE) was estimated 

using global estimates of reef area (km2) within regions (e.g. SE Asia, Micronesia) 

(Wilkinson 2004).   Mean global reef area was calculated as the sum of the mean 

regional reef habitat available for all regions in which each species is known to occur 

(see Table 12). It was estimated a certain percentage of the overall reef area available 

was destroyed prior to 2004 (Wilkinson, 2004).  Hence reef remaining after 2004 was 

also calculated for each region using the percentages presented in Table 12. I assume 

that rare species occupy a small proportion of the reef available within the regions that it 

is present, hence I calculate that 10-30% of regional reef habitat is available to rare 

species by calculating the mean (+SE).  Mean (±SE) global census sizes were 
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estimated by multiplying the mean global reef area available to each species by its 

mean local abundance per unit area (Table 13).  

 

 

Table 12. Regional estimate of reef habitat > 2004. 
 

The combined global reef area available to each species was calculated from the mean 

available regional reef habitat (+SE) summed for all regions each species is known to 

occur within (Wallace, 1999; Veron, 2000). Habitat preferences were assigned to each 

species; this determined the percentage of a site available to target species according 

to their habitat preference.  For example 10% of a site is available to intertidal species, 

40% is available to reef flat/crest species, 40% is available to shallow slope species 

<30m, and 10% of a site is available to deep slope species >30m. The result is an 

estimate of the reef area available to target rare species.   The mean local abundance 

was determined for each species from relative estimates of local population size 

(Richards unpublished).  To determine the mean global census size from the reef 

available to target species, I estimated that one RAP biodiversity swim (Rapid Visual 

Assessment) covers approximately 3000m2, thus to estimate mean global census size 

(nglobal) I standardize the distance measure by multiplying reef area available to target 

species (+SE) by 1000 (km2) and divide by 3000 m2 (average area covered on a single 

rapid visual biodiversity assessment), and multiply by the mean local site abundance. 
 

        N global = Reef area available to rare species x 1000    x mean local abundance 

                                               3000  

Effective population sizes were assumed to be approximately 11% of the calculated 

mean global census sizes; this relationship is based on a comprehensive meta-

analysis of data for 102 species of animals  (Frankham, 1995). Effective population 

Region 
Total reef 
area (km2) 

% of 
reefs 
destroyed 
>2004  

Reef 
remaining 
after 2004 
(km2) 

10-30% 
region 
occupied 
by rare 
species 

Mean  
available 
     regional      
reef habitat 

 
SE 

S Asia 19210 45 10565.5 3169.65 1056.55 1056.55 
SE Asia 91700 38 56854 17086.2 5695.4 5695.4 
E & N Asia 5400 14 4644 1393.2 464.4 464.4 
Australia & 
PNG 62800 2 61544 18463.2 6154.4 6154.4 
SW Pacific  27060 3 26248.2 7874.86 2624.82 2624.82 
Polynesia 6733 2 6598.34 1979.49 659.83 659.83 
Micronesia  12700 8 11684 3505.2 1168.4 1168.4 
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Table 13.  Estimate of mean global census size +SE for target rare species.    

Species Region  

Combined 
Global Reef 
Area (km2) 

Habitat 
preference 

% site 
available 
as per 
habitat 

Reef area 
available to 
rare sp (km2) 

Mean local 
abundance 

Mean 
Global 
Census 
size SE 

A. papillare* 
SE Asia-Australia- 
Sth Asia 

25812.7 +/- 
12906.35 intertidal 10% 

2581.27 +/- 
1290.64 3 2581.27 1290.64 

A. spathulata* Australia 
12308.8 +/- 
6154.4 reef flat 40% 

4923.52 +/- 
2461.76 20 32823.47 16411.73 

A. batunai* SE Asia-PNG 
23699.6 +/- 
11849.8 deep slope 10% 

2369.96 +/- 
1184.98 2 1579.97 789.98 

A. pichoni* SE Asia-PNG 
23699.6 +/- 
11849.8 deep slope 10% 

2369.96 +/- 
1184.98 6 4739.92 1139.08 

A. tenella* 
SE Asia-Micronesia- 
PNG 

26036.4 +/- 
8032.2 deep slope 10% 

2603.64 +/- 
803.22 6 5207.28 1606.44 

A. walindii* PNG 
12308.8 +/- 
6154.4 deep slope 10% 

1230.88 +/- 
615.44 3 1230.88 615.44 

A. tortuosa 
Micronesia-Polynesia- 
SW Pacific 

20297.1 +/- 
4453.05 

inter-reefal 
sand 100% 

20297.1 +/- 
4453.05 10 67657 14843.5 

A. derawanensis* SE Asia 
11390.8 +/- 
5695.4 

shallow 
slope 40% 

4556.32 +/- 
2278.16 3 4556.32 2278.16 

A. kirstyae* SE Asia-Australia 
23699.6 +/- 
11849.8 

inter-reefal 
sand 100% 

23699.6 +/- 
11849.8 3 23699.6 11849.8 

A. speciosa* 

SE Asia-
MicronesiaPolynesia-
PNG 

27356.06 +/- 
13678.03 

shallow 
slope 40% 

10942,44 +/- 
5471.2 3 10942.44 5471.21 

A. caroliniana* SE Asia-Australia 
23699.6 +/- 
13018.2 

shallow 
slope 40% 

9479.84 +/- 
5207.28 6 18959.68 10414.56 

A. 
chesterfieldensis* 

MicronesiaPolynesia- 
SW Pacific 

20297.1 +/- 
4453.05 reef flat 40% 

8118.8 +/-
1781.22 3 8118.8 1781.22 

A. rongelapensis* Micronesia 
2336.8 +/-
1168.4 deep slope 10% 

233.68 +/- 
116.84 3 223.68 116.84 

A. jacquelineae* SE Asia-PNG 
23699.6 +/- 
11849.8 

shallow 
slope 40% 

9479.84 +/- 
5207.28 10 31 599.47 17 357.6 

A. lokani* SE Asia-PNG 
23699.6 +/- 
11849.8 

reef flat-
shallow 
slope 40% 

9479.84 +/- 
5207.28 6 18 959.68 9479.84 

A. kimbeensis* SE Asia-Micronesia 
13727.6 +/- 
6863.8 reef flat 40% 

5491.04 +/- 
2745.52 6 10 982.08 6425.76 

A. loisetteae * SE Asia-Australia 
23699.6 +/-
11849.8 

inter-reefal 
sand 100% 

23699.6 +/-
11849.8 10 78998.66 39499.33 
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sizes in reef corals are expected to be significantly smaller than census sizes for a number 

of reasons (Hughes et al., 1992).  First, variation in census population sizes is sometimes 

extreme due to perturbations such as storms and cyclones, bleaching, crown-of-thorns 

starfish outbreaks, etc., and this substantially reduces effective sizes because it diminishes 

the proportion of the population involved in reproduction (Frankham, 1995). Second, high 

variance in fecundity occurs in corals (Wallace, 1985), which reduces Ne because neither 

juveniles nor senescent adults take part in reproduction (Caballero, 1994).  Third, some 

Acropora species reproduce asexually by fragmentation or fission (Ayre and Hughes, 2000), 

which again reduces Ne. 

 

4.3 Results 

Allele/haplotype data from nuclear and mitochondrial loci were determined for 17 rare and 

15 common Indo-Pacific Acropora species as well as all 3 Caribbean species of Acropora 

(Table 11) and Isopora cuneata.  Only samples from taxonomically unambiguous individuals 

were included in this study; the morphology of the corals sampled was absolutely consistent 

with their formal description. To avoid the possibility of sampling clonemates, corals 

sampled were separated by at least 10 meters. The extreme rarity of several of the species 

examined limited the number of samples that it was possible to examine.  

 

4.3.1 Pax-C intron data 

Results of phylogenetic analyses of Pax-C intron data (Figure 23) are broadly consistent 

with previous results, but some details differ due to the selection of taxa. To facilitate 

comparison with previous analyses, clades are labelled according to published trees (van 

Oppen et al., 2001; Marquez et al., 2002).  As in previous analyses, the basal clade 

contains A. longicyathus, and, in the present case, A. austera. In the present tree, a 

polytomy then gives rise to strongly supported clades corresponding to IIIA, IVB, IIID of 

previous studies; a major difference is the novel clade V which is composed exclusively of 

rare species with the exception of a single allele of A. valida. The nuclear tree distinguishes 

the Caribbean species in the highly supported clade IIID. Within the large terminal clade, 

two novel subclades (III F + G) were identified, containing predominantly sequences from 

rare species.  
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4.3.2 Mitochondrial control region data 

Phylogenetic analyses of the mtDNA Control Region (Figure 24) were also broadly 

consistent with previous results and clades were labelled as in previous publications (van 

Oppen et al., 2001; Marquez et al., 2002). The basal clade (IA/IB) again contains A. 

longicyathus and A. austera, with A. tenuis added. In the present case, clade III is 

expanded and clade IV contracted relative to published analyses, due to differences in 

composition of the datasets. Clade IV includes A. aspera, A. humilis and several rare 

species (e.g. A. kirstyae, A. derawanensis).  

 

4.3.3 Census Sizes 

Mean (±SE) global census population sizes for rare species in this study varied from 32823 

(±16412) for A. spathulata to 224 (±117) for A. rongelapensis.  Based on the Ne estimate of 

11% of the census population size, A. spathulata has a mean effective global population 

size of 3611 (±1805) and A. rongelapensis, 25 (±13) (Figure 22).  Local population census 

and effective population sizes are likely to be substantially smaller than these conservative 

global estimates.  

 

 
Figure 24.  Mean (±SE) global census sizes (black histograms) and predicted effective 
population sizes (red histograms) for rare species included in this study.  
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Figure 25. Bayesian majority rule (>50%) consensus tree of nuclear sequence data for the 
thirty-five Acropora species studied here, with Isopora cuneata defined as outgroup.   
Bayesian analyses used likelihood settings from best-fit model (HKY+G) selected by hLRT 
in MrModeltest 2.2 (Nylander, 2004):  5 million generations; burn in = 50, 000. 
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Figure 26.  Bayesian majority rule (>50%) consensus tree of mitochondrial sequence data for 
thirty-five Indo-Pacific Acropora species with the Caribbean species Acropora cervicornis 
defined as outgroup.  Bayesian analysis used likelihood settings from best-fit model (HKY+I+G) 
selected by hLRT in MrModeltest 2.2 (Nylander, 2004): 5 million generations; burn in = 20,000.   
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4.4 Discussion 

In both the Pax-C and mitochondrial phylogenies many Acropora species are polyphyletic. 

Previous work (van Oppen et al., 2001; Marquez et al., 2002) provides precedents for this 

pattern, which has been interpreted as evidence for interspecific hybridization. However, the 

Indo-Pacific species examined in these previous studies are widespread and locally 

common, and in these cases lineage sorting will occur slowly. As the fossil record of 

Acropora is extremely limited, for common and widespread species incomplete lineage 

sorting cannot be rigorously excluded as an alternative explanation for the observed 

polyphyletic patterns. However, for the rare species included in the present study, effective 

population sizes are so small that lineage sorting will occur on very short time scales, so in 

contrast to the position with common species, polyphyletic patterns observed for rare 

species provide unequivocal evidence for hybridization. 

 

Comparison of the trees generated from nuclear and mitochondrial data shows that three of 

the rare species studied here - A. pichoni, A. kimbeensis and A. papillare - are monophyletic 

for the mtDNA marker but are polyphyletic and contain highly divergent alleles at the nuclear 

marker, even within individual corals (Figure 26). The presence of species-specific 

mitochondrial haplotypes is unusual in Acropora (van Oppen et al., 2001; Marquez et al., 

2002).  Of the 49 species studied to date, the only other Acropora species that is 

monophyletic in mtDNA is A. tenuis (however, see also below), which is known to be 

reproductively isolated through a difference in spawning time (van Oppen et al., 2001).  

 

The mitochondrial phylogeny implies that the three monophyletic rare species have evolved 

relatively recently, because they fall within derived positions of the large terminal clade that 

reflects the post-Miocene Indo-Pacific speciation of Acropora (i.e. <5.32 my) (van Oppen et 

al., 2001, Wallace and Rosen, 2006).  In contrast, sequences from these three species are 

widely distributed throughout the nuclear tree; for example, alleles from A. papillare occur in 

both Clades III and V.  This pattern in nuclear versus mtDNA loci can be explained by the 

known faster lineage sorting of mitochondrial haplotypes than alleles at single copy nuclear 

loci (Tavare, 1984).  Unlike their more common relatives, the small effective global 

population sizes of these three rare species (A. pichoni = 521 ±125; A. kimbeensis = 1208 

±707; A. papillare = 284 ±142) effectively rules out the possibility of incomplete lineage 

sorting, because of their small population sizes, these rare species have very short 

coalescence times.   
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Figure 26. Comparison of nuclear and mitochondrial phylogenies.  Asterisks indicate 
posterior probability values of 100% (black) or >70% (red); for clarity, asterisks are shown 
only at nodes affecting the positions of sequences from A. papillare, A. pichoni, A. 
kimbeensis, A. spathulata and A. tortuosa. 
 

There is no evidence that these rare species were historically more common. Moreover, 

these observed patterns – monophyly with respect to mitochondrial haplotypes 

accompanied by polyphyly at nuclear loci - couldn’t be explained as consequences of either 

recent population crashes or population bottlenecks.  Under a population crash scenario 

one would expect to find divergent mitochondrial haplotypes as well as divergent nuclear 

alleles, whereas under a population bottleneck scenario (i.e. a crash occurring less recently) 

low diversity at both nuclear and mitochondrial loci is expected. These alternate possibilities 

can therefore be ruled out, and the most parsimonious explanation for the observed patterns 

of allele/haplotype distribution is that A. pichoni, A. kimbeensis and A. papillare are 

unidirectional hybrids.  
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In the Caribbean, the hybrid species A. prolifera colonizes habitats that are distinct from 

those of the parental species (van Oppen et al., 2000; Vollmer and Palumbi, 2002).  

Similarly, two of the three rare putative hybrid species from the Indo-Pacific, A. pichoni and 

A. papillare, occur in atypical habitats. Whereas the vast majority of Acropora spp. occurs in 

relatively shallow reef flat, crest and slope habitats (2-30m), A. pichoni occurs below 40m 

and A papillare, is found in extremely shallow intertidal habitats (<2m).  Specialization in 

extremely shallow or deep habitats is atypical for Acropora species hence my data provides 

support for the hypothesis that hybrid species may exploit atypical (or non-parental) niches. 

 

Other rare species occurring in small and isolated populations (e.g. A. walindii, A. loisetteae, 

A. derawanensis and A. jacquelineae) are polyphyletic with respect to both nuclear alleles 

and mitochondrial haplotypes. Whilst these patterns are again consistent with hybridization, 

in these cases alternative explanations, such as recent population crashes, cannot be 

rigorously excluded.  Two species that are restricted to the Pacific Ocean but are locally 

common (A. spathulata and A. tortuosa) are also monophyletic at the mitochondrial marker 

but polyphyletic at the nuclear marker.  However, in these latter cases, incomplete lineage 

sorting cannot be ruled out because of the longer coalescence times for these species 

resulting from their larger census and predicted effective population sizes.   

 

The transfer of genetic variation among lineages is an important creative force in many 

plants (Grant, 1973; Reisberg and Wendel, 1993) and animals (Dowling and Secor, 1997; 

Arnold, 1997; Lewontin and Birch 1966).  It has been proposed that hybridization may be an 

evolutionary strategy utilized by corals that may increase genetic diversity either through 

new combinations of parental alleles or the generation of novel alleles, the origin of new 

species, and the breakdown of reproductive barriers (Hatta et al., 1999; Willis et al. 1997; 

van Oppen et al., 2002; Wolstenholme et al., 2004; Willis et al 2006; van Oppen & Gates 

2006). Overall, the introgression of new alleles into a population is a process that may 

promote speciation (Willis 1997), facilitate ecological partitioning (van Herwerden et al. 2006) 

and adapting to/or colonizing new habitat after disturbance (Rieseberg et al., 2003) or at the 

periphery of a species range (Seehausen, 2004).  Hybridization also allows for adaptation to 

changes in environmental conditions (Lewontin and Birch, 1966; Willis et al., 2006; van 

Oppen & Gates 2006).    

 

In plants, it has been empirically demonstrated that hybrids do not necessarily express 

intermediate phenotypes (Riesberg and Ellstrand, 1993).  This could be explained by the 

possibility that only subsets of genes are exchanged following hybrid events and that 

morphological genes have not introgressed.    If corals act in a similar manner to what has 
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been described in plants, hybrids are difficult to recognize without genetic data.  

Furthermore, while these results suggest that hybridization occurs more often than currently 

understood in Acropora communities, it is likely that different patterns of hybridization occur 

in different biogeographical regions at different rates depending on the local species 

composition and the condition of the coral community.  In some cases, hybridization may 

have led to polyploidy and quantifying this is a critical future area of research because 

duplicated alleles can evolve freely with little selection pressure which may help organisms 

adapt to a new environments or survive different stress conditions (Comai, 2005). 

 

The results presented here imply that a number of rare Indo-Pacific Acropora species are 

the products of recent hybridization events, and highlight the significance of hybridization in 

coral diversification. Whether these species have hybrid origins or have evolved and then 

hybridised in the absence of conspecific gametes remains to be elucidated. In summary, 

although it has often been assumed that small populations have a decreased potential for 

adaptation (Willi et al., 2006), my analyses implies that some rare Acroporid corals may 

actually have increased adaptive potential as a consequence of introgressive hybridisation 

(Seehausen, 2004), and therefore may be less vulnerable to extinction than has been 

assumed. 
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CHAPTER 5 - Genetic diversity, inbreeding and population structure of rare and 
common Acropora coral species 

 
5.1 Introduction  

Theoretically, the expected relationship between genetic diversity and population size 

is linear (Wright 1931) meaning populations of rare species are expected to be 

genetically depleted.   In terrestrial systems, rare species become genetically depleted 

because genetic drift, founder effects, directional selection and high levels of 

inbreeding cause genetic erosion under low population size (Kimura and Ohta, 1971; 

Avise, 1994, Frankham et al., 2002; Willi et al., 2006).  Hence rare species are of 

particular conservation interest because they may not have the genetic resilience 

needed to adapt or survive in changing environments.   

 

Genetic resilience, which encompasses the amount of genetic diversity in a population 

or species, is critical for long-term survival and continued evolution of populations or 

species (Lande and Barrowclough, 1987).  Without it, disturbance events, outbreaks of 

pathogens (Coltman, et al., 1999), variable recruitment (Jones et al., 2002) and other 

stochastic events can force populations to extinction (Goodman, 1987; Elstrand and 

Elam, 1993; Frankham et al, 2002; Fagen et al., 2002). For these reasons, population 

genetic analyses of rare species are critical for the assessment of present and future 

population viability and aid conservation decision-making (Palumbi, 2003). 

 

Unravelling the factors accounting for existing levels of rarity requires comparisons be 

made between common and rare congeneric species (for examples see: Karron et al., 

1988, Soltis and Soltis, 1991, Ge et al., 1999, Dodd and Helenurm, 2002).  Even 

though the causes of rarity are many and varied, the species in question is generally 

confined to a narrow range, often resulting in high genetic structure among and low 

genetic diversity within populations (Gaston 2003).  The theory that rare species are 

genetically depleted and less able to respond to changing circumstances has largely 

been developed and tested in terrestrial systems (Frank, 1968; Maruyama and Kimura, 

1980; Baskauf et al., 1994; Endean and Cameron, 1990).   

 

In marine ecosystems, the initial view that oceans are open and interconnected has 

evolved into one recognizing that complex patterns of genetic structuring occur on local 

and regional scales in most marine organisms (Williams and Benzie, 1998; Chenoweth 

et al., 1998; Gopurenko et al., 1999; Barber 2002; Benzie et al., 2002; Lourie et al., 
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2005; Rohfritsch and Borsa 2005; Kochizius and Nuryanto 2008; Timm et al., 2008).  

Likewise, in corals, complex patterns of genetic discontinuity have been described and 

sometimes on surprisingly small scales (Knittweis et al., 2008; van Oppen et al., 2008; 

Underwood et al., 2007). 

 

The genetic resilience of rare corals has not been examined. Of the 845 species of 

extant hermatypic zooxanthellate scleractinian corals, published estimates of genetic 

diversity and structure exist for 1.4% of species (n=12) (Table 14).  All of these species 

are common and/or widespread with the exception of A. palmata, which has been the 

focus of population genetic studies because it is critically endangered (Baums, 2005).  

 
Table 14. Summary of population genetic data available for zooxanthellate 
scleractinian corals. 

Family Species Reference 
Pocilloporidae Seriatopora hystrix Ayre and Duffy, 1994; Ayre and 

Hughes, 2000; Ayre and Hughes, 
2004; Maier, 2005; Underwood et 
al.,2007; van Oppen 2008; Noreen et 
al., 2009 

Pocilloporidae Stylophora pistillata Ayre and Hughes, 2000; Takabayashi 
et al.,2003; Ayre and Hughes, 2004; 
Nishikawa, 2008 

Pocilloporidae Pocillopora damicornis Stoddart, 1984, 1988; Benzie et 
al.,1995; Ayre, Hughes and Standish, 
1997; Adjeroud and Tsuchiya, 1999; 
Ayre and Hughes, 2000; Miller and 
Ayre, 2004; Ayre and Hughes, 2004; 
Whitaker, 2006 

Pocilloporidae Pocillopora meandrina Magalon, et al., 2005 

Pocilloporidae Pocillopora verrucosa Ridgway et al., 2001 

Acroporidae Isopora cuneata Ayre and Hughes, 2000; Ayre and 
Hughes, 2004 

Acroporidae Isopora palifera Benzie et al., 1995; Ayre and 
Hughes, 2004 

Acroporidae Acropora aspera Whitaker 2006 
Acroporidae Acropora cervicornis Vollmer and Palumbi 2006 
Acroporidae Acropora cytherea Ayre and Hughes, 2004; Marquez et 

al., 2002 
Acroporidae Acropora digitifera Whitaker 2004; Nishikawa, 2008; 

Nakajima et al., 2009 
Acroporidae Acropora hyacinthus Ayre and Hughes, 2004; Marquez et 

al., 2002 
Acroporidae Acropora millepora Ayre and Hughes, 2004; Smith-

Keune and Van Oppen, 2006 
Acroporidae Acropora nasuta Mackenzie et al., 2004 
Acroporidae Acropora palmata Baums, 2005 
Acroporidae Acropora tenuis Underwood et al.,2007, Marquez et 

al.,2002; Nishikawa, 2008; 
Underwood 2009 
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Acroporidae Acropora valida Ayre and Hughes, 2000; Ayre and 
Hughes, 2004 

Faviidae Plesiastrea versipora Rodriguez-Lanetty and Hoegh-
Guldberg, 2002 

Faviidae Goniastrea aspera Nishikawa and Sakai, 2003, 
Nishikawa, 2008 

Faviidae Platygyra sinensis Ng and Morton, 2003 
Pectiniidae Mycedium elephantotus Yu et al., 1999; Dai et al., 2000 
Fungiidae Fungia fungites Gilmour 2002 
Fungiidae Heliofungia actiniiformis Knittweis et al., 2008 
Dendrophylliidae Balanophyllia europaea Goffredo et al., 2004 

 

Given the predictions about extinction risk for rare corals and that very few rare corals 

have been examined in a population genetic context, obtaining these data is imperative 

for biodiversity conservation.   In this study, I examine how rarity affects the genetic 

diversity of 9 rare and 5 common Acropora corals (NOTE = rare species are marked 

with asterisk throughout text). I examine marker transferability and size homoplasy of 9 

microsatellite loci in Acropora species collected from 11 geographic locations. More 

specifically, this study is concerned with the level of genetic diversity and level of 

inbreeding in rare and closely related common species and the amount of broad-scale 

genetic structure between isolated populations of 2 rare and 4 common species.  

 

5.2  Methods 

5.2.1 Sampling locations 

Samples of 14 species (Table 15) were collected from 11 locations across the Indo-

Pacific (Figure 27). Dr. Paul Muir collected samples of A. microphthalma and A. 

austera from the Seychelles and Madives.  Dr Akira Iguchi collected samples of A. 

papillare* from Nth Okinawa. Natalie Rosser collected samples of A. papillare* and A. 

millepora.  Dr Maria Beger collected samples of A. pichoni* from Chuuk, Micronesia. Dr 

David Abrego collected samples of A. valida from Heron Island.  All molecular samples 

donated for this project have matching skeletal voucher specimens that were identified 

by the author and verified by Dr Carden Wallace. All samples from Orpheus Island, 

Kimbe Bay, Majuro Atoll, Arno Atoll and Rongelap Atoll collected by the author. 
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Figure 27. Sampling locations for population genetic analysis 
 

5.2.2  Coral Sampling, DNA Extraction & PCR 

Small branches (2-5 cm) were collected from individual colonies and stored in absolute 

ethanol.  To avoid sampling across multiple recruitment cohorts and asexually derived 

clone mates, colony sizes and spacing were standardized (20-50 cm colony size, >20 

m between colonies). 

 

DNA was extracted from approx. 20 mg of coral branch.  Branches were air dried 

briefly on paper towel to remove ethanol.  The coral skeleton was crushed in a sterile 

mortar and pestle with 750 µl of grinding buffer (100 mM Tris pH 9.0, 100 mM EDTA, 

1% SDS, 100 mM NaCl, double distilled H2O) to enable maximum disruption the cell 

membrane and release of DNA.  The ground material was transferred to an eppendorf 

tube and its contents were vortexed for 30 sec and incubated for 3 hours at 65ºC.  After 

incubation, tubes were vortexed and cooled on ice.  To precipitate proteins, 187.5 µl of 

ice-cold 5 M KOA (Potassium Acetate) was added to the tube, mixed, and incubated 

on ice for 10 min.   The samples were spun for 10 min in a benchtop eppendorf 

centrifuge at a maximum speed of (12000 rpm) to separate proteins and cell debris.  

The supernatant was then transferred to a new eppendorf tube.   Six hundred µl 

isopropanol was added to each tube to precipitate the DNA.  After mixing, samples 

stood at room temperature for 5 min.  Samples were then spun in a benchtop 

eppendorf centrifuge at a maximum speed of for 15 min (12000 rpm), and the 

supernatant was removed. One-hundred-and-fifty µl of 70% ethanol was added to the 
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DNA pellets, mixed and centrifuged for 5 min.   The supernatant was removed and the 

pellets were air-dried for 5 min.  The purified DNA pellet was then resuspended in 100 

µl 0.1 M Tris pH=9 and stored at -20°C. 

 

Table 15.   Summary of species, population sample sizes, and number of loci 
included in the final analysis.  Species marked with asterisk are rare. 

SPECIES  POPULATION 

  
Geographic Region 

 
   Sample Size 

 
Number 

   of loci 
A. microphthalma Orpheus Island Central GBR 25 7 

"    " Maldives North Indian Ocean 12 7 

"    " Seychelles    South Indian Ocean 22 7 

"    " Kimbe Bay Papua New Guinea 25 7 

A. valida Orpheus Island Central GBR 29 7 

"    " Heron Island Southern GBR 26 7 

"    " Kimbe Bay Papua New Guinea 20 7 

A. austera Maldives Indian Ocean 29 6 

"    " Arno Atoll North Central Pacific 18 5 

"    " Majuro Atoll North Central Pacific 24 5 

"    " 
   Majuro - 20 branches 
   from single colony 

Central Pacific 20 5 

A. millepora Ningaloo Reef Indian Ocean 34 8 
"    " Orpheus Island Central GBR 27 8 

A. horrida Orpheus Island Central GBR 27 8 

A. papillare * Ningaloo Reef East Indian Ocean 31 7 

"    " Orpheus Island Central GBR 20 8 

"    " Okinawa - Japan North Pacific 14 8 

A. pichoni * Kimbe Bay Papua New Guinea 6 7 

"    " Chuuk Lagoon Central West Pacific 6 7 

A. spathulata * Orpheus Island Central GBR 28 7 

A. kirstyae * Orpheus Island Central GBR 27 8 

A. tortuosa  Rongelap Atoll North Central Pacific 12 7 

A. jacquelineae * Kimbe Bay Papua New Guinea 20 7 

A. kimbeensis * Kimbe Bay Papua New Guinea 14 7 

   A. rongelapensis * Rongelap Atoll North Central Pacific 12 7 

A. walindii * Kimbe Bay Papua New Guinea 14 8 

 
5.2.3 Microsatellite Cross-amplification 

Variation at eight variable tandem repeats (microsatellite markers) was documented.  

Seven of the microsatellites were developed for Acropora millepora at the Australian 

Institute of Marine Science (van Oppen et al., 2007) and the last was developed for 

Acropora palmata from the Atlantic Ocean (Baums et al., 2005) (Table 16).  

Microsatellite PCR products were initially examined using denaturing gel 
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electrophoresis on the Corbett GelScan2000 to determine if they would cross-amplify.  

Microsatellite PCR products were visualized using fluorescently-labelled forward 

primers and unlabelled reverse primers.  The microsatellite denaturing gel was 

prepared using a 100 ml stock solution composed of 42 g UREA, 6 ml 10x TBE, 1.5 ml 

Acrylamide 40% and MiliQ water (Corbett Research).   Urea was dissolved at 50° 

Celcius in a hot water bath and the mix was filtered through Whatman paper #1. 

Fifteen ml of the gel mixture was placed in a beaker and 100 µl APS (0.05G/500µl 

MQH20) and 10 µl Temed added before pouring approximately 6 ml in between the two 

glass plates and inserting a gel front comb.  The gel was left to set for approximately 

one hour.  Before loading on the gel, samples were denatured at 94ºC for three 

minutes in a thermocycler and put on ice.  One µl of sample/LB mix (using formamide 

loading buffer (LB) at a ratio of 1 µl sample to 3 µl loading buffer) was loaded into wells 

and the samples were pulse loaded for 15 seconds.  After pulsing, excess product was 

flushed out and the gel was pre-run for 10 minutes before the actual run.  Once it was 

confirmed via initial GelScan screening that the microsatellites would cross-amplify 

genotyping was undertaken following the procedure described in 5.2.4. 

 

5.2.4 Genotyping 

Microsatellites were pooled into three multiplex reactions (Table 17). Each PCR primer 

was labelled with a different fluorescent dye (TET, HEX or FAM) and alleles were 

scored as PCR product size in base pairs.   Where high levels of heterozygosity 

occurred, PCR products were cloned for subsequent sequencing to ensure peaks were 

real and not amplification of ambiguous data (see 5.2.5). Conditions for the PCR 

reaction included using 150-200 ng of DNA template and 5 µl 2x Qiagen Multiplex PCR 

kit master mix in a 10 µl reaction in the presence of 1 µl of each primer and 3.25 µl of 

H20.  PCR profile consisted of the initial denaturation step of 15 mins followed by 35 

cycles of 94º for 30 seconds, 50º for 90 seconds and 72º for 60 seconds.  The mix was 

incubated at 60ºC for 30 min. Three µl of the PCR product was electrophoresed in a 

2% TAE-agarose gel in 1xTAE buffer to assess the yield.  Successful products were 

then cleaned using the following Sephadex clean-up protocol. 

 

Five µl of each reaction was cleaned through Sephadex in Whatman Unifilter 800 96-

well plates.  Sephadex resin was added to a Millipore multiscreen loader.  Three 

hundred µl of Mili Q water was added and left for 3 hours to swell the resin.   The plate 

was spun in a benchtop centrifuge at 1500 rpm for 3 mins to pack the Sephadex into 

mini-columns using an empty 96 well plate to collect the water.   One-hundred-and-fifty 
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µl of Mili Q water was added to each well and spun in a benchtop centrifuge at 1500 

rpm for 3 mins.   The unifilter plate was placed on a new 96 well plate and 5 µl PCR 

product added to the well and spun in a benchtop centrifuge at 1500 rpm for 5 min.  

One µl of the purified PCR product was transferred to a skirted 96-well plate and sent 

for genotyping at the JCU Advanced Analytical Centre.  Fragment analysis was 

conducted on the Amersham MegaBase. 

 
Table 16.  Primer sequences 

Locus Name Primer Sequence (5”-3”) 

Amil2_002 

 

Ami2_006 

 

Amil5_028 

F – ACAAAATAACCCCTTCTACCT 

R - CTTCATCTCTACAGCCGATT 

F – CTTGACCTAAAAAACTGTCGTACAA 

R – GTTATTACTAAAAAGGACGAGAGAATAACTTT 

F – GGTCGAAAAATTGAAAAGTG 

R – ATCACGAGTCCTTTTGACTG 

Amil2_022 

 

Amil2_23 

F – CTGTGGCCTTGTTAGATAGC 

R – AGATTTGTGTTGTCCTGCTT 

F – GCAAGTGTTACTGCATCAAA 

R – TCATGATGCTTTACAGGTGA 

Amil2_007 

 

Amil2_010 

 

Amil2_012 

F – TAATGAGCAAACTCATTCATGG 

R - CTTTT CCAAGAGAAGTCAAGAA 

F – CAGCGATTAATATTTTAGAACAGTTTT 

R - CGTATAAACAAATTCCATGGTCTG 

F – TTTTAAAATGTGAAATGCATATGACA 

R – TCACCTGGGTCCCATTTCT 

 
Table 17.  Multiplex reactions 

 Locus Name Repeat Type Label 

Multiplex 1 Amil2_002 

Ami2_006 

Amil5_028 

(TG)10 

(CA)4TA(CA)4 

(TCACA)7TCAC(TCACA)4TCACTCACTCACA 

HEX 

FAM 

TET 

Multiplex 2 Amil2_022 

Amil2_23 

(AC)10 

(AG)7 

TET 

HEX 

Multiplex 3 Amil2_007 

Amil2_010 

Amil2_012 

(TG)7AG 

TA(TG)11 

GA(CA)6GA(CA)2 

TET 

FAM 

HEX 
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5.2.5 Cloning  

Microsatellite PCR products were cloned using the ligation kit, pGEM T easy (Promega) 

(5 µl ligation buffer, 1 µl pGEM-T Easy Vector, 3 µl PCR product, 1 µl DNA ligase) and 

incubated for 1-4 hrs at room temperature or overnight at 4° C.  The bacterial cells 

were transformed with a ligated vector and transformed using 60 µl of NM522 

competent cells.  Following 20 min on ice, transformations were heat shocked at 42°C 

for 90 seconds.  One ml LB broth was added and the transformations were incubated 

at 37° C for 1 hour.  Transformations were transferred to 1.5 ml tubes and centrifuged 

for 30 seconds.  Supernatant (800 µl) was removed and the remaining pellet was 

resuspended in the last drop of LB by pipetting up and down.  The transformation was 

added to warm LB Agar Plates (Tryptone, 10 g; Yeast, 5 g; NaCl 5 g, H2O 950 ml/litre) 

composed of X-Gal (4 ml/litre), IPG (5ml/litre) and Ampicillin (1 ml/litre).  The plates 

were placed overnight in a 37°C incubator.   

 

Up to 15 colonies that appeared to have taken up the insert (white colonies) were 

picked and put into a 1.5 ml tube with 3 µl of PCR grade H20.  Sixteen sectors were 

drawn on a separate AIX plate and swiped by each positive clone.  Cultures grew on 

plates overnight in a 37° C incubator.  PCR tubes were heated at 95° C for 5 mins to 

denature the DNA and transferred to ice.  The PCR reaction was performed as 

previously described and the product was electrophoresed to see which clones have 

an insert.  Fifteen positive clones were transferred from the overnight cultures to 50 ml 

falcon tubes with 5 ml of LB media and 5 µl Ampicillin.  Clones were incubated 

overnight in a shaker at 37° C. The remaining cultures were spun in a benchtop 

centrifuge for 5 mins at 4000 rpm.  The supernatant was removed and DNA isolated 

using the plasmid isolation protocol in the RBC Hyfield Plasmid Mini Kit.  The 

concentration of DNA was determined using a spectrometer and a sufficient quantity of 

purified DNA was dried down to reach a final concentration of approximately 100 ng/µl 

when resuspended in 10 µl of H2O.  Dried DNA was sent to Macrogen Inc. 

(www.macrogen.com.au) for sequencing using SP6 and M13F vector primers. 

 
5.2.6 Analysis 

Fragment length analysis was used to score microsatellite alleles as a simple function 

of PCR product size. Genotypes for all loci were manually scored from electrophoretic 

data. Data was organized in excel and exported to GenAlex (Peakall and Smouse, 

2005). Using a GenAlex template file, conformity to the expectations of Hardy 

Weinberg equilibrium (HWE) were established using a chi-square test (Miller and 
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Benzie 1997) and significance values were adjusted with Benjamini-Hochberg (BY) 

correction for multiple comparisons (Benjaini and Yekutieli, 2001; Narum 2006). 

Genepop on the web (Raymond and Rousset, 1995) was used to test for 

independence between loci under the following Markov Chain parameters: 1000 

dememorization, 100 batches, 10 000 iterations per batch.   Descriptive statistics, 

including proportion of polymorphic loci (P), number of alleles per locus (A), and 

observed and expected heterozygosity were calculated to illustrate the distribution of 

genetic diversity within and between populations (Lewis and Zaykin 2001). Allele 

richness was calculated in Fstat v 2.9.3 (Goudet 2001) with correction for variable 

sample size.  Allelic diversity and standard genetic distance were computed according 

to Nei (1987) and significance was corrected for multiple pairwise comparisons 

(Benjaini, 1995).  

 

The extent of asexual reproduction was estimated from the genetic diversity of each 

population using Ng/N whereby Ng equals the number of unique multilocus genotypes 

and N equals the number of genoytped individuals.  Ng/N = 1 where no clone mates 

are present and approaches zero when the population is entirely clonal (Coffroth and 

Lasker, 1998).  The extent of inbreeding was summarized by the inbreeding coefficient, 

Fis, in Fstat on the Web.  This inbreeding coefficient assesses the effects of non-

random mating within subpopulations, as a measure of reductions in the heterozygosity 

of individuals.  The amount of population subdivision was estimated from pairwise 

population Fst estimates. Fst estimates and p-values were calculated in Fstat v2.9.3 

(Goudet 2001) and corrected for multiple comparisons.  The hierarchical population 

genetic structure within each species data subset was explored using an analysis of 

molecular variance in GenAlex.  I use the infinite allele model (Kimura and Crow, 1964) 

which assumes that every mutation that occurs within a population creates a unique 

allele rather than step-wise mutation model (which assumes mutations are additions or 

subtractions of repeat units - Kimura and Ohta, 1978) because insertions and deletions 

were not restricted to the repeat region and also found in 3’ and 5’ flanking regions.   

 

The presence of null alleles (inconsistent amplification of alleles due to mutations in the 

primer binding region) was assessed in Microchecker v 2.2.3 (van Oosterhout 2004).   

If a population was determined to have null alleles at a locus, pairwise Fst were re-

analyzed in Fstat (Goudet 2001) with corrected data.  The corrected dataset was re-run 

in Microchecker v. 2.2.3 (van Oosterhout 2004) to determine if the correction resolved 

the heterozygote deficit.   Statistical significance of pairwise Fst values was based on 

10,000 permutations and p-values were corrected for multiple comparisons.  Statistical 
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differences in genetic diversity and level of inbreeding among rare and common 

species were determined using Kruskal Wallace implemented in SPSS 16.   This non-

parametric Krustal Wallace test was chosen because it caters for ordinal data that is 

independent of each other and makes no assumptions about the shape of the 

underlying distributions.   

 

5.3 Results 

5.3.1 Marker transferability 

A total of 531 individuals in 14 species of Acropora were genotyped. To minimize 

genotyping errors, all automated scorings of alleles were checked manually, and 

uncertainties were cleared by running the clean PCR product again. Thirty-eight 

percent of samples were genotyped twice to resolve peaks and 4% were genotyped 

three times.  Genotyping results for 1 in 42 individuals were considered erroneous and 

disregarded from the analysis. Overall the markers that were developed for A. 

millepora amplified well in other Acropora species (Table 18), however, locus 

Apam3_166  (which was developed on A. palmata from the Atlantic Ocean) did not 

amplify or amplified poorly in all samples.  In most instances the TET labelled 

Amil2_022 peaks pulled the FAM labelled Apam3_166 peaks up giving a false 

Apam3_166 score.  Subsequently, Apam3_166 data was removed from the analysis. 

Amil2_007 and Amil2_012 also provided mixed results and did not amplify some 

populations of some species.  For example, Amil2_007 did not amplify A. papillare* 

from Ningaloo Reef but did amplify in A. papillare* from the Orpheus Island and from 

Japan; Amil2_012 did not amplify in any A. austera populations but worked for all other 

species examined. Amil5_028 showed the largest size range and Amil2_012 showed 

the smallest range of size difference (Figure 28).  

 
Figure 28.  Microsatellite size range difference in all species and populations examined 
showing Amil5_028 has the largest size range.  Note:  Populations showing polyploidy 
at Amil2_022 are excluded (see section 5.3.3). 
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Table 18.  Allele size ranges and marker transferability 

Species Locus2 Locus6 Locus28 Locus 22 Locus 23 Locus7 Locus 10 
Locus 

12 

A. pichoni*  91-107 99-121 132-186 x 113-147 x 144-162 85-105 

A. millepora  95-107 95-101 135-200 147-187 117-137 135-143 154-188 99-107 

A. austera  87-101 97-107 96-142 x 131-157 x 144-156 x 

A. papillare*  87-105 89-103 128-186 131-168 129-141 121-135 140-170 85-101 

A. microphthalma  81-111 89-105 102-190 x 113-141 101-135 106-174 91-109 

A. valida  91-105 89-105 132-192 x 113-131 148-160 x 93-99 

A. kirstyae* 89-93 89-101 116-174 141-203 113-141 109-131 142-158 85-101 

A. kimbeensis*  87-101 93-101 134-186 X 131-157 127-131 148-162 99-107 

A. horrida  91-95 85-105 102-178 161-189 129-133 95-103 98-106 83-93 

A. walindii*  93-95 99-101 152-182 143-165 131 133 142-148 97 

A. jacquelineae*  97-103 97-99 124-164 x 113-155 127-135 148-162 95-99 

A. spathulata*  95-97 97-101 156-180 165-179 133-135 x 146-168 89-103 

A. rongelapensis*  95-105 87-101 156-180 x 111-131 103-133 146-162 93-107 

A. tortuosa 89-105 93-101 99-160 157-167 131-133 x 152-158 95-107 

OVERALL 81-105 89-121 96-200 131-203 111-157 95-160 98-188 83-109 

 

5.3.2  Clonality 

Individuals sampled were predominately sexually produced. All individuals of A. 

microphthalma, A. horrida, A. tortuosa, A. pichoni*, A. kimbeensis*, and A. 

rongelapensis* were sexually produced. The Heron Island A. valida population had the 

highest proportion of clonality (31%) however the Orpheus Island and Kimbe Bay A. 

valida populations were entirely sexually produced.  Of the individuals sampled from 

the Majuro Atoll A. austera population, 17% were clonal whilst all individuals sampled 

in the Arno Atoll and Maldive populations were 100% sexually produced.  Sixteen 

percent of the A. jacquelineae individuals sampled in Kimbe Bay were clonal.  Eleven 

percent of the A. kirstyae* individuals genotyped were clonal.  Six and 7% of the 

Ningaloo Reef A. millepora and A. papillare* (respectively) populations had clonal 

origins.  Lastly, 4% of the A. spathulata* population was clonal. A single genotype was 

shared between A. papillare* and A. millepora from Ningaloo Reef.  In situations where 

multi-locus matches were identified within species, one individual from each pair was 

removed from subsequent analyses so that each unique genotype was represented 

only once. After clonemates were removed, 487 individuals were included in the 

analysis. 

 

5.3.3   Potential polyploidy or multi-copy loci 

Genotyping showed more than two peaks (three to five) in 15% of the individuals 

sampled (73/531) (Figure 29), suggesting either some of the loci are not single-copy in 

some species or that some species or populations are polyploid. Species showing such 
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patterns included A. microphthalma, A. valida, A. austera, A. kirstyae*, A. kimbeensis* 

Acropora pichoni*.    The presence of multiple alleles necessitated further testing to 

confirm if the unexpected peaks were real.  As summarized in Table 18, cloning 

verified that the ≥2 allele scores obtained were real for locus Amil2_022 in A. valida 

and A. kimbeensis*, but not for any of the other loci or species. This suggests this 

locus has undergone duplication in these species, rather than these species being 

polyploid. The existence of multiple peaks prevented the inclusion of locus Amil2_022 

data, however data for this locus was included for populations that showed ≤2 alleles. 

In some cases, blast searches of unusual PCR products matched ambiguous data 

from repeat regions (McMillan and Miller, 1989).  

 

 

 

 

 

 

 

 

Figure 29.  Chromatogram showing multiple peaks in locus Amil2_022 in Acropora 
valida from the Orpheus Island. 
 
 
 
Table 18. Comparison of genotyping and cloning scores for some of the 
individuals showing more than two peaks.  Genotyping and cloning matches are 
in bold.  Some of the 1-2 base pair differences between genotyping and cloning 
product scores can be explained by scoring biases or migration biases due to 
the dye-labels. 

Population Species 
Sample 
No. Locus 

Genotyping 
Product Scores 

Cloning Product 
Scores 

Orpheus Is. A. microphthalma 2 Amil2_010 153, 159 151, 157 

Kimbe Bay A. kimbeensis 12 Amil2_007 96, 98, 130 130 
Maldives A. microphthalma 5 Amil2_002 91, 100, 106 95, 106 
Rongelap A. rongelapensis 2 Amil2_007 102, 106, 124,132 124, 132 
Rongelap A. rongelapensis 12 Amil2_007 102, 124, 132 124, 132 
Orpheus Is. A. valida 3 Amil2_022 141, 155, 162, 166 160,162, 166 
Orpheus Is. A. valida 5 Amil2_022 141, 149, 162 152, 162 
Kimbe Bay A. valida 12 Amil2_022 142, 162, 164 158, 162, 164 
Kimbe Bay A. valida 14 Amil2_022 170, 172, 182, 184 170,172,180,182, 184 
Kimbe Bay A. kimbeensis 4 Amil2_022 158, 164 156, 158, 160 
Kimbe Bay A. kimbeensis 5 Amil2_022 152, 160, 165 141, 160 
Kimbe Bay A. kimbeensis 6 Amil2_022 154, 158, 164 156, 158, 160 
Kimbe Bay A. kimbeensis 12 Amil2_022 160, 164 158, 160 
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5.3.4 Size homoplasy 

I found in the markers used here, mutations are not restricted to the repeat region 

(Table 19). For example, in A.valida from Kimbe Bay across the five alleles that were 

identified, sequence differences included: two single A/G nucleotide changes in the 5’ 

flanking region; the loss of one, two, five or seven repeat motifs; a single A/G 

nucleotide change in 3’ flanking region and a single C/T nucleotide change in 3’ 

flanking region.  Given mutations occur in the flanking regions it is worthwhile noting 

that size-scoring procedures can be inaccurate because of electromorph size 

homoplasy.  Electromorph size homoplasy refers to the situation when genetic diversity 

is concealed because two alleles have the same length but contain different numbers 

of repeats with compensatory differences in the 3’ and 5’ flanking regions (Roberts et 

al., 2004).  

 
Table 19. Description of cloning results and sequence differences. 

Species 
Sample # 

Collection 
 Location 

 
Locus 

# 
Clones 

# 
Alleles 

Description of differences 

 
A. valida 14 

 
Kimbe 
Bay 

 
Amil2_022 

 
11 

 
5 

Two single A/G nucleotide changes in the 
5’ flanking region.   Single repeat loss.  
Loss of 2 repeats.  Loss of 5 repeats.  
Loss of 7 repeats.  Single A/G nucleotide 
change in 3’ flanking region.  Single C/T 
nucleotide change in 3’ flanking region.  

 
A. valida 12 

 
Kimbe 
Bay 

 
Amil2_022 

 
11 

 
3 

Single A/G nucleotide change in 5’ 
flanking region.   Loss of single A from 
repeat region.  Loss of AATAAG segment 
from 3’ flanking region.  Single G/C 
nucleotide change in 3’ flanking region. 

 
A. valida 5 

 
Orpheus 
Island 

 
Amil2_022 

 
13 

 
2 

Loss of CTTCCAAATC segment from 5’ 
flanking region.  Single A/G nucleotide 
change in 5’ Flanking region.  Single T/G 
nucleotide change in 5’ flanking. 

 
A. kimbeensis 12 

 
Kimbe 
Bay 

 
Amil2_022 

 
14 

 
2 

Single repeat missing.  Single G/ 
A nucleotide change in 3’ flanking region. 

 
A. kimbeensis 5 

 
Kimbe 
Bay 

 
Amil2_022 

 
11 

 
2 

Single G/A nucleotide change in 5’ 
flanking region.   
CTAATTCTTTGCCAAGAACCCTAAA 
segment loss from 5’ flanking region.  
Loss of AATAAG segment from 3’ flanking 
region. 

 
A. kimbeensis 4 

 
Kimbe 
Bay 

 
Amil2_022 

 
14 

 
3 

Single A/G nucleotide change in 5’ 
flanking region.  Loss of single repeat.   
Loss of 2 repeats.  Single nucleotide A/G 
change in repeat region.    

 
A. kimbeensis 6 

 
Kimbe 
Bay 

 
Amil2_022 

 
8 

 
3 

Single A/C nucleotide change in 5’ 
flanking region.    Loss of single repeat.  
Loss of 2 repeats.  Single T/C nucleotide 
change in 3’ flanking region. 

 
A. microphthalma 2 

 
Orpheus 
Island 

 
Amil2_010 

 
8 

 
2 

Single A/G nucleotide change in 5’ 
flanking region.   Loss of single repeat.  
Loss of 4 repeats.  Single A/T nucleotide 
change in 3’ flanking region. 

 
A. kimbeensis 12 

 
Kimbe 
Bay 

 
Amil2_007 

 
6 

 
1 

Single A/G nucleotide change in 5’ 
flanking region. 
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A. microphthalma 5 

 
Maldives 

 
Amil2_002 

 
3 

 
2 

Loss of four repeats.  Loss of TT from 3’ 
flanking region.  Single A/G nucleotide 
change in repeat region. 

 
A. rongelapensis 2 

 
Rongelap 
Atoll 

 
Amil2_007 

 
3 

 
2 

Loss of 4 repeats. 

A. rongelapensis 12  
Rongelap 
Atoll 

 
Amil2_007 

 
4 

 
2 

Loss of 4 repeats.  Single C/T nucleotide 
change in 3’ flanking region. 

 
5.3.5 Heterozygosity 

Seventy-one percent of samples have a lower observed heterozygosity than expected 

under Hardy Weinberg equilibrium (Table 20), however, only 29% are statistically 

significant at p<0.05.   Two common species (A. millepora and A. valida) have the 

greatest proportion of loci with significant heterozygote deficits (number of loci in deficit 

= 62% and 70% respectively).  Nevertheless, significant heterozygote deficits were 

also detected in rare species (e.g. A. papillare*, A. pichoni*, A, kimbensis* and A. 

spathulata*). Forty-five cases of null alleles were encountered. Heterozygote deficits 

due to null alleles were corrected in 73% of cases.  For the remaining 27% of cases, 

significant deficits remained after correction for null alleles suggesting there are 

additional reasons for the deficits or there was not enough data to correct the null 

alleles.   Correction reduced Fis scores and increased the number of populations with 

heterozygote excess.   For example all three populations of A. papillare* changed to 

heterozygote excess after correction for null alleles while the Majuro A. austera 

population remained in deficit after null alleles were corrected.  No null alleles were 

detected in A. rongelapensis* or A. jacquelineae*. Significant heterozygote excess was 

detected in A. rongelapensis* at 3 loci and A. papillare* at 3 loci.  

 

Eighteen locus pairs were affected by linkage disequilibrium (Table 21).  Two loci pairs 

(2 & 28; 28 & 10) were affected in all A. microphthalma populations.  In A. tortuosa* 

and A. kirstaye* loci with significant LD also showed significant heterozygote deficits 

however deficits were in most cases found to be related to null alleles.  In one case, 

heterozygote deficit was due to large allele dropout whereby shorter alleles are 

preferentially amplified resulting in the less efficient amplification of large alleles.  

These data could be corrected.  

 

Ten species had 100% polymorphic loci (Table 21), including A. millepora, the species 

upon which the microsatellites were developed.  Species showing <100% polymorphic 

loci were: A. papillare*, A. valida, A. austera and A. walindii*.  In A. valida, two 

populations were 100% polymorphic but the third (Heron Island) was not (57% 
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polymorphic).  In the Ningaloo reef A. millepora population 52% of alleles were private 

and in A. austera 55% of the Maldive population alleles were private.  As opposed to 

this, 18% of alleles in the A. valida Heron population were private and 14% of the 

alleles in the Orpheus Island A. microphthalma population were private.     

 

Table 20. Species, population, locus and number of samples (N), alleles (A), 
expected (He) and observed (HO) heterozygosity. Inbreeding coefficient (FIS), 
Null Alleles (Null), Corrected inbreeding coefficient (FISC).  Large allele drop-out 
(LAD), not enough data (ned).  Asterisks indicate significant deviations from 
Hardy-Weinberg equilibrium (P<0.05) 
  locus N A He Ho Fis Null FisC 
A. 
microphthalma Kimbe Bay 2 23 12 0.849 0.826 0.105 no 0.105 
   6 23 5 0.691 0.783 -0.147 no -0.147 
   28 23 6 0.509 0.435 0.096 no 0.096 
   22 na na na na na no na 
   23 23 6 0.778 0.652 0.136* no 0.136 
   7 22 6 0.478 0.045 0.92* yes 0.119 
   10 25 10 0.728 0.72 0.031 no 0.031 
   12 25 6 0.406 0.32 0.232* no 0.232 
  Seychelles 2 22 8 0.747 0.611 0.141 no 0.141 
   6 22 7 0.638 0.529 0.191 no 0.191 
   28 22 20 0.787 0.389 0.515* yes 0.169 
   22 na na na Na na na na 
   23 22 3 0.575 0.714 -0.171 no -0.171 
   7 22 7 0.702 0.591 0.181* no 0.181 
   10 22 12 0.778 0.545 0.32* yes 0.267 
   12 22 6 0.635 0.318 0.516* yes 0.115 
  Maldives 2 19 3 0.661 0.579 0.15 no 0.15 
   6 19 6 0.726 0.789 -0.061 no -0.061 
   28 19 7 0.74 0.684 0.102 no 0.068 
   22 na na na Na na na na 
   23 19 4 0.35 0.421 -0.176 no -0.176 
   7 19 5 0.56 0.333 0.566 yes 0.186 
   10 19 5 0.738 0.533 0.176* yes 0.16 
   12 19 5 0.616 0.867 -0.397 no -0.397 
  Orpheus Is. 2 22 6 0.624 0.773 -0.216 no -0.216 
   6 22 5 0.636 0.818 -0.264 no -0.264 
   28 22 4 0.17 0.091 0.485 yes -0.05 
   22 na na na Na na na na 
   23 22 4 0.458 0.273 0.423* yes 0.133 
   7 22 5 0.522 0.409 0.238 no 0.238 
   10 22 6 0.667 0.864 -0.273 no -0.273 
    12 22 6 0.674 0.909 -0.329* no -0.329 
A. valida Orpheus Is. 2 28 6 0.596 0.357 0.281* yes 0.028 
   6 25 6 0.728 0.52 0.238* yes 0.105 
   28 26 13 0.877 0.654 0.231* yes 0.225 
   22 na na na Na na na na 
   23 27 4 0.141 0.074 0.378 yes 0.043 
   7 28 7 0.694 0.179 0* no 0 
   10 28 3 0.364 0.321 0.143 no 0.143 
   12 28 2 0.069 0 1* no 1 
  Heron Is. 2 17 7 0.78 0.588 0.223 ned 0.223 
   6 13 3 0.506 0.077 0.727* ned 0.727 
   28 14 3 0.612 0 0.87* ned 0.87 
   22 na na na Na na na na 
   23 16 1 0 0 0 ned 0 
   7 na na na Na na ned na 
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   10 17 2 0.111 0.118 -0.045 ned -0.045 
   12 17 1 0 0 0 ned 0 
  Kimbe Bay 2 19 6 0.735 0.737 0 no 0 
   6 19 6 0.719 0.368 0.535* yes 0 
   28 19 15 0.904 0.421 0.571* yes 0.085 
   22 na na na Na na no na 
   23 19 4 0.389 0.368 0.089 no 0.089 
   7 19 4 0.609 0.105 0* no 0 
   10 19 5 0.503 0.368 0.3* no 0.3 
    12 19 2 0.188 0 1* yes 0.3 
A. austera Majuro 2 12 4 0.462 0.417 0.141 no 0.141 
   6 12 4 0.66 0.417 0.405 no 0.405 
   28 12 4 0.601 0.25 0.612* yes 0.12 
   22 na na na Na na na na 
   23 11 1 0 0 0 no 0 
   7 na na na Na na no na 
   10 12 1 0 0 0 no 0 
   12 na na na Na na na  na 
  Arno 2 14 5 0.666 0.857 -0.253 no -0.253 
   6 14 4 0.666 0.857 -0.253 no -0.253 
   28 10 4 0.27 0.3 -0.04 no -0.04 
   22 na na na Na na na na 
   23 14 2 0.191 0.214 -0.083 no -0.083 
   7 na na na Na na na na 
   10 14 1 0 0 0 no na 
   12 na na na Na na na na 
  Maldives 2 28 7 0.733 0.786 -0.054 no -0.054 
   6 28 6 0.625 0.536 0.161 no 0.161 
   28 28 3 0.307 0.286 0.087 no 0.087 
   22 na na na Na na na na 
   23 29 3 0.511 0.586 -0.131 no -0.131 
   7 na na na Na na na na 
   10 29 6 0.728 0.655 0.118* no 0.118 
    12 29 6 0.702 0.448 0* no na 
A. papillare Ningaloo 2 28 3 0.07 0.036 0.5* yes -0.038 
   6 28 4 0.563 0.179 0.692* yes -0.041 
   28 28 6 0.735 0.357 0.528* yes 0.028 
   22 25 9 0.788 1 -0.25* no -0.25 
   23 25 7 0.626 0.6 0.061 no 0.061 
   7 na na na Na na na na 
   10 28 7 0.721 0.571 0.225* yes 0.015 
   12 26 5 0.57 0.462 0.208* no 0.208 
  Orpheus Is.  2 20 7 0.639 0.75 0.164 no 0.164 
   6 20 3 0.411 0.2 0.532* yes -0.282 
   28 20 8 0.8 0.8 0.026 no 0.026 
   22 20 14 0.814 1 -0.204 no -0.204 
   23 20 5 0.585 0.15 0.755* yes -0.078 
   7 20 3 0.421 0.15 0* no 0 
   10 20 7 0.706 0.75 -0.036 no -0.036 
   12 20 4 0.554 0.8 -0.424 no -0.424 
  Japan 2 14 6 0.755 0.643 0.185* no 0.185 
   6 14 4 0.543 0.571 -0.015 no -0.015 
   28 14 4 0.707 0.071 0.906* ned 0.906 
   22 14 4 0.612 0.857 -0.368 no -0.368 
   23 14 4 0.199 0.143 0.316 no 0.316 
   7 14 4 0.487 0.643 0 no 0 
   10 14 5 0.691 0.714 0.004 no 0.004 
    12 14 1 0 0 0 no 0 
A. millepora Orpheus Is. 2 26 3 0.556 0.385 0.326 no 0.326 
   6 26 4 0.499 0.385 0.248* no 0.248 
   28 26 4 0.362 0.192 0.485* yes 0.162 
   22 26 16 0.873 0.846 0.05 no 0.05 
   23 26 3 0.473 0.308 0.367* yes 0.006 
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   7 18 3 0.642 0 1* yes 1 
   10 26 13 0.749 0.731 0.044 no 0.044 
   12 26 2 0.074 0.077 -0.02 no -0.02 
  Ningaloo 2 32 5 0.409 0.469 -0.131 no -0.131 
   6 32 5 0.445 0.156 0.658* yes 0.168 
   28 33 6 0.786 0.394 0.51* yes 0.155 
   22 33 12 0.805 0.727 0.112 no 0.112 
   23 33 7 0.597 0.515 0.152 no 0.152 
   7 32 7 0.754 0.219 0.718* yes -0.084 
   10 33 13 0.865 0.576 0.348* yes 0.102 
    12 33 7 0.648 0.333 0.498* yes 0.022 
A. pichoni Kimbe Bay 2 6 6 0.694 0.5 0.362 ned 0.362 
   6 6 3 0.611 0 1* ned 1 
   28 6 8 0.847 0.833 0.107 ned 0.107 
   22 na na na Na na ned na 
   23 6 4 0.514 0.5 0.118 ned 0.118 
   7 2 2 0.375 0.5 0 ned 0 
   10 6 3 0.542 0.167 0.737 ned 0.737 
   12 6 6 0.806 0.667 0.259 ned 0.259 
  Truk  2 6 6 0.806 1 -0.154 ned -0.154 
   6 6 5 0.667 0.5 0.333 ned 0.333 
   28 6 7 0.806 0.833 0.057 ned 0.057 
   22 na na na Na na ned na 
   23 6 2 0.375 0.5 -0.25 ned -0.25 
   7 2 3 0.625 0.5 0.5 ned 0.5 
   10 5 5 0.78 0.6 0.333 ned 0.333 
    12 6 6 0.806 0.333 0.643* ned 0.643 
A. horrida Orpheus Is. 2 26 3 0.144 0.038 0.742* yes 0.059 
   6 26 8 0.803 0.346 0.582* yes 0.019 
   28 26 10 0.686 0.346 0.51* yes 0.067 
   22 22 8 0.834 0.364 0.579* yes 0.012 
   23 23 4 0.427 0.565 -0.303 no -0.303 
   7 17 2 0.457 0 1* yes -0.333 
   10 18 4 0.335 0.389 -0.133 no -0.133 
    12 18 5 0.466 0.611 -0.285 no -0.285 
A. jacquelineae Orpheus Is. 2 17 3 0.631 0.529 0.191 no 0.191 
   6 17 3 0.258 0.176 0.342 no 0.342 
   28 17 4 0.306 0.176 0.448 no 0.448 
   22 na na na Na na no na 
   23 19 7 0.578 0.789 -0.343 no -0.343 
   7 11 3 0.657 0.545 0.216* no 0.216 
   10 11 4 0.442 0.455 0.02 no 0.02 
    12 11 2 0.236 0.091 0.643 no 0.643 
A. kimbeensis Kimbe Bay 2 13 6 0.719 0.385 0.496* yes 0.163 
   6 13 4 0.666 0.538 0.229 no 0.229 
   28 13 10 0.858 0.615 0.319 yes 0.319 
   22 na na na Na na no na 
   23 14 4 0.459 0.143 0.708* yes 0.071 
   7 13 2 0.497 0.462 0.111 no 0.111 
   10 14 7 0.694 0.857 -0.2 no -0.2 
    12 14 4 0.656 0.429 0.378 no 0.378 

A. tortuosa 
Rongelap 

Atoll 2 12 4 0.462 0.25 0.492* yes 0.135 
   6 12 3 0.559 0.25 0.582* yes -0.021 
   28 12 4 0.608 0.25 0.616* LAD 0.616 
   22 12 4 0.563 0.917 -0.603 no -0.603 
   23 12 2 0.153 0.167 -0.048 no -0.048 
   7 na na na Na na na na 
   10 12 2 0.278 0.333 -0.158 no -0.158 
    12 12 5 0.778 0.833 -0.028 no -0.028 
A. kirstyae Orpheus Is. 2 24 2 0.499 0.125 0.759* yes -0.004 
   6 24 4 0.582 0.167 0.724* yes -0.129 
   28 24 7 0.777 0.583 0.269 LAD 0.269 
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   22 23 14 0.765 0.913 -0.173 no -0.173 
   23 23 7 0.433 0.348 0.218 no 0.218 
   7 22 5 0.249 0.136 0.471* yes -0.122 
   10 23 5 0.631 0.826 -0.288 no -0.288 
    12 23 5 0.632 0.609 0.06* no 0.06 
A. spathulata Orpheus Is. 2 26 2 0.038 0.038 0* no 0 
   6 26 3 0.443 0.077 0.832* yes -0.098 
   28 24 4 0.666 0.5 0.269* no 0.269 
   22 13 4 0.388 0.154 0.628* yes 0.13 
   23 12 2 0.153 0.167 -0.048 no -0.048 
   7 na na na Na na no na 
   10 20 8 0.8 0.9 -0.1 no -0.1 
    12 22 5 0.546 0.636 -0.142 no -0.142 
A. walindii Kimbe Bay 2 14 2 0.408 0.571 -0.368 ned -0.368 
   6 13 2 0.426 0.154 0.662 ned 0.662 
   28 12 5 0.681 0.5 0.305 ned 0.305 
   22 14 3 0.518 0.5 0.071 ned 0.071 
   23 14 1 0 0 0 ned 0 
   7 2 1 0 0 0 ned 0 
   10 14 3 0.135 0.143 -0.02 ned -0.02 
    12 14 1 0 0 0 ned 0 

A. rongelapensis 
Rongelap 

Atoll 2 12 6 0.722 1 -0.347* no -0.347 
   6 12 5 0.726 0.75 0.01 no 0.01 
   28 12 8 0.83 0.833 0.039* no 0.039 
   22 na na na Na na no na 
   23 12 3 0.538 1 -0.846* no -0.846 
   7 12 4 0.726 0.917 -0.222* no -0.222 
   10 12 5 0.694 0.667 0.083 no 0.083 
    12 12 5 0.674 1 -0.451 no -0.451 

 

Table 21. Total number of alleles screened across all loci (N), number and 
percentage of private alleles, number of locus pairs in linkage disequilibrium 
(LD) and percentage polymorphic loci. 

Species Population N 

Private 

alleles (%) LD  

% Polymorphic 

loci 

A. microphthalma Kimbe Bay 51 11 (22%) 2 100 
  Seychelles 53 16 (30%) 2 100 
  Maldives 35 11 (31%) 2 100 
  Orpheus Is. 36 5 (14%) 2 100 
A. valida Orpheus Is. 41 14 (34%) 0 100 
  Heron Is. 17 3 (18%) 0 57.14 
  Kimbe Bay 42 15 (36%) 0 100 
A. austera Majuro 12 3 (25%) 0 50 
  Arno 14 3 (21%) 0 66.7 
  Maldives 29 16 (55%) 0 100 
A. papillare* Ningaloo 41 16 (39%) 0 87.5 
  Orpheus Is.  51 21 (41%) 0 100 
  Japan 32 10 (31%) 0 87.5 
A. millepora Orpheus Is. 48 18 (38%) 0 100 
  Ningaloo 62 32 (52%) 0 100 
A. pichoni* Kimbe Bay 32 12 (38%) 0 100 
  Truk  34 14 (41%) 0 100 
A. horrida Orpheus Is. 43 - 2 100 
A. jacquelineae* Orpheus Is. 26 - 0 100 
A. kimbeensis* Kimbe Bay 37 - 1 100 
A. tortuosa Rongelap Atoll 24 - 2 100 
A. kirstyae* Orpheus Is. 49 - 3 100 
A. spathulata* Orpheus Is. 28 - 0 100 
A. walindii* Kimbe Bay 18 - 0 62.4 
A. rongelapensis* Rongelap Atoll 36 - 2 100 
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5.3.6  Intraspecific comparisons of genetic diversity  

The overall mean number of alleles per locus ranged from 3.76 (+0.38 SE) at locus 

Amil_023 to 8.8 (+1.56 SE) at locus Amil_022.  The Seychelles A. microphthalma 

population was particularly diverse with 20 different alleles at locus Amil5_028 (Figure 

30) and the Kimbe Bay and Orpheus Island A. valida populations also had a high 

number of alleles at this locus.  Patterns of allele richness were extremely variable 

between species and do not covary between loci (Figure 31).  For example, in case of 

A. kirstyae* allelic richness was low for locus Amil2_002 but high for loci Amil2_022 

and Amil2_023.  In the Orpheus Island A. valida population, allelic richness is high at 

locus Amil2_028 and low at locus Amil2_002.  A. walindii* exhibited low allelic richness 

across all eight loci suggesting it is genetically eroded.  Across the entire dataset, 

seven cases of allele fixation were detected.  Allele fixation occurred in the Heron 

Island A. valida, Japan A. papillare*, Majuro A. austera and Kimbe Bay A. walindii.*.  In 

three cases, locus Amil2_023 was fixed. Mean allelic richness was greatest in A. 

microphthalma, A. papillare*, A. millepora and A. kirstyae*.  Mean allelic richness was 

lowest in A. walindii*, A. pichoni*, A. jacquelineae*, A. tortuosa* and A. spathulata* 

(Figure 32).  Mean expected heterozygosity was greatest in A. rongelapensis*, A. 

pichoni*, A. kimbeensis* and A. microphthalma.  Mean expected heterozygosity was 

lowest in A. walindii*, A. austera, A. spathulata*.
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Figure 30. Number of alleles per locus/population showing locus Amil5_028 to be the most polymorphic followed by locus Amil2_022 (note: 
multi-copy data removed for locus Amil2_022).  Note evidence of allele fixation in A. walindii, A. papillare from Japan, A. austera from Majuro 
and Arno and A. valida from Heron Island. KB = Kimbe Bay, SY = Seychelles, ML = Maldives, PI = Orpheus Island, HI = Heron Islands, MA = 
Majuro, NG = Ningaloo, JP = Japan, TL = Truk Lagoon, RA = Rongelap Atoll, AA = Arno Atoll.
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Figure 31. Genetic diversity of rare and common Acropora species.  Data was pooled 
for species sampled across multiple populations. Denoted is mean allelic richness (+/-
SE) in grey and mean expected heterozygosity  (+/-SE) in black.  Species are listed 
from most widespread (A. valida) to most geographically restricted (A. rongelapensis).  
Asterisk indicates a rare species.   
 

5.3.7 Biogeographic comparisons of genetic diversity  

Allelic richness scores varied considerably within A. microphthalma with the Seychelles 

population generally having the highest allelic richness and the Orpheus Island 

population having the lowest allelic richness, however, all locations were similar at 

locus Amil2_012.  Among the A. valida populations studied here, the Kimbe Bay 

population had the highest allelic richness followed by the Orpheus Island population 

and lastly the Heron Island population (Figure 32).  Amil5_028 showed high allelic 

richness in both Orpheus Island and Kimbe Bay populations.   The allelic richness of A. 

millepora was higher in the Ningaloo population than Orpheus Island population for six 

of the eight loci. In A. austera allelic richness was higher in the Maldive population than 

in the Arno and Majuro atoll populations.  In A. papillare*, allelic richness scores peak 

at Locus Amil2_022 in the Orpheus Island population but allelic richness is very similar 

at all locations at Amil2_006 and Amil2_010.   In A. pichoni, allelic richness is 

consistent and low in both the Kimbe Bay and Chuuk population (Figure 33). 
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The Mann-Whitney test detected a significant difference (p<0.05) in the level of allelic 

richness between species that are geographically restricted versus widespread (U=9, 

p=0.016) (Table 22).  This difference appears to be driven by A. walindii* because 

when this species is excluded (because it was highly genetically depleted), the 

difference in the level of allelic richness becomes weakly insignificant between rare and 

common species (U=14, p=0.059).  No significant difference was detected in expected 

heterozygosity between widespread and restricted species.  When data was regrouped 

according to local abundance, there was no significant difference in expected 

heterozygosity or allelic richness between rare or common species.   Correction for null 

alleles failed to pick up any significant differences between the expected 

heterozygosity, allelic richness or level of inbreeding in geographically restricted and 

widespread species or between locally common and rare species.  
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Figure 32.  Allelic richness of Acropora species from different geographic localities. 
 
 
Table 22. Mann-Whitney test of the significance of differences in level of allelic 
richness between rare and common species.  
Non-corrected data He No significant difference in expected heterozygosity 

between geographically restricted and widespread 
species (U=20, p=0.739) 

No significant difference in expected heterozygosity 
between geographically restricted and widespread 
species when A. walindii* is excluded (U=15, 
p=0.464) 

No significant difference in expected heterozygosity 
between rare and common species (U=19, p= 0.641) 

Non-corrected data AR Significant difference in allelic richness between 
geographically restricted and widespread species 
(U= 9, p = 0.016*) 
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Marginally non-significant difference in allelic richness 
between geographically restricted and widespread 
species when A. walindii* is excluded (U = 14, p = 
0.059). 

No significant difference in expected heterozygosity 
between rare and common species (U = 19, p = 
0.641). 

Non-corrected data FIS No significant difference in level of inbreeding between 
geographically restricted and widespread species 
(U=16, p = 0.386) 

No significant difference in the level of inbreeding between 
geographically restricted and widespread species 
when A. rongelapensis* is excluded (U=16, p = 
0.558) 

Corrected data He No significant difference in expected heterozygosity 
between geographically restricted and widespread 
species (U=19, p = 0.386) 

No significant difference in expected heterozygosity 
between rare and common species (U = 16, p = 
0.524). 

Corrected data AR No significant difference in allelic richness between 
geographically restricted and widespread species (U 
= 10.5, p = 0.109) 

No significant difference in allelic richness between 
geographically restricted and widespread species 
when A. walindii* is excluded (U = 10.5, p=0.164) 

No significant difference in allelic richness between rare 
and common species (U= 13.5, p = 0.230) 

Corrected data FIS No significant difference in level of inbreeding between 
geographically restricted and widespread species 
(U=19, p= 0.641). 

No significant difference in level of inbreeding between 
geographically restricted and widespread species 
when A. walindii* is excluded (U = 12, p=0.705) 

No significant difference in expected heterozygosity 
between rare and common species (U = 21, p = 
0.841) 
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5.3.8  Inbreeding 

When FIS estimates were calculated from null allele corrected data, FIS scores were 

reduced and the number of populations displaying heterozygote excess increased.  All 

A. papillare*, A. spathulata*, A. kirstaye* and A. horrida populations changed from 

having heterozygote deficits to heterozygote excesses.  Fis values were variable 

ranging from 0.54 to -0.215 after correction for null alleles.  The Mann-Whitney test 

showed no significant difference in the level of inbreeding in species that are restricted 

or widespread or rare or common before or after correction for null alleles (Table 23).   

There is also no clear trend between rarity and heterozygote deficiency or excess as 

both common and rare species (e.g. A, valida and A. pichoni*) show deficits and 

excesses (e,g. A. austera and A. rongelapensis*) (Figure 33). 

 
 
Figure 33.  Level of inbreeding in rare and common corals from different locations.  
Data corrected for null alleles (with the exception of Heron Is. A. valida; Kimbe Bay and 
Chuuk Atoll A. pichoni; and Kimbe Bay A. walindii).  Species are listed from most 
widespread (A. valida) to most geographically restricted (A. rongelapensis).  Rare 
species denoted by an asterisk.  Positive FIS values suggest heterozygote deficit, 
negative FIS values suggest heterozygote excess.  

 

5.3.9 Genetic structure 

Analysis of Molecular Variance (AMOVA) results revealed that the variance within 

populations was larger than between populations (Figure 34).  This parallels the results 

in allozymes (Yu et al 1999; Ayre and Hughes 2000; Ridgway et al., 2001) and in ITS-1 

(Takabayashi et al., 2003).  Pairwise FST values were statistically significantly different 
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from zero for all comparisons after BY correction except one (A. pichoni Chuuk/Kimbe 

Bay) In A. microphthalma, the only species for which we examined four populations, 

pairwise FST values revealed the largest genetic subdivision to be present between 

Orpheus Island and Maldive populations (Table 23).  

 
Figure 34. Analysis of Molecular Variance (AMOVA) results showing variance is higher 
within populations than among populations. 
 

Given the large spatial scales over which species have been sampled, the high levels 

of population structure observed are not surprising. In A. valida the large amount of 

population structure is driven largely by the divergent Heron Island and Orpheus Island 

populations (mean FST = 0.442) (p<0.0001; Figure 35a). In A. microphthalma the 

highest population structure was between the Maldive and Orpheus Island populations 

(mean FST = 0.226 – Figure 35b). No transoceanic gene flow was inferred for A. 

papillare* (mean FST = 0.414 – Japan v’s Ningaloo Reef) (Figure 35c). In A. millepora a 

low level of population structure was detected between the Ningaloo Reef and Orpheus 

Island populations (mean FST = 0.074 Figure 35d) with low pairwise FST estimates 

(mean FST = 0.074 in A. millepora). In A. austera, Indian and Pacific Oceans are also 

clearly separated with 35% of the total molecular variance being partitioned among 

populations (mean FST = 0.349) (Maldives and Arno Atoll comparison – Fgure 35e) and 

the largest pairwise differentiation occurred between the Maldives in the Indian Ocean 

and Arno Atoll in the Central Pacific Ocean (mean FST = 0.439). A. pichoni populations 

were not significantly different from each other and the FST scores not significantly 
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different from zero indicate these populations have not diverged from each other 

(Figure 35f).  However, only 6 individuals were surveyed from each population 

meaning the data for this species are not robust and there was not enough data to 

correct for null alleles. 

 

Table 23.  Pairwise population FST estimates probabilities based on 9999 
permutations below diagonal using data uncorrected (bold) and corrected (plain 
type) for null alleles.  P-values above diagonal uncorrected (bold) and corrected 
(plain type) # = significant at p≤0.05 after BY correction (there was not enough 
data to correct for null alleles in the Heron Is. A. valida and both A. pichoni 
populations). 
          
A.micropthalma Kimbe Bay Seychelles Maldives Orpheus Is. 

Kimbe Bay - 0.000# (0.000#) 0.000# (0.000#) 0.000# (0.000#) 
Seychelles 0.157 - 0.000# (0.000#) 0.000# (0.000#) 

Maldives 0.219 0.133 - 0.000# (0.000#) 
Orpheus Is. 0.131 0.224 0.226 - 

A. austera Majuro Arno Maldives   
Majuro - 0.000# (0.000) 0.000# (0.000#)   

Arno 0.119 - 0.000# (0.000#)   
Maldives 0.333 0.349 -   

A. valida Orpheus Is. Heron Is. Kimbe Bay   
Orpheus Is. - 0.000#   0.000# (0.017 ns) 

Heron Is. 0.442 (0.399) - 0.000# 
Kimbe Bay 0.045 (0.038) 0.417 -   

A. millepora Orpheus Is. Ningaloo    
Orpheus Island - 0.000# (0.000#)    

Ningaloo 0.074 -    
A. papillare* Ningaloo Orpheus Is. Japan   

Ningaloo - 0.000# (0.000#) 0.000# (0.000#)   
Orpheus Is. 0.351 - 0.000# (0.000#)   

Japan 0.414 0.235 -   
A. pichoni* Kimbe Bay Chuuk Lagoon    

Kimbe Bay - 0.000#    
Chuuk Lagoon 0.062 -     
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Figure 35. Principal Coordinates analysis of pair wise population estimates of differentiation before correction for null alleles. 
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5.4 Discussion   

Comparison of genetic diversity and levels of inbreeding at selectively neutral loci 

shows that in general, the rare Acropora species studied here do not have significantly 

lower genetic diversity or higher levels of inbreeding than common species. The 

amount of genetic diversity at neutral microsatellite loci may reflect wider genome 

diversity, hence, this finding has important implications for the conservation of rare 

species because it suggests that not all rare coral species conform to the predicted 

deleterious effects of small population size.  Putatively neutral loci are not functionally 

constrained or under selection, hence genetic drift rather than selection determines 

their allele number and heterozygosity (Frankham et al., 2002) therefore neutral 

markers provide a useful estimate of background population genetic diversity.  

 

Acropora walindii (which is restricted to Kimbe Bay - Papua New Guinea) is genetically 

depleted.  With an estimated global population size of only 1231 +/- 615 individuals and 

a mean global effective population size estimated to be only 135 +/- 68 individuals (see 

Chapter 4), the low allelic richness and expected heterozygosity of A. walindii suggests 

the long-term survival and continued evolution of this species is jeopardized.  Without 

genetic resilience, small and isolated populations (such as that of A. walindii in Kimbe 

Bay) are subject to genetic erosion through drift, and deleterious alleles may become 

fixed which can force local extinction following a major disturbance.  Other rare species 

such as A. jacquelineae and A. pichoni also had low allelic richness although for these 

species expected heterozygosity was comparatively higher. 

 

Overall, the mean number of alleles per locus across the 25 Acropora populations 

surveyed (relating to 14 species) is 5.26 (+ 0.23 SE).  When sample size is accounted 

for, the mean allelic richness becomes 4.64 (+ 0.2 SE). This level of genetic diversity is 

lower that that reported in a recent review that showed the mean number of alleles per 

locus in scleractinian corals is 8.27 (+0.75 SE) (Shearer et al., 2009).  Data presented 

in this review was pooled from members of the families Acroporidae, Faviidae, 

Pocilloporidae and Poritidae and it may be problematic to compare levels of genetic 

diversity between familes.  The mean estimate of number of alleles per locus I present 

here is also smaller that a previous estimate from one population of Acropora millepora 

using the same microsatellite loci (mean 8.7).   It is similar to the mean number of 

alleles presented in Mackenzie et al (2004) for A. nasuta (mean 3.9, single locus), but 

well short of the number presented for A. palmata (mean 14.4).  The lower genetic 

diversity I detect here in Indo-Pacific Acropora species may be a result of total genetic 
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diversity being underestimated due to a small sample size.  Rarefaction analysis 

conducted by Shearer et al (2009) suggests sample sizes of 50 were insufficient to 

capture all the genetic diversity within a population thus 100% of the total population 

diversity has not been quantified.  

 

Not all rare corals were genetically depleted.  The most extreme example of non-

depletion in the rare corals examined here is A. rongelapensis. A. rongelapensis is 

restricted to the North West Pacific Ocean and known only from deep protected reef 

locations and is the rarest of all corals included in this study.  Data presented here 

shows significant heterozygote excess at 6/7 loci and 100% observed heterozygosity at 

three loci.  There are several explanations for this result.   Firstly, if A. rongelapensis 

has a large effective local population size that could explain the high heterozygosity.   

In Chapter 4 I estimate the global effective population sizes of the rare species in this 

study.  Gobal Ne was relatively small (i.e. <5000) for all rare species and A. 

rongelapensis had the smallest global census size of all (224+/-117 individuals).  Local 

population census sizes would be even smaller than the effective global population 

sizes estimated here.  I find no evidence that any of the rare species studied here have 

especially large local population sizes, nonetheless A. rongelapensis.   I cannot 

unambiguously rule out that the rare species examined here formally had larger 

population sizes and that high initial levels of diversity may conceal the impact 

historical population crashes or bottlenecks have had on genetic diversity, however, 

there is no evidence of this in the fossil record.    

 

Some populations display high genetic diversity if they are old, stable and persistent or 

if recruits are derived from various genetically divergent sources (van Herwerden et al., 

2009).  However A. rongelapensis is relatively young with restricted source populations 

so the existence of diverse source populations is not likely to explain the high genetic 

diversity.  The most likely explanation is that A. rongelapensis is a F1 hybrid. The 

finding of 100% observed heterozygosity at 3 loci in A. rongelapensis is a clear 

signature of hybridisation. The viability of hybrid species remains a controversial 

subject, however, hybridization can create individuals capable of sexual reproduction 

via backcrossing or possibly through hybrid matings. Therefore this unique small 

population of genetically diverse coral most likely of hybrid origin that occurs in 

protected lagoonal habitats throughout Micronesia is important because of the overall 

contribution it makes to genetic diversity.    In other rare species that were found to be 

genetically diverse (e.g. A. papillare* and A. kirstyae*) it is possible that the 

introgression of alleles has contributed to the genetic variation of local populations (as 
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demonstrated for A. cervicornis by Vollmer & Palumbi, 2006).   Phylogenetic results 

from mtDNA and nDNA are consistent with this finding for A. papillare (see Chapter 4).  

 

The general finding that rare species do not have lower diversity than closely related 

species that reach a widespread distribution is not unprecedented.  This emerging view 

of ‘non-depleted’ rare species is reported in both marine and terrestrial ecosystems 

(see Young and Brown, 1996; Karron, 1987, 1991; Hamrick and Godt, 1990; 

Gitzendanner and Soltis, 2000; Bay, 2006; Read 2006).  As I have discussed, this 

pattern could arise if the rare species in question was old, had a large local effective 

population size or if it had a hybrid ancestry. Variation in genetic diversity may also 

result from spatial-temporal variability in reproductive success, recruitment from 

various sources and disturbance history.   The retention of high genetic diversity in 

species with a small population size suggests the predicted deleterious effects of small 

population size are not always present in corals and that only the most severe 

population depletion events have lasting effects on genetic resilience. 

 

Conspicuous in this study are two populations of widespread species (A. austera at 

Majuro Atoll and A. valida at Heron Island) that were shown as genetically depleted.  In 

the case of A. valida at Heron Island, genetic diversity was low, there were significant 

heterozygote deficits and some alleles appear to be fixed.  These patterns are not 

explained by clonality because clone mates were removed from the analysis.  

Heterozygote deficits are commonly caused by null alleles, Wahlund effects (i.e. 

inadvertently sampling disparate populations, Wahlund 1928), and an excess of 

inbreeding (Wright 1922) brought about by variance in reproductive success.  In most 

cases, the presence of null alleles was corrected during analysis so inbreeding and 

Wahlund effects have most likely contributed to the heterozygote deficits present in the 

common species examined here.   The finding of genetically depleted populations of 

common species is important because the loss of populations of common species can 

have disproportional effects on ecosystems structure, function and services (Gaston 

and Fuller, 2007).   

 

The examples of duplicated alleles that I describe could be further signatures of 

hybridisation events, however the duplication event was restricted to a single locus 

(Amil2_022) and does not appear to represent a genome-wide (polyploidization) 

pattern.  This single microsatellite duplication could be explained by scoring errors or 

PCR artefacts however this is not likely because cloning and sequencing verified 

genotyping results.  Single locus duplication events have been reported in another 
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microsatellite study involving A. millepora (Wang et al., 2008) In this study chimerism 

(where juveniles settle together and fuse - Barki et al., 2002; Puill-Stephan et al., 2009) 

and the retention of a polar body during fertilization (Baums, Hughes and Hellberg, 

2005) were suggested as possible explains for the occurrence of more than 2 alleles 

per locus. However these explanations are not likely as DNA was only examined from 

a small portion of a branch.   It is possible that Amil2_022 is not single copy marker, 

however the finding that duplication was restricted to a few individuals indicates that 

this may also reflect a recent region-specific duplication event caused by transposable 

element activity, replication slippage or aberrant crossing over (Bennetzen, 2002).  The 

fate of duplicated elements is not known however they may eventually become fixed or 

lost (Kimura, 1983).   Gene and genome duplications are important mechanisms for the 

evolution of genetic diversity (Ohno, 1970; Stebbins, 1950; Lynch and Conery, 2000; 

Zhang 2003).  

 

This study is the first to use microsatellites to estimate large-scale (transoceanic) 

population genetic structure in Acropora species.  The populations sampled derive 

from a very broad geographic range thus the extent to which population connectivity 

can be interpreted is somewhat limited. Nevertheless, the data presented confirms that 

for A. papillare and A. austera gene flow is restricted between the Indian and Pacific 

Oceans whereas for A. microphthalma, it is not.  Restricted transoceanic gene flow has 

been shown in other marine taxa including crustaceans, echinoderms and fish (see: 

McMillan and Palumbi, 1995; Williams and Benzie 1998, 1999; Duda and Palumbi 

1999; Nelson et al., 2000; Kochzius et al., 2003; Barber et al 2006; Froukh and 

Kochzius 2008, Timm et al, 2008).  In Acropora, a transoceanic divide has also been 

hypothesized to exist based on biogeographic evidence (Wallace, 1999).  The level of 

transoceanic genetic connectivity has only been tested on one other coral species 

(Heliofungia actiniforms throughout the Indo-Malay Archipelago, Knittweis et al., 2008) 

and individuals were found to show significant genetic structuring with separate Indian 

Ocean and Pacific Ocean clades apparent.   The lack of gene flow over large spatial 

scales is also reflected in the high numbers of private alleles observed (e.g. A. 

millepora Ningaloo Reef v’s Orpheus Island population comparison).  The situations 

where large-scale gene flow was predicted by FST estimates (e.g. A. microphthalma), 

this may reflect historical gene flow and chance long distance dispersal events 

(Hellberg, 1996). 

 

My results show that when multiple populations are sampled across a species range, 

there are strong differences in the level of genetic diversity, in allele frequencies, in the 
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extent of clonality, and the mean proportion of private alleles across that range.    

Evidently varying physical, chemical and biological factors interact and influence a 

corals population history and this tends to make the genetic composition of each 

population unique. It is possible that some of the unusual patterns of gene flow I 

observe (e.g. between Heron Is. and Kimbe Bay in A. valida) are artifacts of size 

homoplasy because the assumption that all changes in PCR product length are due to 

length differences in the repeat region was violated.  Homoplasy may occur if the rate 

of mutation at microsatellite loci is too high relative to the length of time separating 

populations (Orti et al., 1997). Hence because data here show flanking region 

mutations, a cautionary approach should be taken when interpreting FST estimates 

because the magnitude and effect of homoplasy is difficult to estimate and may have 

reduced the ability to detect population subdivision.   

 

The genetic effects of rarity are well established in theory but empirical support 

remains equivocal in Acropora.  In general, this study found only weak evidence to 

support the predictions from rarity theory of lower genetic diversity and no evidence of 

higher levels of inbreeding in rare corals.  This may generally be because unless the 

reduction in effective population size has been very severe, no major changes in 

genetic variability are detectable (Spencer et al., 2000; Frankel and Soule, 1981). 

Nevertheless, genetic diversity is particularly important in the face of disturbance (van 

Oppen and Gates, 2006) because it increases a population’s resilience, or ability to 

resist and recover from disturbances and to adapt to change. Genetic resilience is 

increased through gene flow, which enables new alleles to be integrated into a 

population through reproduction and by creating new gene combinations upon which 

selection can act.   I hypothesize that introgressive hybridisation has led to the 

observed heterozygote excesses and higher genetic diversity than expected in some 

rare species at the neutral markers examined here.  I assume this diversity reflects 

genome wide diversity however to confirm genetic diversity, population structure and 

the genetic consequences of small population size should be examined using both 

neutral and functional loci. 
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CHAPTER 6: New coral challenges conventional conservation practice 
 

6.1 Introduction 

The unique “elkhorn” growth form characteristic of Acropora palmata (Lamarck, 1816) 

(resembling a diagonal phylogram in three dimensions) makes it one of the most 

distinctive of all coral species at the level of whole colony morphology (Veron, 2000; 

Figure 36A). Moreover, this elkhorn morphology represents one extreme of the broad 

range of colony forms exhibited by members of the coral genus Acropora. Until recently, 

A. palmata was a dominant species on Caribbean reefs, but it is now critically 

endangered (Gardner et al., 2003; Carpenter et al., 2008). No reef-building coral 

species occurs in both Atlantic and Pacific Oceans, however I recently discovered a 

population of coral with archetypal elkhorn colony morphology growing in exposed spur 

and groove habitats on the western side of Arno Atoll in the Marshall Islands, central 

Pacific Ocean (Figure 36D).  The Pacific elkhorn population consists of <100 mature 

colonies, growing at 3-5m depth along a 2 km stretch of exposed reef front. While the 

exact population size remains to be quantified, this growth form is so far, unique to this 

locale; no additional colonies were found during recent extensive surveys of nine other 

Marshall Island atolls, and there are no records from elsewhere in the Pacific Ocean to 

date.  

 

Many Acropora species show considerable morphological variation according to their 

position on the reef (Wallace 1999), and some species can occasionally have coiled 

tabulate or irregular arborescent growth forms (particularly in the Maldives, West Indian 

Ocean – Wallace an Zahir, 2007; Pillai and Scheer, 1976). However, no currently 

recognised Indo-Pacific species has the distinctive elkhorn colony growth form that is 

characteristic of A. palmata.  The Pacific elkhorn coral has regular divergent blade-like 

branches that radiate out from single or multiple large central stalks. Some Pacific 

elkhorn colonies are very large (1.5m high x 5m greater diameter) and are by far the 

largest of all the Acropora colonies observed at Arno Atoll, indicating that these colonies 

are relatively old.  It is important for conservation purposes to resolve the identity of the 

Pacific elkhorn and its relationship to A. palmata. 

 

6.2 Methods 

Morphological features were described from 10 individual colonies of the Pacific elkhorn; 

these skeletal samples are stored at the Museum of Tropical Queensland, Australia. 
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DNA was extracted from a subset of samples in parallel with those used for the 

morphological analysis. To investigate the relationship between Atlantic and Pacific 

elkhorn corals, we used molecular phylogenetics based on existing data for a nuclear 

single copy marker (Pax-C 46/47 intron) and the putative mitochondrial control region 

(rns-cox3; Richards et al., 2008). The Pax-C alignment contained 30 reference 

sequences from 9 Acropora species, and the mitochondrial alignment contained 28 

reference sequences from 11 Acropora species (see the legend of Figure 2 for details).  

For PCR conditions see section 3.3.2 - 3.3.2.  A. robusta was included in the molecular 

analysis because it is a close relative of A. abrotanoides and other species were 

included to represent the major clades recognised in previous analyses (van Oppen et 

al., 2001).  For the Pacific elkhorn corals, nuclear data were obtained from 4 individuals 

{2-5 clones per individual (GenBank accession #’s: FJ899043, 044, 045, 046, 051, 052, 

053, 059, 060, 063)} and mitochondrial data obtained from 7 individuals (GenBank 

accession #’s: FJ899069-FJ8999075). 

 

Phylogenetic analyses were conducted using Bayesian methods (Huelsenbeck and 

Ronquist, 2001), with Isopora cuneata defined as outgroup. Analyses of mitochondrial 

data were run for 5 million generations (p<0.05) with 100,000 trees disregarded as 

burn-in.  Likelihood settings HKY+G were selected by hLRT (Posada and Crandall, 

1998) {Lset Base=(0.24160, 0.16990, 0.26880, 0.31970) Nst=2 TRatio=1.4398 

Rates=gamma Shape=0.5543 Pinvar=0}.  Bayesian settings HKY+G selected by hLRT 

(Nylander, 2004) {Prset statefreqpr=dirchilet (1,1,1,1) Lset nst2 rates=gamma}. 

Phylogenetic analyses of nuclear data were run for 5 million generations (p<0.05) and 

150,000 trees discarded as the burn-in. Likelihood settings HKY+G selected by hLRT 

(Posada and Crandall, 1998) {Lset Base=(0.2643 0.2173 0.2162) Nst=2 TRatio = 

1.3616 Rates=gamma, Shape=0.5892 Pinvar=0}. Bayesian settings HKY+G selected 

by hLRT (Nylander, 2004) {Prset statefreqpr=dirchilet (1,1,1,1) Lset nst2 rates=gamma}.  

 

6.3 Results  

The Pacific elkhorn is clearly not A. palmata, as these were clearly resolved in 

phylogenetic analyses (Figures 37 and 38); A. palmata clustered with A. cervicornis 

(Lamarck, 1816) (another Atlantic species), whereas the Pacific elkhorn clustered with 

other Indo-Pacific species. Moreover, whilst overall colony morphology is shared, the 

Pacific elkhorn species differs from A. palmata in some detailed skeletal characters 

including in the former case the proliferation of branchlets at the branch tip, possession 

of radial corallites with dimidiate openings, limited septal development in axial corallites 
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and the presence of a mixture of spinule types (including large flaky spinules) in the 

coenosteum between radial corallites (compare Fig 36B, C with 36E, F).  

 

Despite differences at the whole colony level, the Pacific elkhorn coral shares some 

morphological characters with A. abrotanoides, including dimidiate radial corallites (a 

feature of the Acropora robusta species group) and proliferation of branchlets at the 

branch tip (Table 24).  However, the molecular analyses are consistent with these being 

closely related sister species rather than conspecifics.  It is also possible that the Pacific 

elkhorn may be a new but rare species. However, I favour the hypothesis that the 

Pacific elkhorn coral represents another species recently lost in synonymy with A. 

abrotanoides (Wallace, 1999), A. rotumana (Gardiner, 1898).   

 

Gardiner’s description of A. rotumana from Rotuma in the South Pacific, and the figure 

of the type material are consistent with this assignment, although the colonies in the 

Marshall Islands appear to be a more mature form, having far more than the “two to 

four” plate-like branches originally described for A. rotumana. Molecular analyses using 

material from A. rotumana (from Rotuma) may resolve relationships between this 

species and the Pacific elkhorn coral however no material appropriate for molecular 

analyses are available.  Whilst it is important to establish the identity of this coral, the 

Marshall Island population of elkhorn coral is unique in the Pacific Ocean and of 

particular scientific interest in terms of the evolution of this colony morphology. The 

elkhorn morphology is one extreme of coral colony architecture and although most 

Acropora colony morphologies are repeated in numerous species, the archetypal 

elkhorn shape is known in only one other species, the critically endangered A. palmata.   
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Figure 36.  Gross and fine morphology of the Atlantic and Pacific elkhorn corals. (A):  
Typical whole colony morphology of A. palmata in situ (University of Exeter). (B):  Broad 
branch of A. palmata showing anastomosed branch tip.  (C):  Portion of A. palmata 
branch showing tubular radial corallites with round openings, sample collected by A. 
Szmant from Florida Keys in 1997.  (D): Typical whole colony morphology of Pacific 
elkhorn coral in situ at Arno Atoll May 2007.  (E).  Broad branch of Pacific elkhorn 
showing proliferation of branchlets at the branch tip. (F):  Portion of Pacific elkhorn 
branch showing tubular radial corallites with dimidiate openings.  All specimens are 
stored at the Museum of Tropical Queensland, Australia.  
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Table 24.  Comparison of morphological characters used to distinguish the Pacific elkhorn from potentially related species.  
Species Colony Shape Axial Corallite Axial 

corallite 
inner size 

range 
(mm) 

Axial 
corallite 

outer size 
range 
(mm) 

Axial Septa Radials Coenosteum 
on radials 

Coenosteum between 
radials 

Pacific Elkhorn 
 

Arborescent table with 
central stalk.  Branches 
form broad anatomizing 
prostate blades that can 
form several layers with 
the elkhorn formation.   
Branchlets proliferate at 
the 
 tip of branches. 

Axial corallites 
often indistinct or 
infilled with flaky 
spinules or 
consolidated 
skeleton. 

0.5 –1.1 1.1 -2.3 Primary septa 
present to ¼ R, 
directives may  
be slightly  
longer.  
Secondary 
septa may be 
absent  
or corallite 
opening 
infilled. 

Dimorphic – large 
tubular radials with 
round or dimidiate 
openings interspersed 
between small  
immersed 
subimmersed or  
exsert tightly packed 
corallites that touch.  

 Costate 
 or broken  
 costate 

Reticulate with a 
mixture of spinule 
types.  Sometimes 
intergrading with 
broken costae on the 
sides of radials.  
Some specimens 
have flaky spinules.  
Some branches 
have radial corallites 
so dense there is no 
coenosteum 
between corallite 
walls. 

A. 
abrotanoides 
(Lamarck,1816) 

Arborescent table or 
subarborescent table 
with broad branches.  
Branchlets proliferate at 
the tip of branches 

Axial corallites 
distinct but may 
be indistinct on 
stunted 
branchlets 

0.7 –1.2 2.0 - 2.5 Primary septa 
present to 2/3 
R.  Secondary 
septa present 
up to ¼ R.  

Dimorphic – long 
tubular corallites with 
dimidiate openings 
interspersed between 
subimmersed forms. 
Mostly not touching. 

Smooth 
costae 

Reticulate with 
occasional spinules. 

A. robusta 
(Dana,1846) 

Low subarborescent 
table with no stalk.   

Axial corallites 
distinct 

0.5-1.5 2.1 -4.0 Primary septa 
present to ¾ 
R.  Secondary 
septa to 1/3 
R. 

Dimorphic – long 
tubular corallites with 
dimidiate openings 
interspersed with 
subimmersed forms. 
Mostly not touching. 

Smooth 
costae 

Reticulate with 
occasional spinules. 

A. palmata 
(Lamarck 
1816) 

Large arborescent tables 
sometimes with several 
layers with elkhorn 

May be 
indistinguishable 
along the edge 

0.7-1.6 1.5 –2.3 Primary septa 
to ¾ R. 
Secondary 

Dimorphic - even 
tubular with round to 
slightly dimidiate 

Costate Reticulate with 
simple spinules. 

A 

B 

C 

D H 
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formation.   of branches. septa to ½ R.  openings.  Radials 
tightly packed and 
touch. 

A. rotumana 
(Gardiner, 1898) 

Colony pedicellate.  
Broad plates formed by 
the fusion of branches 
radiating from a short 
and stout pedicle.  Two 
to four plates arise from 
the pedicle and radiate 
out at right angles. The 
ends of branches are 
incompletely fused. 

 1mm 2.3-
3.0mm 

Indistinct Dimorphic – nariform 
or tubular-nariform 
corallites interspersed 
with small immersed 
or subimmersed 
corallites. 

 Reticulate with low 
granular spines that 
may form striations. 
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Figure 37:  Nuclear phylogeny resolves the Atlantic and Pacific elkhorn corals. The Pax-
C topology shown are those with the highest log likelihood scores as constructed in 
Bayesian analysis.  Details of the sequences used in the analyses: AF344420; 
AY083897; EU918816; EU918815; EU918893; EU918802; EU918252 FJ899043-
899063). 
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Figure 38.  Mitochondrial phylogeny resolves the Atlantic and Pacific elkhorn corals.  
The mitochondrial control region rns-cox3 topology shown is the one with the highest 
log likelihood score as constructed in Bayesian analysis.  Details of the sequences used 
in the analysis: AF507220; AF507257; AF507256; AF507255; AF507242; AF507217; 
EU918257; EU918217; EU918252; E918207; EU918233; EU918282l; FJ899064-
899077. 
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6.4 Discussion 

The Pacific elkhorn coral is restricted to a single atoll in the Marshall Islands, and the 

entire “species” may consist of fewer than 100 individuals.  Despite its extreme rarity 

and importance to science, the Pacific elkhorn would not qualify for threatened species 

listing under current International Union for Conservation of Nature (IUCN) criteria on 

two counts. Firstly, the Pacific elkhorn is of uncertain taxonomic position and hence 

would be considered “data deficient”. Secondly, some Pacific elkhorn colonies 

individuals appear to be hybrids; for example, colony #59 yielded four distinct alleles at 

the nuclear Pax-C locus, consistent with this individual being a polyploid hybrid. 

Although most coral species are diploid with 2n = 28, there are precedents for odd 

ploidy states in some Acropora species (Kenyon 1997). A number of other rare 

Acropora species are also probable hybrids (Richards et al., 2008). Hybrid species and 

the Pacific elkhorn pose major challenges to conventional thinking with respect to the 

conservation and management of endangered “species”.  

 

Hybridisation is often considered to be an evolutionary dead end by zoologists; this 

view can be traced back to Darwin (Darwin, 1859) and is supported by the fact that 

terrestrial animals as diverse as insects and mammals generally follow Haldane’s law – 

that in hybrids, heterogametic sex is infertile (Haldane 1932). Hybridisation is generally 

viewed as threatening the long-term persistence of rare species through assimilation or 

outbreeding depression (Frankham et al., 2002) and/or otherwise contributing to the 

extinction of species (Levin et al., 1996; Rhymer & Simberloff, 1996). The view that 

hybridisation threatens the genetic purity of parental species and is a violation of 

species integrity (Mayr, 1963) is pervasive throughout animal conservation literature 

and has, in some cases, led to attempts to eradicate hybrids from natural populations 

(Craw et al., 1999). This negative view of the significance of hybridisation has been 

extrapolated to corals. For example, the Caribbean species Acropora prolifera, which is 

an F1 hybrid (van Oppen et al., 2000), has been described by Vollmer and Palumbi 

(2002) as an ‘immortal mule’ with little evolutionary potential.  

 

Hybridization can, however, have positive effects; it may lead to the introgression of 

new and potentially beneficial alleles, and to the creation of new species (Anderson, 

1954; Arnold, 1997; Grant 1981). Introgression may enable the colonisation of new 

habitats or increases in fitness to occur more rapidly than through mutation (Stebbins, 

1940; Lewontin and Birch, 1966). The significance of hybrid vigour is well established in 

the plant literature (Fitzpatrick and Shaffer, 2007) and amongst animals there are 
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apparent examples of positive selection for hybridisation (e.g. Rosenfield and Kodric-

Brown, 2003). In the case of at least some coral lineages, hybridisation appears to be 

an evolutionary strategy (Willis et al., 2006), and a number of rare species are hybrids 

(Richards et al., 2008). Making analogies with mules is misleading, because unlike 

mules, corals can reproduce asexually and may persist on evolutionary time scales. 

Hybrids contribute to community processes – in the case of corals, through reef building, 

and thus the provision of habitat to a wide range of organisms.  Further, hybrid corals 

compete for resources and may occupy non-parental niches. Hybrids should not be 

ignored simply because they do not fit traditional assumptions on how species evolve. 

Further, Haldane’s law may simply not apply to many marine invertebrates; even in the 

case of A. prolifera, backcrossing occurs between the hybrid and parental lineages 

(Miller and van Oppen, 2003), so they are clearly not evolutionary dead-ends. 

 

The ecological, and likely evolutionary, significance of hybrid corals poses a major 

challenge to conservation legislation, and this is compounded by taxonomic 

uncertainties. Traditionally, conservation resources have been directed away from 

hybrids and towards the protection of distinct and well-defined evolutionary lineages 

(Stuart and Parham, 2007). Hybrids are currently not considered for threatened species 

listing and, on this basis, the hybrid coral species A. prolifera was explicitly excluded 

from a recent red list assessment (Carpenter et al., 2008). Species with associated 

taxonomic uncertainty, and all recently described species (in practice, all coral species 

described since 2000) are listed as “data deficient” in the IUCN Red List of Threatened 

Species, meaning that ‘‘there is inadequate information to make a direct, or indirect, 

assessment of its risk of extinction’’ (IUCN 2004).  

 

One hundred and forty one coral species are listed by the IUCN as data deficient and 

on these grounds; their conservation status has not been assessed.  In the case of the 

family Acroporidae, 30% (81 of 271) of currently recognised species are considered 

data deficient. A high proportion of these 81 species were described only recently by 

Veron (Veron, 2000), and are likely to have very limited population sizes and ranges. It 

is these species, for which we have little information, that face the highest level of threat 

(see also Mace and Kunin 1994; Mace 2002). The IUCN will re-evaluate the status of 

these species in approximately ten years, but this may be too late for many rare species.  

 

The case of the Pacific elkhorn highlights the mismatch between existing IUCN criteria 

and real world conservation needs. Moreover, these issues are not unique to corals, 

and most likely apply to many other marine invertebrates. I consider that, despite the 
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present uncertainty surrounding the taxonomic position of the Pacific elkhorn and its 

possible hybrid ancestry, this evolutionarily significant and spectacular rare coral must 

be protected, and conservation measures to this end should be implemented 

immediately. More generally an urgent re-evaluation of conservation policies for marine 

invertebrates is warranted.  
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CHAPTER 7: Conservation of Acropora biodiversity 
 

7.1 Rarity and threatened status 

A species is considered threatened on a local scale if intrinsic or extrinsic factors cause 

its population size to decline past some critical point. Where this critical point lies is not 

always clear, especially in the case of rare species where population declines are not 

often detected.  A distinction is commonly made between 'rare' and 'threatened' 

species suggesting that not all rare species are (necessarily) threatened (Mace & 

Lande 1991), however, making this distinction is important for conservation purposes 

because few species in ecological communities are exceptionally abundant.  In fact, 

most species are rare (Magurran and Henderson, 2003), thus it is important to 

understand the implications of different types of rarity in terms of extinction probability. 

In this study, I determined that the level of threat facing species of the coral genus, 

Acropora, varies from very high (species categorised as occupancy type 1 that are 

genetically depleted, such as A. walindii) to low (species categorised as occupancy 

type 8 that have large populations sizes, large ranges and high genetic diversity, such 

as A. microphthalma).  Taxa that display the other 5 types of occupancy fall in a grey 

area where there is little consensus about their relative threatened status (see Reed 

1992; Kattan 1992).  For these species, little baseline information is available from 

which to detect if population declines or range contractions are occurring.    There is 

some urgency to understand the implications of these occupancy types for the 

conservation of coral biodiversity. 

 

Thirty-two species of Acropora examined in the NW Pacific region fall in this grey area 

because they display occupancy types that do not conform to classic rarity or 

commonness.  Twenty-two of the 83 species of Acropora examined had a restricted 

local distribution and small local abundance despite having a widespread global 

distribution (Occupancy type 2).  It could be argued these species (such A. kirstyae) 

are not threatened in the conventional sense by virtue of their widespread global 

distribution.   However, species that have a wide range but occur in low numbers 

across their range are vulnerable to local extinction events and population 

fragmentation (see section 7.2).   I found that one species has a restricted global 

distribution but is locally widespread and common in Kimbe Bay PNG (A. plumosa – 

Occupancy type 4).  Despite its large local population size, A. plumosa is still 

threatened because local populations are largely self-sustaining, meaning that any 

local disturbance or predator or disease outbreaks could lead to a severe population 
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bottlenecks. Similarly Acropora chesterfieldensis, which has a restricted global 

distribution but is locally widespread, and locally rare (occupancy type 5) in the NW 

Pacific region, is also threatened because it is vulnerable to population fragmentation.  

Eight species were widely distributed on global and local scales but occurred in low 

numbers across the range (occupancy type 6), e.g. A. horrida. I categorized these 

species as following persistence pathways because they can persist ‘under the radar’ 

and typically escape both disease and predator outbreaks because of their low 

densities.  These species are not highly threatened unless there are widespread 

extrinsic threats or evidence of range contractions.   

 

It is important to note that an unexpected outcome of this research, namely the finding 

that some populations of common species are in fact genetically depleted and 

apparently threatened with local extinction (discussed further in sections 7.2 and 7.3).  

Common species are disproportionately influential in shaping many macro-ecological 

patterns (Gaston and Fuller, 2007), so the loss of populations of common species 

could have devastating effects on ecosystem functioning as well as cascading 

ecosystem effects (Vermeij, 1993).  High coral cover reduces the distance between 

neighbouring coral colonies (Connell, 2004) and thus between infected and healthy 

hosts, increasing the potential for horizontal disease transmission.   It has been shown 

in many animals that high-density communities bolster the prevalence and 

transmission of disease (Lafferty 2004; Altizer and Augistine, 1997; Rudolf and 

Antonics, 2005; Anderson and May 1979), especially under thermal stress (Bruno et al, 

2007).   In the coming decades it will be particularly important to monitor the status of 

dominant coral species to enable population declines or range contractions to be 

detected. 

 

I was able to test all ecological, phylogenetic and population genetic hypotheses on a 

total of 14 species (results are summarized in Table 25), (for the other 69 species only 

ecological or ecological and phylogenetic hypothesis were tested). Synthesising the 

results of hypothesis tested in this thesis I conclude all species that display a type of 

rarity are threatened, but some are far more threatened than others. Further, even 

those species considered not threatened can have populations that are genetically 

depleted and vulnerable to local extinction.  Most Indo-Pacific Acropora species are 

relatively recently evolved (<5 million years, van Oppen et al., 2001) and it is these 

recently evolved species that appear to face the highest level of threat. However, not 

all recently evolved species are threatened (e.g. A. microphthalma).  Overall I conclude 

that any species that displays a rarity characteristic in terms of either distribution or 
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abundance faces an elevated level of threat because genetic resilience may be 

jeopardized and/or because there are fewer source populations to stimulate the 

recovery of depleted populations.  Species with Occupancy types 1 and 2 face the 

highest levels of threat.  
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Table 25. Summary results of all hypotheses tested on 14 Acropora species.  *Indicates rare species. 

Species 

Occupancy 
type 

(Chapter 2) 

Ancestral or 
recently 
evolved 

(Chapter 3) 

Evidence of hybrid history 
(Chapters 3, 4) 

Evidence of 
genetic depletion 

(Chapter 5) 

Evidence of 
population 

connectivity 
(Chapter 5) 

Level of Threat 

A. microphthalma 
Occupancy 

type 8 
Recent Yes – interspecific allele sharing No Transoceanic 

connectivity 
Low 

A. valida 
Occupancy 

type 8 
Recent Yes – interspecific allele sharing Heron Is. pop. 

depleted 
Heron Is. – Orpheus 

Is. divide 
Medium in isolated 

populations 

A. austera 
Occupancy 

type 8 
Ancestral No Majuro pop. 

depleted 
Indian O. /Pacific O. 

divide 
Medium in isolated 

populations 

A. millepora 
Occupancy 

type 8 
Intermediate Yes – interspecific allele sharing No East & West Aust. 

connectivity 
Low 

A. horrida 
Occupancy 

type 6 
Ancestral No Some loci depleted NA Medium in isolated 

populations 

A. pichoni* 
Occupancy 

type 1 
Recent Yes – interspecific allele sharing, 

polyphyletic at nDNA 
Depleted allelic 

richness 
PNG & Micronesia 

connectivity 
Very high 

A. kirstyae 
Occupancy 

type 2 
Recent Yes – interspecific allele sharing, 

polyphyletic at nDNA and mtDNA 
No NA High 

A. kimbeensis* 
Occupancy 

type 1 
Recent Yes- polyphyletic at nDNA No NA High 

A. walindii* 

Occupancy 
type 1 

Recent Yes – interspecific allele sharing Depleted allelic 
richness and 

expected 
heterozygosity 

NA Very high 

A. jacquelineae* 
Occupancy 

type 1 
Recent Yes – interspecific allele sharing, 

polyphyletic at nDNA and mtDNA 
Depleted allelic 

richness 
NA Very high 

A. spathulata* 
Occupancy 

type 1 
Recent Yes – interspecific allele sharing, 

polyphyletic at nDNA 
Depleted allelic 

richness 
NA Medium in isolated 

populations 

A. rongelapensis* 
Occupancy 

type 1 
Recent Yes – 100% observed heterozygosity 

in 3 loci 
No NA High 

A. tortuosa 
Occupancy 

type 8 
Recent Yes – interspecific allele sharing, 

polyphyletic at nDNA 
Depleted allelic 

richness 
NA Medium 

A. papillare* 
NA Recent Yes – interspecific allele sharing, 

polyphyletic at NDNA 
Japan pop. 

depleted 
Indian O. /Pacific O. 

divide 
Medium in isolated 

populations  
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7.2 Global, local and ecological extinctions 

The results presented here suggest that many Acropora species in the NW Pacific are 

vulnerable to local or ecological extinction.  Local extinction (the disappearance of a species 

from part of it range) and ecological extinction (when a species is reduced to such low 

abundance that, although still present, it no longer plays its typical ecological role) are 

precursors to global extinction. Isolated populations have been shown to be vulnerable to 

local extinction because stochastic and genetic forces can push populations to local 

extinction (Ayre and Hughes, 2000).   Data here suggests that the populations of A. papillare 

sampled in Japan, A. valida sampled at Heron Island and A. austera sampled at Majuro Atoll 

are vulnerable to local or ecological extinction.   

 

The likelihood of a species re-establishing a locally extinct population depends upon the 

presence of source larvae, the continuity of non-degraded coral reef habitat and the 

presence of ocean currents to transport larvae. It also depends upon atmospheric, 

oceanographic and hydrodynamic stability.   Environmental variation leads to a decrease in 

the probability of establishment because where there is a high level of variability in 

environmental conditions; the proportion of offspring that survive and reproduce is more 

variable.  The more extreme temperature variation and more intense and frequent storm 

events are predicted in the future are likely to further increase the likelihood of local 

extinctions and decrease the likelihood that locally extinct populations can re-establish.  

 

Results from Chapter 2 suggest that in isolated coral communities with low species richness, 

the local or ecological extinction of a species may have exaggerated effects at the 

community level in comparison to the local or ecological extinction of a species in a 

community with high species richness.  Local extinctions are difficult to detect without 

rigorous long-term species-level monitoring (see section 7.5).  Data presented here in 

Chapter 5 suggests that the threat of local extinctions is not restricted to rare species. 

Isolation contributes to local population instability and extinction by decreasing individual 

reproductive success or by increasing reproductive variance (Stephens et al., 1999; 

Robertson and Butler, 2009) and this is not conducive to the long-term sustainability of any 

species (Worm et al., 2007).  

 

7.3 Conservation Genetics 

Results from my population genetic study (Chapter 5) suggest that 91.4% of Acropora 

species examined here have lower mean allelic diversity at individual loci than a 
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‘conservative mean’ published in a recent review of scleractinian coral genetic diversity 

(Shearer et al., 2009).    Only 8.6% of loci had mean allelic richness higher than 8.27 alleles 

per locus (n = 107 loci/populations) (Figure 39). It is important to note that A. palmata (a 

species restricted to the Atlantic Ocean that is critically endangered) has far higher mean 

levels of allelic diversity (14.4 alleles/locus) than any of the Indo-Pacific species examined 

here regardless of whether they are rare or common.  These comparisons are alarming 

because Acropora species generally make up a large proportion of the diversity and cover in 

Indo-Pacific coral communities – if Acropora populations have low genetic diversity they may 

have low resilience and a low capacity to adapt (Reusch et al., 2005; van Oppen and Gates, 

2006) and perhaps this helps to explain why Acropora are so sensitive to environmental 

changes.  

 

Although the allelic richness results presented were corrected for unequal sample size in 

Fstat v 2.9.3 (Goudet 2001) are likely to underestimates the actual population genetic 

diversity of these Acropora populations.   Rarefaction analysis has shown that although 

population samples of 10 capture greater than 50% of the estimated allelic diversity, 

population samples of 35 are needed to capture 90% or more of the population’s genetic 

diversity (Shearer et al., 2009).    It is plausible that the genetic diversity estimates I present 

underestimate actual genetic diversity by at least 10% because the individual population 

sample sizes are <30 colonies.  Even when the possibility of an additional 20% diversity is 

factored in, rare species such as A. walindii*, A. pichoni* and A. jacquelineae* clearly have 

very low mean allelic richness across all or most loci examined.    

 

The low level of mean genetic diversity that I report must be further interpreted with caution 

because data pertaining to loci that had more than 2 alleles were excluded from the genetic 

diversity estimates.  This is because FSTAT is designed for haploid/diploid populations only.  

This means that the mean allelic diversity estimates should be higher for species such as A. 

valida at Amil2_022. My results show that some rare marine species are invariably 

vulnerable to genetic erosion and for these species their long-term persistence is of critical 

conservation interest.  Further robust quantitative estimates of genetic diversity are required 

to fully understand the relationship between genetic diversity, adaptive potential and 

population persistence.                                                            .                                  



 133 

 
Figure 39.  Mean allelic richness for all species/loci examined in this study showing that most Acropora species have lower mean allelic 
richness than what is considered a ‘conservative mean’ in a recent review of scleractinian coral genetic diversity (Shearer et al., 2009). 
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It is apparent from the data presented here that the level of genetic diversity a species 

displays varies greatly across its distribution range and therefore this means that populations 

of common species can be much more threatened than expected.  Conversely, small 

populations can be more diverse and less threatened than expected.  My findings of non-

depletion in some rare species and depletion in some populations of common species, in 

conjunction with the lack of significantly greater levels of inbreeding in common species, 

means general conservation genetic hypotheses about the genetic resilience of 

rare/common species are not always relevant for species in the coral genus Acropora.  

 

I provide evidence to suggest that some of the genetic diversity I detect in rare species 

results from hybrid relationships.  As discussed in Chapter 6, hybrid corals have previously 

been considered to have limited evolutionary potential (Vollmer and Palumbi 2002), however 

evidence of successful embryogenesis has been demonstrated for a variety of interspecific 

Acropora crosses (Willis, 1997) and hybrid larvae are known to be competent to settle, 

metamorphosize and survive for up to 3.5 yrs (Willis et al. 2006).  Further, whether being 

unidirectional or multi-directional, hybridisation can create individuals capable of sexual 

reproduction via backcrossing with parental lineages and thus, hybrid corals can potentially 

maintain populations that contribute to reef-building and ecosystem functioning over long 

periods of time (Arnold and Hodges, 1995; Willis et al., 2006).     As Illustrated by the Pacific 

elkhorn case study, establishing new policies to deal with the conservation of marine 

invertebrates with hybrid ancestries is a challenge that must urgently be dealt with in order to 

truly protect coral biodiversity.  

 

7.4 Rare species, biodiversity and functioning are interrelated 

There is a large amount of uncertainty about the structure and function of coral reef 

communities and this provides a major challenge to marine conservation (Halpern et al., 

2006).  Generally, coral reef managers seek to efficiently protect key processes that maintain 

the biodiversity and functioning of coral reefs (Hughes et al., 2003; Folke et al., 2004).  

However, coral reefs are ecologically heterogeneous in terms of species composition and 

configuration, and we have little understanding of the key functional roles most species play.  

This uncertainty means that we have limited understanding of how ecosystems respond to 

either management or changing environmental conditions.  In the absence of specific data 

that would optimise management for an area or species, there is a trend in coral reef 

management to manage for uncertainty by utilizing whatever general information is available 

(McCook et al., 2009).    Such an approach seeks to maximize the likelihood that ecosystem 

functioning will be maintained and assumes biodiversity will be protected indirectly.   
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The role rare species and wider biodiversity play in ecosystem functioning is not clear, and 

subsequently rare species are often thought to be functionally redundant.  Numerous 

ecological studies have investigated how many species can be lost from an ecosystem 

before functioning is affected (Naeem et al., 1995; Purvis and Hector, 2000; Petchey and 

Gaston, 2002).   These studies found that there is limited redundancy in complex 

ecosystems and there is a strong link between biodiversity persistence and ecosystem 

functioning (Hooper at al, 2005; Danovaro et al., 2008).  In particular when an ecosystem is 

exposed to intensive use or pressure, a large pool of species is required to sustain 

ecostystem functioning (Loreau, et al., 2001).  Thus, even small changes in biodiversity can 

have significant impacts on functional diversity and ecosystem functioning (Micheli and 

Halpern, 2005) especially in isolated locations.     

 

Part of the challenge of managing coral reefs to preserve ecosystem function is that in 

heterogenous ecosystems functionality is often cryptic.  Here I introduce a new term - cryptic 

functionality - to describe the situation where a species (or group) is suited or designed for a 

function that is currently unknown, unrecorded or latent.  Cryptic functionality is essentially a 

type of uncertainty.  Accounting for cryptic functionality requires the application of the 

precautionary principle to encompass the conservation of species that may play a key (but 

yet unknown) role over long timeframes.  In this respect, species (including rare species) that 

appear to be functionally redundant or neutral to environmental conditions may be important 

under changing conditions.  Because we are only just beginning to discover that species 

may play multiple roles or have varying roles across spatio-temporal gradients (Bremner et 

al., 2003), making generalizations about ecosystem functionality is problematic.  

 

7.5 Species level monitoring of biodiversity 

On reefs today, all evidence points towards the general demise of habitat quality (Hughes 

2003; Bruno and Selig, 2007).  The impact chronic habitat decline has on coral biodiversity 

remains elusive.  On the Great Barrier Reef, coral biodiversity is predicted to be lost in 

degraded habitats over the next decade (DeVantier et al., 2006).  To evaluate current and 

future trends in biodiversity, detect species extinctions (Thomas et al., 2004), depletions 

(Gaston and Fuller, 2007) or range shifts (Parmesan & Yohe, 2003), species-level 

monitoring is required.  I argue that given the poor knowledge of the responses of coral reef 

species to environmental change and management actions, further targeted species-specific 

studies are needed to monitor the success of widespread conservation planning action.  

Given that we will never be able to identify all biodiversity on coral reefs or identify all 
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functions (Hector et al., 2001), there is an urgent need to identify taxonomic groups or 

species that show a strong sensitivity to environmental parameters (for example temperature, 

salinity and water quality stress, disease susceptibility etc). Once identified, these species 

would be included in more general monitoring programs (such as the Great Barrier Reef 

Long Term Monitoring Programme).  The sustained collection of targeted species-level data 

will help detect environmental change and improve conservation planning decision-making. 

Species distribution modelling techniques can be used to identify species that respond to 

selected environmental parameters (Beger and Possingham, 2008).  Relevant target species 

would change spatio-temporally so regional-specific species distribution models should be 

developed.   

 

7.6 Overall Summary 

The processes that determine why some species are rare and others common are of great 

ecological and evolutionary interest and of primary importance for resource managers 

working to protect coral reef biodiversity threatened by global climate change. Although a 

limited number of modern global extinctions of rare corals are recorded, there is reason to 

believe that the threat of extinction is increasing with the frequency of disturbance events. In 

this thesis I have examined rarity with ecological, phylogenetic and population genetic tools. 

Current theory predicts that characteristics of rare species, such as restricted dispersal and 

low local abundance, confine them to narrow habitats or environmental conditions, resulting 

in high genetic structure among populations and low genetic diversity within populations. 

These characteristics make rare species of greater conservation concern than widespread 

species, however up until now, there has been very little data available about the population 

ecology and genetics of rare coral species against which to test these hypotheses.  In this 

thesis my results suggest that:  

• Acropora species in the NW Pacific display multiple patterns of rarity.  Over half of the 

species examined (54%, n= 45 species) display one of five different types of rarity.   

Two factors contributed to the identification of a larger number of rare species than 

previously represented in the coral literature: 1) recognition of multiple types of rarity, 

and 2) explicit targeting of rare species in rapid visual assessment methodology which 

greatly improved the representation of structural zeros in the numerical data. 

• The inclusion of rare species in numerical data reveals differences in assemblage 

structure between habitats and among locations, highlighting the importance of 

maintaining rare species in datasets and using appropriate analytical techniques, like 

inverse transformation, to capture their signal.  
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• In coral communities with lower species richness, the loss of a dominant species could 

have a lasting impact at the community level, whereas in a community with higher 

evenness, the loss of a single species may have lesser significance unless that species 

plays an irreplaceable functional role.  

• Most of the rare species included in this analysis are recently evolved. However, 

phylogeny alone does not explain rarity in Acropora corals because some 

comparatively recently evolved species have wide distributions and large population 

sizes. 

• Members of the horrida and echinata groups of Acropora occur in basal positions in 

both mitochondrial and nuclear topologies suggesting that these lineages are far older 

than currently understood and are likely to have arisen in the Eocene.  

• Phylogenetic and population genetic data presented here show that Acropora species 

follow complex evolutionary pathways. I show the first unequivocal evidence for 

hybridization in Indo-Pacific species and infer that the ecological, and likely evolutionary, 

significance of hybrid corals poses a major challenge to conservation legislation.  There 

is an urgent need to re-evaluate conservation policies for hybrid marine invertebrates. 

• Some rare species are genetically depleted and for these, a narrow window of 

opportunity exists for management and conservation.    However, not all rare corals 

have lower genetic diversity at neutral DNA loci than common species. I infer ‘non-

depleted’ rare species may have more resilience and adaptive potential than has been 

previously assumed. 

• Some populations of common species are genetically eroded, reinforcing concerns that 

isolated populations of common species are also vulnerable to genetic erosion.  

• Recently evolved Indo-Pacific Acropora corals may be less genetically diverse than 

expected and this may account for their sensitivity to change. 

 

7.7.  Future Directions 

An important future direction for biodiversity conservation is to further explore genetic 

resilence.  Inferring the genetic resilience of corals is challenging because: 1). corals show 

chaotic genetic patchiness, and this means that different cohorts can be genetically 

differentiated (Hedgecock, 1994), 2). larvae may come from different source populations at 

different times (Hellberg, 2002), and 3). only a few adults may contribute to the effective 

population size of even large populations of coral.  Moreover, this means that very robust 

spatio-temporal sampling designs must be strictly employed to standardize sampling of 

population sizes and to avoid Wahlund effects and clonemates.    
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As a consequence of the results presented in this thesis, I consider that unless greater 

financial investment is directed towards species-level coral biodiversity monitoring and 

research, many local populations, and ultimately, species will go extinct before we learn 

about their functional roles.  While species-level monitoring may not be economically valid in 

our current economic framework, I advocate that this shift should be a future funding priority.   

At a minimum, a suite of target indicator species representing different categories of threat 

and resilience, along with some of those predicted to respond to environmental parameters 

should be chosen within different regions and incorporated into long-term monitoring 

initiatives.  Prioritising target indicator species will enable a better understanding of current 

conservation practice and help increase the probability that biodiversity is conserved.    

 

Ultimately, the loss of biodiversity is irreversible and the ecosystem effects are unpredictable. 

To maximize the retention of ecosystem functioning, it is important to preserve not only 

patterns of biodiversity, but also the processes that generate and maintain it (Smith et al. 

2001; Ennos et al., 2005).  My results underscore the importance of investigating the role 

that hybridization and gene/chromosome duplication events play in shaping coral biodiversity.  

I suggest further karyotyping research and investigating genetic diversity and population 

structure at functional loci should be a research priority.  The application of high-throughput 

technology (e.g. next generation sequencing technologies such as Illumina) would be the 

most efficient way to conduct future genotyping research.   
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