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ABSTRACT. The widespread and morphologically variable coral Pocillopora damjcornis has been 
reported to exhlbit huge variation in Me-history traits (e .g .  inode of reproduction, growth rate, 
longevity and dispersal) both locally and regionally throughout the Indo-Pacific Ocean. Dispersal may 
be  achieved by the settlement of sexually or asexually generated brooded planula larvae, by broadcast 
spawning or more locally through asexual fragmentation of large colonies. In the present study, we 
conducted a hierarchical survey of allozyme variation within and among reef-crest sites on 3 mid-shelf 
reefs separated by up to 1200 km on the Great Barrier Reef (GBR), Australia. Our objective was to use 
allozyme data ( 1 )  to quantify local and reglonal patterns of varlatlon in P, damicornis (along the north- 
eastern coast of Australia), (2) to determine the relative contr~bution of sexual versus asexual produc- 
tion of planulae in P damicornis, and (3) to estimate levels of gene flow among adlacent sites (>5 km 
apart) and among reefs separated by 500 to 1200 km. High levels of genotypic dlvers~ty in our samples 
of P. darn~cornis imply that dispersive propagules in this species are produced sexually rather than 
asexually along the length of the GBR. Corals a t  all sites displayed the same level of multi-locus geno- 
typic diversity expected for randomly mating, sexually derived populations, and the majority of indi- 
vidual colonies possessed unique 7-locus genotypes. We also detected consistent deficits of heterozy- 
gotes within each collection (from 3 local sites on each of the 3 widely spaced reefs). This pattern is 
consistent with the predicted effects of sexual reproduction associated with some localised dispersal of 
gametes or larvae (although other explanations cannot be excluded). Furthermore, each reef was 
genetically subdivided, suggesting that larval recruitment was localised and that these populations are 
slightly inbred: hierarchical analysis of the standardised genetic variances (FsT) (estimated as Weir & 
Cockerham's 0) revealed that, although there was only moderate variation among all 9 sites (FST = 0.055 
t 0.029), more variation was found among sites within reefs (F,, = 0.035 * 0.04 to 0.088 2 0.033) than 
among distant reefs = 0.008 * 0.014) This homogeneity of gene frequencies across widely sepa- 
rated reefs lmplles that reefs are connected by high levels of gene flow (.V,~m = 31) and that local popu- 
la t~ons  of P. damlcornls separated by >l000 km can interbreed sufficiently to maintain a consistent sulte 
of life-history characters. 

KEY WORDS: Gene flow . Corals - Life history . Population genetics Recruitment Sex Asexual 
reproduction 

INTRODUCTION duction (e.g Innes & Hebert 1988, Hebert et al. 1988, 
Holtsford & Ellstrand 1992, Ayre et al. 1994) and the 

Detailed studies of a range of freshwater and terres- dispersive capability of propagules (Wilson & Herbert 
trial taxa have demonstrated substantial spatial varia- 1992). These characters may be genetically deter- 
tion in life-history traits, including the mode of repro- mined and strongly subject to natural selection 

(Stearns 1989, Carvalho 1994). In addition, large- and 
'E-mail: d.ayre@uow.edu.au meso-scale geographic variation in the expression of 
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llfe-history characters can, result from phenotypic plas- 
ticity and from selective responses to environmental 
variation or gradients ( r e v ~ c : ~  by Stearns 1989). Much 
less is known about spatial variation in life histories of 
marine organisms, which are rarely examined 
throughout their geographic range (but see for exam- 
ple MacKay & Doyle 1978, Ayre & Willis 1988, Toonen 
1993). 

Population genetics offers a powerful approach for 
estimating the relative contributions of differing modes 
of reproduction, and for quantifying the level and spa- 
tial extent of gene flow (e.g. Stoddart 1983, Johnson & 

 lack 1984, Ayre 1990). At one extreme, many marme 
taxa generate planktonically dispersed, genotypically 
diverse colonists that are generated by outcrossed sex- 
ual reproduction (Thorson 1950, Hedgecock 1986). 
These species can form vast, panmictic populations 
that are strongly interconnected by gene flow. They 
display a good fit to the expectations of the Hardy- 
Weinberg equilibria, are relatively diverse genotypi- 
cally, and show little genetic subdivision (e.g.  Hunt & 
Ayre 1989, Williams & Benzie 1993, Murray-Jones & 

Ayre 1997). Alternatively, other marine species lack a 
dispersive stage and exist as a series of effectively 
closed local populations (e.g review by Knowlton & 
Jackson 1993). These taxa may be highly differenti- 
ated genetically, presumably through the combined 
effects of genetic drift (founder effects), mutation and 
site-specific natural selection (e.g. Burton 1986, Ward 
1990, Hunt 1993). This latter group comprises (1) sexu- 
ally reproducing taxa that have limited dispersal. 
resulting in 'inbred', highly subdivided populations 
which are characterised by consistent deficits of het- 
erozygotes (as compared with expectations for Hardy- 
Weinberg equilibria; so-called Wahlund effects, see 
Wallace 1981, Johnson & Black 1984); and (2) asexu- 
ally reproducing clonal species, in which successful 
clones may be highly replicated. These taxa are char- 
acterised by the presence of large numbers of individ- 
uals with identical multi-locus (clonal) genotypes (e.g. 
Ayre 1984, Burnett et al. 1995), and by both deficien- 
cies and excesses of heterozygotes (e.g. Ayre & Willis 
1988, Ayre et al. 1991). Consequently, genetic evi- 
dence (the level of genetic diversity, the amount of 
genetic subdivision, and the pattern of deviation from 
Hardy-Weinberg equilibrium) can reveal substantial 
information on the mode of reproduction and dispersal 
capabilities. 

Several widespread coral species display local and 
geographic variation in their skeletal morphology and 
life history. This variation could simply reflect high lev- 
els of phenotypic plasticity along environmental gradi- 
ents (e .g .  Dustan 1979, Foster 1979, Rosen 1981, Willis 
1985). However, spatial variation in phenotypic traits 
could also reflect genetic differentiation within a single 

species (due to natural selection, or genetic drift). For 
example, the brooding pocilloporid coral Seriatopora 
hystrix exhibits extremely high levels of genetic differ- 
entiation among 12 neighbouring reefs along 90 km of 
the central Great Barrier Reef (GBR) (Ayre & Dufty 
1994). Similarly, Pocillopora damicornis shows marked 
differences in genetic composition among 3 adjacent 
habitats on One Tree Reef on the southern GBR, while 
another brooder, Acropora palifera, is genetically uni- 
form (Benzie et al. 1995). 

In some cases, intraspecific variation in the rnorphol- 
ogy and life histories of corals could be m.ore apparent 
than real, arising from the incorrect 'lumping' of cryp- 
tic species. For example, sympatric morphs of Mon- 
tipora digitata were separated into 2 species on the 
basis of fixed gene differences and non-compatible 
breeding systems (Stobbart & Benzie 1994, Willis et al. 
1997). The taxonomic status of a dominant Caribbean 
coral, Montastrea annularis, may also require revision, 
and the conflicting evidence for and against splitting it 
illustrates some of the complexity of coral taxonomy 
and evolution. Three recognizable morphs dlffer elec- 
trophoretically, in isotopic ratios, and in their competi- 
tive ability (Knowlton et al. 1992, Van Veghel & Bak 
1993, Weil & Knowlton 1994). However, the morphs 
overlap broadly in depth distribution, and colonies 
exhibit gradual phenotypic changes following experi- 
mental transplantation (Dustan 1979, Foster 1979). 
Knowlton et al. (1992) concluded that 1 morph was suf- 
ficiently genetically distinct to be a separate species, 
but another genetic study concluded that they were all 
conspecific (Van Veghel & Bak 1993). Furthermore, 
differences in stable isotopic composition between 
morphs (Knowlton et al. 1992) are less than seasonal 
variation within single specimens (Fitt et al. 1993), and 
the tinling of gamete release in each morph overlaps 
(Van Veghel 1994). Most importantly, gametes of the 3 
morphs are interfertile in breeding experiments 
(Szmant et al. 1997). It is debatable whether current 
estimates of global coral diversity are too high because 
of rampant synonymy of intraspecific variants (Veron 
1986), or too low because of undescribed, sibling spe- 
cies (Knowlton & Jackson 1994). Furthermore, the 
nature of species boundaries in corals is unclear: many 
previously described, morpholog~cally distinct species 
can potentially interbreed during mass-spawning 
events (see review by Willis et al. 1997). 

The brooding (viviparous) coral Pocillopora damicor- 
nis is one of the most widespread and most variable 
hermatypic corals. Found throughout the tropical Jndo- 
Pacific, it also occurs across a broad range of habitats 
and depths (e.g. Done 1982, Veron & Pichon 1986, 
Richmond 1987a). Previous work with the hermaphro- 
ditic P. damicornis has yielded diverse and often con- 
flicting descriptions of its life history. In particular, con- 
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troversy surrounds the mechanisms of sexual and 
asexual reproduction in this species, and studies to 
date have reported surprising geographic variation in 
the relative contribution that asexual reproduction 
makes to recruitment and dispersal (see Stoddart & 

Black 1985, Ward 1992, Benzie et al. 1995). Species 
with mixed modes of reproduction are expected to 
invest more energy in asexual reproduction where 
their habitat is relatively simple and stable and when 
intraspecific competition is low (Williams 1975, Bell 
1982, 1988). The causes of geographic variation in the 
relative importance of sexual and asexual recruitment 
in P. damicornis is uncertain. However existing reports 
of reliance on asexually derived recruitment have 
assessed populations at  the edge of its geographical 
range (see below), where conditions may be expected 
to be physically stressful but competition is reduced 
(see Glesener & Tilman 1978 for parallel terrestrial 
examples). 

The life-history traits reported for Pocillopora dam]- 
cornis vary greatly among regions of the Indo-Pacific. 
Like many corals, individual colonies of P. damicornis 
may reproduce asexually by extrinsic fragmentation 
(e .g .  reviews by Highsmith 1982, Hughes et al. 1992) 
In the Eastern Pacific, large clones of P. damicornis 
spread vegetatively through rapid growth, fragmenta- 
tion, and localised tumbling of fragments, while larval 
recruitment is relatively uncommon (Richmond 1987a). 
In contrast in the Western and Central Pacific, colonies 
grow less rapidly, are  generally smaller and produce 
fewer fragments, while larval recruits are highly abun- 
dant (e.g. Connell 1973, Grigg & Maragos 1974, Rich- 
mond 1987a). Sexual reproduction in viviparous corals, 
such as P. damicornis, involves internal fertilisation 
and subsequent brooding of planulae (Ayl-e & Resing 
1986, Harrison & Wallace 1990). In Western Australia 
and Hawaii, larvae of P. damicornis are  genotypically 
identical to their broodparents, and hence must be 
generated asexually (Stoddart 1983, 1984a, b, 1988). In 
contrast to fragments, asexually produced planulae are 
planktonic and potentially can be  widely dispersed. In 
Western Australia and Hawaii, local populations are 
dominated by a small number of clones (highly repli- 
cated multi-locus genotypes) generated by asexually 
produced planulae. Nonetheless, high levels of geno- 
typic diversity and histological data imply that sexual 
spawning also occurs (Stoddart & Black 1985, Stoddart 
1988, Ward 1992). In contrast, Benzie et al. (1995) 
found no evidence of asexual replication of genotypes 
in P. damicornis on One Tree Island reef, at  the south- 
ern tip of the GBR. 

In the present study, we describe a hierarchical sur- 
vey of genetic variation within local and widely sepa- 
rated populations of Pocillopora damicornis on the 
GBR. This is the first large-scale survey of genetic vari- 

ation in any coral, with the following objectives: (1) to 
establish the relative contribution of sexual and asex- 
ual reproduction to recruitment along a large-scale lat- 
itudinal gradient from 14" to 23's;  (2) to test for evi- 
dence of genetic subdivision between sites (1 to 2 km 
apart) and between reefs up to 1200 km apart; and  
(3) to infer levels of gene flow at  2 spatlal scales, within 
and among reefs, as revealed by the observed patterns 
of genotypic variation. 

MATERIALS AND METHODS 

Collection and  storage of specimens. In order to test 
for spatial variation in the genetic compostion of Pocil- 
lopora damicornis along the GBR we made collections 
within 3 reef crest sites at  each of 3 locations (reefs) 
separated by up  to 1195 km. The sampled reefs were 
Lizard Island (14" 401S, 145" 28' E) ,  Davies Reef 
(18" 5 0 f S ,  147" 38' E )  490 km to the south, and Heron 
Island (23" 27'S, 151°55'E) a further 705 km to the 
south (Fig. 1). At each site w e  collected tissue samples 
(branch fragments) from 39 to 48 adult P. damicornis 
[X = 45 * 1 (SE)], from reef areas averaging 390 m2 and 
at  depths of 1 to 4 m. We took care to avoid collection 
of multiple fragments from colonies that had clearly 
undergone recent fission or fragmentation (i.e. 
appeared to share the same skeletal mass). Conse- 
quently, evidence of a clonal population structure in 
our collections would indicate that P. damicornis pro- 
duces asexual planulae on the GBR. Samples were col- 
lected between February 1992 and January 1993 and 
placed in liquid nltrogen until final storage in the lab- 
oratory a t  -80°C pending electrophoresis. 

Electrophoresis. In order to estimate levels and 
patterns of genotypic diversity and allele frequencies 
at each site, we used allozyme electrophoresis to 
determine the genotypes of each colony for each of 6 
enzyme systems and a total of 7 variable enzyme- 
encoding loci. Electrophoretic methods were modified 
from Harris & Hopkinson (1976) and Richardson et al. 
(1986). Assays were conducted using horizontal 
starch (11 % w/v) gels. Tissue extraction and assay 
conditions were as described by Willis & Ayre (1985) 
except that the extractant solution contained 0.014 M 
Tris-HC1. Electrophoretic buffers and assay conditions 
followed Selander et  al. (1971): on buffer number 5,  
malate dehydrogenase (MDH; E.C.#l .  1.1.37) and 
mannose-phosphate isomerase (MPI; E.C.#5.3.1.8); on 
buffer number 6, leucyl-proline peptidase (LPP; E.C. 
#3.4.11) and leucyl-tyrosine peptidase (LTP; E.C. 
#3.4.11); and on buffer number 9, glucose-phosphate 
isomerase (GPI; E.C.#5.3.1.9) and phosphoglucomu- 
tase (PGM; E.C.#2.7.5.1). All enzymes were appar- 
ently monomeric or dimeric, and  isozyme patterns 
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QUEENSLAND 
AUSTRALIA 

Tropic o f  Capricor - - - - - 

Analyses. Effects o f  reproductive mode 1 and dispersal on genotypic variation: We 
first assessed the magnitude and direction of 
departures from Hardy-Weinberg equilib- 
rium to infer the effects of reproductive mode 
(sexual versus asexual planulae) and disper- 
sal on the genotypic composition of popula- 
t ion~ .  These departures were expressed as  
Wright's (1978) fixation index I, where posi- 
tive and negative values represent deficits or 
excesses of heterozygotes respectively, com- 
pared to expectations for Hardy-Weinberg 
equilibria. x2 tests were employed to assess 
the significance of departures from expected 
numbers of heterozygotes and homozygotes. 
The sequential Bonferroni technique (Hoch- 
berg 1988) was used throughout the analyses 
to correct for the large number of similar tests 
(to reduce the chance of type I errors). The 
correction was applied using a DBASE pro- 
gram (Lessios 1992) which calculates a n  exact 
probability value for each x2 value from the 
incomplete gamma function. 

In order to determine whether each locus 
behaved independently, we tested each pair- 
wise combination of loci for linkage disequi- 
libria using Hill's (1975) multi-allelic mea- 
sure D. Significant inter-locus associations 

Fig. 1. Map of northeast coast of Australia showing location of Pocillo- 
may result (1) from the physical linkage of 

pora damicornis collection sites along the Great Barrier Reef. Lizard loci (indicated patterns linkage 
Island Reef: 1, North Reef; 2, Granite Bluff; 3, Palfrey Island. Davies Reef: within each collection), which would invali- 
1, Back Reef 1; 2, Back Reef 2; 3. Reef Crest.  ero on-1sland Reef: 1. North date their use as  independent measures of 
Crest; 2, South Crest 1; 3. South Crest 2. Site numbers correspond with diversity and population structure, 
those in the tables and text. Lizard Island Reef: dark shading = continen- 
tal islands, light shading = fnnging reef; Davies Reef: llght shadlng = O r  ( * )  from episodes of inbreeding' 

platform reef; Heron Island Reef: dark shading = cay, light shad~ng = re~roduction, random drift, selection, muta- 
platform reef; in all 3. no shad~ng = lagoon or water surrounding reef tion or the mixing of genetically distinct pop- 

ulation~ (where interlocus associations will 
vary among subpopulations) (Crow & Kimura 

were similar to those descnbed for other species with 1970, Hedrick et al. 1978). In this study, only 3 cases of 
normal Mendelian inheritance (e.g. Richardson et al. the 122 pairwise tests for interlocus association 
1986). Between 3 and 7 alleles were detected at each between variable loci revealed statistically significant 
locus (Table 1) and alleles were described by the linkage disequilibria (p < 0.05), and none of these 
ratio of their electrophoretic mobility relative to that remained significant after application of a Bonferroni 
of the most common allele. These loci were selected correction. 
following screening of 14 enzymes on 6 buffer sys- We used 2 approaches to infer the relative frequen- 
tems using samples from Heron Island. Rejected loci cies of sexually and asexually derived adults within 
(including Mdh-2 and 6Pgd (E.C.#1.1.1.44)) produced each collection. Firstly, for each of the 9 sites we deter- 
no detectable activity or yielded zymograms that mined the multi-locus genotype of each colony (N = 

were not consistently resolvable. Although Pocillo- 39 to 48) and then we counted the number of unique 
pora damicornis is the host for symbiotic zooxanthel- genotypes Ng (Ng 5 N). Because only a small portion 
lae in comparisons of 'bleached' (zooxanthellae de- of the genome can be sampled electrophoretically, 
pleted) and normal tissue and concentrated algal colonies that were genotypically identical (for these 
pellets, Stoddart (1983) detected no contribution of loci) may still be non-clonemates. Therefore, the ratio 
zooxanthellae to activity for each of the loci that we Ng:Nprovides a maximum estimate of the contribution 
assayed. of asexual reproduction to localised recruitment. Sec- 
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pora damicornis will recruit either via I Gpj-l I 

ondly, we compared the ratio of Table 1. Pocillopora damicornis. Allele frequencies for each of 7 enzyme encod- 
observed multi-locus genotypic diver- ing loci, based on an electrophoretic survey of 9 collections of 39 to 48 colonies 

sity (G,) to that expected under condi- from 3 locations (reefs) on the GBR (Great Barrier Reef). See Table 3 for sample 
sizes and Fig. 1 for collection sites 

tions of sexual reproduction with free 

locally generated (asexual) propag- 
ules or either locally produced or 
widely dispersed sexual propagules. 
Departures of G,:G, from unity should 

recombination (G,), a s  described by 
Stoddart & Taylor (1988). In applying 
this approach we assume that Pocillo- 

reflect the combined effects of depar- 
tures from single-locus Hardy-Wein- 
berg equilibria and multi-locus link- 
age disequilibria. Such departures are 
a predictable consequence of asexual 
reproduction (but will also result from 
other factors such as population subdi- 
vision). In contrast, a genetically vari- 
able population with high levels of 
sexually derived recruitment will dis- 
play a G,:G, ratio of close to unity. We 

Locus Lizard Island Reef Davies Reef Heron Island Reef 
1 2 3  1 2 3  1 2 3  

- 

then assessed the statistical signifi- 
cance of differences between G, and 
C, using an  unpaired t-test (Stoddart 
& Taylor 1988). 

Population subdivision and in- 
ferred gene flow: In order to quantify 
levels of population subdivision, we 
used a hierarchical analysis of stan- 
dardised genetic variance (F) statistics 
(Wright 1969) to partition genetic vari- 
ation within and among reefs. Values 
of Fwere  expressed as weighted aver- 
ages across alleles and loci, and these 
were adjusted by the subtraction of the 
binomial sampling variance for each 
allele. Subscripts are used to denote 
the source of variation, i.e. FSL = vari- 
ation among sites within location 
(within reefs); FLT = variation among lo- 

M@-' 
1.50 - 0.17 - 0.06 - 0.01 - - 0 06 
1.18 0.08 - 0.03 0.14 0.05 0.10 0 02 0.07 0 02 
1 .OO 0.67 0.60 0.75 0.60 0.78 0.67 0 8 5  0.75 0 7 3  
0.91 0.24 0.23 0.22 0.20 0.17 0.22 0 13 0 18 0 18 

0.01 - - - - - - - 0 01 

LPP-' 
1.15 0.04 - - - - 0.04 - 
l .OO 0.96 1.00 0.99 1.00 1.00 0.96 0.91 1.00 1.00 
0.93 - - 0 01 - - - 0.09 - - 
L~P-' 

0.38 0.62 0.43 0.38 0.76 0.72 0.43 0.37 0.44 
0.90 0.21 0.19 0.35 0.33 0.20 0.28 0.48 0.37 0.48 
0.83 0.39 0.12 0.19 0.29 0.04 - 0.09 0.26 0.08 
0.78 - 0.06 0.03 - - - - - 
0.71 0.02 0.01 - - - - - - - 
~ t p - ~  

0.02 0.10 - 0.07 0.04 - 0.08 - - 
1 .OO 0.87 0.80 0.83 0.87 0.96 1.00 0.82 0.98 1.00 
0.90 0.08 0.10 0.16 0.05 - - 0.10 0.02 - 
0.80 0.03 - 0.01 0.01 - - - - 

cations (between reefs); and FST = total 
variation among all sites. We calcu- 
lated these parameters using the formulations of Weir & RESULTS 
Cockerham (1984) (i.e. standardised genetic variance = 
8) using the program Diploid (Weir 1990) which exe- Genetic variation 
cutes numerical resampling via jackknifing to provide 
estimates of variance for each locus and bootstrapping Samples from all 9 sites (n = 407 colonies) were both 
to provide estimates of variances across loci. Values for genetically and genotypically diverse, with few clear 
0 should range from zero (i.e. no variation among sites patterns of geographic variation in allele frequencies 
due to complete panmixia) to a theoretical maximum of or levels of genetic diversity (Table 1) .  The total nurn- 
1 (i.e. populations fixed for alternative alleles). How- ber of alleles in all collections for the 7 enzyme encod- 
ever, Weir (1990) notes that in cases where 8 is close to ing loci was 33. Thirty of these were found at Lizard 
zero, negative values may be obtained. Island, while Davies Reef and Heron Island Reef each 
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had 26. Variability was greatest wlthin reefs , with the 
number of alleledsite ranging from 22 to 25 at Lizard 
Island, 16 to 25 at Davies Reef, and 19 to 22 at Heron 
Island Reef. Most of the 'missing' alleles were rare 
everywhere. Four of the 7 loci we examined were 
highly variable (Gpi-', Pgm-', Mpi-', and ~ t p - ~ ) ,  each 
displaying between 5 and 7 alleles. The remaining loci, 
Mdh-', Lpp-', and Ltp-l, were much less variable, and 
the frequency of their most common allele was always 
>80 to 90% (Table 1). Among the variable loci, most 
alleles were detected in collections from each reef. 
However, for 2 of these loci (Pgm-' and Ltp-') the fre- 
quency of the most common allele varied both within 
and among reefs. For example, the frequency of the 
the Pgm-' allele 1.10 was consistently high at the 3 
within-reef sites at Lizard Island (30 to 54 %), consis- 
tently low at Heron Island (3 to 14%), and ranged 
widely at Davies Reef (from 8 to 27 %). Similarly, Ltp-' 
allele 0.83 varied from zero to 29% at Davies Reef, and 
up to 39% at Lizard Island. 

Patterns of genotypic diversity 

Genotype frequencies for at least 1 (and up to 3) of 
the 7 loci differed significantly from expectations for 
Hardy-Weinberg equilibria at 8 of the 9 sites (X* test for 
goodness of fit: p < 0.05; Table 2). Two loci, Mpi-' and 
Ltp-', deviated significantly at all 3 reefs, and at 6 of 
the 9 sites. Pgm-' differed significantly at a single site 
on both Lizard Island and Heron Island, while L t p 3  
also showed a significant departure at 1 of the Lizard 
Island sites. Only 1 locus, Gpi-', represented by 7 al- 
leles, conformed to Hardy-Weinberg equilibria at all 
9 locations. A further 2 loci, Mdh-' and Lpp-', were 

insufficiently variable to analyze statistically. Exclud- 
ing these 2,  2 to 4 of the 5 remain.ing loci deviated sig- 
nificantly at each reef. 

Asexual reproduction (whether it occurs extrinsi- 
cally through fragmentation or through the intrinsic 
production of mobile larvae) should produce both 
deficiencies and excesses of heterozygotes (e.g. Ayre 
& Willis 1988, Ayre et al. 1991). However, in this study 
deficits of heterozygotes were 4 times more common 
than excesses (41 vs 10), and all 15 statistically signifi- 
cant deviations from Hardy-Weinberg equilibria were 
produced by deficits (Table 2). Deficlts of heterozy- 
gotes may result from either spatial subdivision due to 
limited dispersal of gametes or larvae, or from 
inbreeding (including self-fertilisation). The effects of 
spatial subdivision are predictable as a Wahlund 
effect where the magnitude of the deficiency should 
equal the inter-deme variation in allele frequencies 
[Co2/(He- H,), where He is the proportion of heterozy- 
gotes expected within a panmictic population, and H, 
is the average proportion of heterozygotes observed 
within each deme (Wallace 1981)]. However, in this 
study the observed variation among collections was 
sufficient to explain only 18 i 7 % (X -+ SE) of heterozy- 
gous deficits. 

Within each site, most individuals displayed unique 
?-locus genotypes (Table 3), which further supports 
the hypothesis that localised asexual reproduction had 
made little or no contribution to recruitment. Indeed, 
all of the 9 collections displayed approximately the 
levels of multi-locus genotypic diversity expected for 
samples drawn from exclusively sexually reproducing 
populations with random mating. Levels of 7-locus 
genotypic richness were high [N,:N= 0.80 r 0.05 (SE)], 
and the observed levels of genotypic diversity were 

Table 2 PociUopora damjcornls. Wright's fixation mdex for 9 collections from the GBR, for each of 7 enzyme encoding loci. Sig- 
nificant departures from Hardy Weinberg equilibria are noted (after Bonferroni correction) as ' p  < 0.05, ' ' p  < 0.01, "'p < 0.001; 

nd: x2 not determined as locus was insufficiently variable; (-1 locus monomorphic for population 

Lizard Island Reef Davies Reef Heron Island Reef 
Locus 1 2 3 1 2 3 1 2 l 

LPP-' 

L tp- 
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Table 3. Poclllopora damicornis. Comparison of observed and 
expected multi-locus genotypic diversity for 9 collections from 
the GBR. N: no of ind~vidual colonies; N,: no. of unique 
multi-locus genotypes; G,: observed multi-locus genotypic 
diversity; G,: expected multi-locus genotypic diversity (see 
text for additional details). In each case G,,:G, was not 

significantly different to 1; unpaired t-test, p > 0.05 

Location N Ng Ng:N G, G, G, G,:G, 
Site (SDI 

Lizard Island Reef 
1 45 43 0.96 41.33 40.97 3.96 1.01 
2 46 39 0.85 33.06 41.93 3.74 0.79 
3 39 34 0.87 29.82 32.67 4.38 0.91 

Davies Reef 
1 42 39 0.93 36.75 39.50 2.87 0.93 
2 47 28 0.60 14.07 19.41 4.66 0.73 
3 46 25 0.54 17.07 27.24 4.87 0.63 

Heron Island Reef 
1 46 41 0.89 37.79 37.19 5.29 1.02 
2 48 36 0.75 25.60 33.26 5.46 0.77 
3 48 38 0.79 32.00 28.99 5.78 1.10 

Mean 45.2 35 9 0.80 29.72 33.46 0.88 
t SE t0 .98 * l  99 t0 .05 t3 .09 k2.46 20.05 

never significantly different from expectations for sex- 
ual reproduction (i.e. average Go:Ge = 0.88 * 0.05; p > 
0.05 after application of Bonferroni correction; 
Table 3). The lowest G,:G, ratio was 0.63 at Site 3 on 
Davies Reef (unpaired t-test, not significant, p > 0.05), 
and even here the 46 colonies we sampled displayed 
25 distinct 7-locus genotypes. Of these, 15 were repre- 
sented by only 1 colony, 4 were found twice, and only 
6 occurred more frequently. 

Population subdivision and gene flow 

On average the total level of variation among all sites 
was relatively modest [7-locus mean (*SD) FST = 0.084 
+ 0.038; Table 41. Most (67 %) of the variation occurred 
among sites within locations (i.e. within reefs, mean 
FsL = 0.057) and only 33% among the 3 widely sepa- 
rated locations (between reefs, FLT = 0.027). Hetero- 
geneity X' tests revealed statistically significant het- 
erogeneity among collections for 3 of the ? loci, Gpi-', 
Ltp-' and Pgm-' (p < 0.01). Mdh-l, Lpp-', and had 
insufficient variability for statistical analysis, while 
Mpi-' showed little variation at any spatial scale 
(Tables 1 & 4). Levels of variation were usually similar 
for comparisons among reefs and loci. However, allele 
frequencies at the Pgm-' locus were by far the most 
variable with an FsT of 0.208 + 0.049 (cf. 0.013 to 0.072 
for the remaining 6 loci, Table 4 ) ,  possibly due to site- 
specific natural selection. Excluding this locus, the 6- 
locus mean FST was slightly lower at 0.055 * 0.029, with 
little variation detected among reefs (FLT = 0.008 
0.014) (Table 4 ) .  

The magnitude of current levels of gene flow (N,m) 
among the 9 populations of Pocillopora damicornis 
may be estimated as [(l /FST) - 1]/4, based on Wright's 
(1969) island model, where N, is the genetically effec- 
tive size of each subpopulation and m is the proportion 
of migrants per generation. Application of this approx- 
imation (for all loci excluding Pgm-l) yielded estimates 
of gene flow ranging from 2.6 to 6.9 effective migrants 
per generation among sampling sites (within reefs) 
and 31 effective migrants per generation among loca- 
tions (between reefs). 

Table 4. Poc~llopora damlcornis. Hierarchical analysis of standardised genetic vanation [expressed as Weir & Cockerham's (1984) 
01 within and arnong locations (reefs). Comparisons were made among 3 sites within each of 3 reefs, among the 3 reefs, and 
among all sites Values are weighted averages * SD (calculated by resampling v ~ a  jackknifing to provide estimates of variance 
for each locus and bootstrapping to provide estimates of variances across loci) Statistically significant heterogeneity of allele 

frequencies arnong sltes Indicated by "p  < 0.01, " ' p  < 0.001, nd: X' not determined as locus was insufficiently variable 

Location Locus Average 
Gpl-' Mdh-' Mpi- ' LPP- ' ~ t p - ~  L tp- Pyn- ' 

- - 

Lizard Island 0 003 0.095 0.021 0.018 0 056 0 001 0.063 0.035 
(0 009) (0.045) (0.027) (0.013) (0.036) (0 005) (0.083) (0.014) 

Davies Reef 0.069 0.000 0.004 0.033 0.131 0 040 0.140 0.088 
(0 063) (0.022) (0.001) (0.104) (0 039) (0.159) (0.033) 

Heron Island 0.005 0.058 0.003 0.073 0.014 0.157 0.032 0.047 
0.010 0.030 0.013 0.000 0.024 0.075 0.030 0.009 

Total (7 locus) 0.046 0.048 0.013 0.033 0.072 0.043 0.208 0.084 
0.026 . . 0.012 0.012 0.016 0.021 0.019 0.049 0.038 . . . nd . . . 

Total (6 locus) 0.055 
0.029 

Among locations 0 = 0.008 * 0.014 
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DISCUSSION 

Our analysis of the levels of genetic variation within 
and among reef crest populations of Pocillopora dami- 
cornis implies that Australia's GBR supports a single, 
genetically homogeneous, breeding population that is 
strongly interconnected by high levels of gene flow. 
Moreover, we found that single and multi-locus geno- 
type frequencies at all sites matched expectations for 
recruitment via sexual reproduction. Taken together, 
these findings show that P. damicornis displays a rela- 
tively uniform life-history strategy on reef crests along 
the length of the world's longest reef system. More- 
over, large-scale genetic differentiation in P. damicor- 
nis was relatively low compared to local variation 
(Table 4). Even lower levels of genetic variation among 
widely spread local populations have been described 
from the GBR for 2 species of starfish, Acanthaster 
planci (Benzie & Stoddart 1992) and Linckia laevigata 
(Williams & Benzie 1993), 3 species of the giant clam 
Tridacna (Benzie 1994), the zoanthid Palythoa caesia 
(Burnett et al. 1994), and for 2 species of reef fish that 
have long-lived larvae (Doherty et al. 1995). Con- 
versely, much higher levels of genetic variation among 
reefs have been reported for the brooding coral Seri- 
atopora hystrix (Ayre & Dufty 1995), the clonal zoan- 
thid Zoanthus coppenngeri (Burnett et al. 1995), and 5 
species of fish with relatively short larval durations 
(Doherty et al. 1995). 

Relative importance of sexual and asexual 
reproduction for recruitment 

Our data strongly imply that localised asexual 
recruitment played little or no part in the maintenance 
of extant local populations of Pocillopora damicornis, 
and that such populations are maintained by the 
recruitment of sexually generated larvae. Although we 
cannot exclude the possibility that some low level of 
localised asexual recruitment occurs, we found that 
samples from each of the 9 sites on the reef crests of 3 
widely separated mid-shelf reefs were genotypically 
diverse, with 80% of coral colonies displaying unlque 
multi-locus genotypes. Indeed, on average we 
detected 88% of the level of multi-locus genotypic 
diversity (G,) expected for randomly mating popula- 
tions with exclusively sexual reproduction. Single- 
locus genotype frequencies were often significantly 
different from values predicted for Hardy-Weinberg 
equilibna. However, these departures were always 
due to deficits of heterozygotes, whereas the recruit- 
ment of asexual planulae as described elsewhere for 
this species (Stoddart 1984a) would be expected to 
produce both excesses and deficits (Ayre 1984). 

It could be argued that the high level of genotypic 
diversity within our collections arose through the con- 
tinued asexual replication of a vast number of pre- 
existing, well mixed or infrequently generated clones. 
However, this seems improbable as it would require 
either that (1) asexually produced planulae settle far 
from their brood parents and the population is effec- 
tively panmictic or (2) asexually produced planulae 
settle locally in small numbers, and all clones are 
equally successful. Neither of these scenarios conforms 
to theoretical predictions for the evolution and mainte- 
nance of clonal populations (e.g. Williams 1975, May- 
nard Smith 1978, Bell 1982) or previous accounts of the 
highly localised distribution of Pocillopora darnicornis 
clones within populations that produce planulae asex- 
ually (Stoddart 1984 b, 1988). 

The consistently large deficits of heterozygotes that 
we detected at 4 of the 5 most variable loci seem most 
likely to be a consequence either of inbreeding (e.g. 
self-fertilisation) or spatial or temporal subdivision of 
Pocillopora damicornis populations (Wahlund effects). 
Self-fertilisation would provide the simplest explana- 
tion for the heterozygous deficits although it would be 
necessary to infer a mechanism such as heterosis to 
account for the lack of deficits for Gpi. However, little 
is known about the self-compatibility of brooding 
corals. Highly variable levels of self-fertilisation have 
been demonstrated in the laboratory in experimental 
crosses of several broadcast spawning species (e.g. 
Willis e t  al. 1997). In nature, however, unfertilised 
eggs from many colonies are released simultaneously 
in egg-sperm bundles that break apart and are 
rapidly diluted at the water surface. The gametes typ- 
ically remain viable for 5 to 6 h (Harrison & Wallace 
1990), during which they are more likely to outcross 
than self-fertilise. Furthermore the vast number of 
sperm produced by corals (the mass of testes in a 
colony can exceed that of eggs; Hall & Hughes 1994) 
is almost certainly a mechanism to promote outcross- 
ing. 

Assuming that outcrossing is the norm, a simple spa- 
tial Wahlund effect may account for some of the het- 
erozygous deficiencies seen in Pocillopora darnicornis. 
Spatial variation in allele frequencies were estimated 
to be sufficient to account for 64% of heterozygous 
deficits via Wahlund effects in another brooding pocil- 
loporid, Senatopora hystrix (Ayre & Dufty 1994). How- 
ever, for P. damicornis we calculated that only 18 * ? % 
of heterozygous deficiencies may be explained in this 
way (estimated from the variance of allele frequencies 
among individual collections). However, because 
recruitment and dispersal in P. damicornis is likely to 
be complex (see below), this calculation is a t  best an 
approximation. For example, since our sampling sites 
typically encompassed larger areas than would be 
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expected for breeding groups defined by the dispersal 
of sperm, then we may expect to have underestimated 
fine-scale geographic variation (e.g. Johnson & Black 
1984). Such ubiquitous deficiencies of heterozygotes 
might also be attributable to temporal Wahlund effects 
(caused by multiple cohorts with differing allele fre- 
quencies), or to the incorrect lumping of 2 or more mor- 
phologically similar species. The latter explanation can 
be discounted, however, because it would require the 
relative abundance of each species to be the same at 
every site. Furthermore, the presence of 2 or more sep- 
arate species gene pools would have been expected to 
be associated with striking linkage disequilibria (e.g 
Duffy 1993). A variety of other explanations exist 
for the occurrence of heterozygous deficits in marine 
and terrestrial organisms, including strong selection 
against heterozygotes (e.g. Borsa et  al. 1992) and the 
presence of null alleles (e.g. Foltz 1986). However, 
these factors should not be expected to produce the 
observed large and consistent deficits at  each of sev- 
eral apparently unlinked loci. 

Our findings closely match those of Benzie et  al.'s 
(1995) study of small-scale genotypic variation in Pocil- 
lopora damjcornis at sites up to 1 to 2 km apart on One 
Tree Island on the southern GBR, and Ayre & Dufty's 
(1994) description of genotypic variation in the pocillo- 
porid Seriatopora hystrjx on 11 reefs further north. As 
in our study, G,,:G, ratios in each local population were 
not significantly less than 1.  These results contrast 
sharply with earlier descriptions of highly clonal popu- 
lation structures in P. damicornis from Western Aus- 
tralia and Hawaii (Stoddart 1984b, 1988), and with 
numerous other temperate and tropical clonal cnidari- 
ans that reproduce predominantly asexually [e.g. the 
coral Pavona cactus (Ayre & Willis 1988), the sea 
anemones Actinia tenebrosa (Ayre 1984, Ayre et  al. 
1991), Metridium senile (Hoffmann 1986) and Antho- 
thoe albocincta (Billingham & Ayre 1996), and the 
zoanthld, Zoanthus copperingeri (B.urnett et al. 1995)). 
Populations of these latter taxa are characterised by 
G,:G, ratios that are typically ~ 0 . 4 ,  and they often have 
both significant excesses and deficits of heterozygotes. 

The use of genetic data to infer aspects of an organ- 
ism's life hlstory has the advantage of providing a 
cumulative measure of successful reproduction and 
recruitment within the sampled population in the cur- 
rent generation. Consequently, our data combined 
with those of Benzie et  al. (1995) imply that in recent 
years asexual reproduction by planulae of Pocillopora 
damicornis was relatively unimportant on 4 intensively 
sampled mid-shelf reefs along the GBR. In interpreting 
these results, it is important to realise that we excluded 
highly localised asexual reproduction by fragmenta- 
tion (i.e. we did not take separate samples from imme- 
diately adjacent colonies that appeared to be the prod- 

ucts of very recent fragmentation). Passive tumbling by 
fragments should rarely result in dispersal beyond a 
few meters (e.g. review by Highsmith 1982) and can- 
not play any role in enhancing levels of gene flow 
between sites or reefs. Furthermore, fragments of P. 
damicornis (or any other coral) that are  generated on 
shallow, wave-swept reef crests very rarely reattach 
and survive. For example, wi.thin permanently marked 
plots on the reef crest at Heron Island, there has been 
no successful establishment of fragments of P. damicor- 
nis from 1963 to the present, although continuous lar- 
val recruitment by this species has accounted for over 
4 0 %  of the total for all corals (Connell 1973, Connell & 

Hughes unpubl. data).  Similarly, although P damicol-- 
nis is abundant on the reef crest at  Lizard Island, it 
comprised only 3 % of 394 fragments that tumbled into 
twenty 4 m2 plots there over 2 yr. Of the fragments, 
87 O/o died within 3 mo of first being detected, including 
all of the Pocillopora (Nelson 1994). However, P. dami- 
cornis also occurs in other, less-exposed reef habitats 
and in deeper water (Veron & Pichon 1976), where 
fragmentation is likely to be a more successful means 
of highly localised, vegetative propagation following 
extrinsic breakage of the skeleton. 

Life-history theory predicts that intrinsic asexual 
reproduction (e.g.  of planulae) will be most favoured 
when the environment is relatively homogeneous, 
biotic stresses are low and mortality is density-inde- 
pendent (i.e. con~petitive pressures are low). Con- 
versely, sexual reproduction should be favoured as a 
means of escaping from crowded environments to 
newly cleared patches elsewhere (Williams 1975, Gle- 
sener & Tilman 1978, Maynard Smith 1978, Bell 1982, 
1988, Karlson et  al. 1996). Regional variation in the life- 
history traits of Pocillopora damicornis appears to fit 
these predictions: localised asexual recruitment either 
via planulae or fragmentation appears to assume great 
importance a t  the margins of its geographic range 
(Eastern Pacific, Hawaii, Western Australia), where 
interspecific competition is likely to be less intense. 
However the consistency of the geographic pattern 
also suggests that P, damicornis is unable to vary the 
relative importance of sexual and (intrinsic) asexual 
reproduction at a more local scale or over a short time 
frame. In contrast, local variation in the relative impor- 
tance of asexual reproduction to recruitment has been 
reported for sea anemones, where populations on sta- 
ble rock platforms are  far less genetically diverse than 
those on adjacent unstable boulder shores (Ayre 1984) 
or spatially heterogenous mussel beds (Sebens 1982). 
For corals, competition may be  lowest and asexual 
reproduction more favoured during expansion phases 
(e.g. following initial colonisation after a severe storm 
or episode of predation by Acanthaster planci). HOW- 
ever, the reef crest sites from which we sampled varied 
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in their level of crowding, and even though several had 
been damaged relatively recently (e.g. at Heron 
Island; Connell et al. 1997) we found no evidence of 
successful asexual reproduction by planulation or frag- 
mentation at any location. Furthermore, Ayre & Dufty 
(1994) and Benzie et al. (1995) did not detect variation 
in reproductive mode across a range of habitats for 
Seriatopora hystrix and P. damicornis, respectively. 

Geographic variation and gene flow 

Pocillopora damicornis shows little large-scale ge- 
netic variation on the GBR compared to other brooders. 
Our analyses revealed that for each of 6 apparently 
unlinked loci there was consistently little variation 
among groups of P. damicornis collected from locations 
(reefs) separated by up to 1200 km (mean FLT = 0.008; 
Table 3).  This level of variation is similar to values 
reported for broadcast spawning taxa on the GBR 
(Benzie & Stoddart 1992, Williams & Benzie 1993, Ben- 
zie 1994, Burnett et al. 1994, Doherty et al. 1995) and in 
other spawning species from elsewhere (e.g. molluscs: 
Ward 1990, Murray-Jones & Ayre 1997; and temperate 
cnidarians: Hunt 81 Ayre 1989, McFadden et al. 1996). 
In comparison, much more spatial variation has typi- 
cally been reported for viviparous (brooding) taxa. 
Examples include the brooding fish Acanthochromis 
polyacanthus (FLT = 0.79; Doherty et al. 1995) and the 
zoanthid Zoanthus copperingeri on the GBR (FLT = 
0.039 + 0.004; Burnett et al. 1995), the temperate coral 
Balanophyllia elegans (FLT = 0.31; Hellberg 1994), the 
colonial ascidians Botrylloides magnicoecum and 
Stolonica australis (FLT. = 0.2; Ayre et al. unpubl.). 

The apparent disparity between the scale of disper- 
sal of Pocillopora damicornis and other brooded spe- 
cies is likely to be attributable to physiological or 
behavioural properties of their larvae. For example 
most corals acquire their symbiotic zooxanthellae after 
settlement, but the brooded larvae of P. damicornis 
obtain theirs before release (Harrison & Wallace 1990). 
Consequently, planulae of P, damicornis can poten- 
tially supplement diminishing supplies of yolk by pho- 
tosynthesis during their plankton phase. Atoda's (1947) 
classic aquarium studies of the settlement of P. dami- 
cornis showed that 69 % settled very quickly within 2 d 
of release, while the last 2% settled after 6 to 13 d .  
More recently, Richmond (1987a, b) demonstrated that 
3 %  of larvae of P. damicornis remained competent to 
settle after 103 d under laboratory conditions. In the 
present study, we detected most genetic variation at a 
local scale (within reefs). These results are consistent 
with previous studies of larval properties in l? damicor- 
nisi we conclude that planulae may often settle close to 
their parental colonies, but some proportion remain 

competent and planktonic for long periods and are 
widely dispersed if they are swept from the natal reef. 

The levels of gene flow inferred here are relatively 
high in an evolutionary context, reflecting the low lev- 
els of differentiation between distant reefs. However, 
the model we applied [Wright's (1969) island model] 
assumes that gene flow is (1) bidirectional and (2) at a 
stable equilibrium. Neither assumption is realistic. 
Large-scale currents on the GBR flow predominantly 
southward (Williams et al. 1984) although they have a 
complex pattern close to individual reefs (Black et al. 
1991). Furthermore, rates of settlement of larvae 
and subsequent recruitment into adult populations 
are notoriously variable (non-equilibrial) even over 
decadal time-scales (e.g. Connell 1973. Connell et al. 
1997). Our estimate of gene flow along the GBR is sim- 
ilar to that for species with relatively long larval dura- 
t i o n ~ ,  including the starfish Acanthasterplanci (N,m = 
27 to 50; Benzie & Soddart 1992), 3 species of clam Tri- 
dacna (N,m = 20 to infinity), and 2 species of fish, Pte- 
rocaesio chyrozona and Ctenochaetus striatus (N,m = 
45 and 108; Doherty et al. 1995). In contrast, much 
smaller levels of gene flow among neighbouring reefs 
have been estimated for the pocilloporid coral Senato- 
pora hystnx (Nem = 1.0; Ayre & Dufty 1994) and the 
brooding fish Acanthochrornis polyacanthus (Nem = 
0.06; Doherty et al. 1995). Interestingly. Atoda (1951) 
also measured the larval behaviour of S,  hystnx, 
and found that it settled substantially faster than Pocil- 
lopora damicornis. Specifically, 3 times as  many S. 
hystrix settled with 24 h of release (65% vs 19% for 
Pocillopora, n = 208 and 594, respectively). All the Sen-  
atopora had settled after 4 d ,  whereas the last 8 %  of 
the Pocillopora larvae settled from Day 5 to 13 (Atoda 
1947, 1951). 

Finally, our study of populations of Pocillopora dam- 
icornis on the GBR provides further evidence of the 
wide-spread geographic variation in life history re- 
ported for this species. In particular, our results and 
those of Benzie et al. (1994) are in clear contrast to 
comparable genetic studies from Western Australia 
and Hawaii (Stoddart 198413, 1988), where asexual 
planulae occur. In Hawaii, 2 distinctive colour morphs 
of P. damicornis exhibit distinctive lunar cycles of plan- 
ula release, and consequently they may be reproduc- 
tively isolated (Richmond & Jokiel 1984, Stoddart 
1988). In the Eastern Pacific, P. damicornis may not 
planulate at all (Richmond 1985, 1987a), but instead it 
reproduces sexually as a broadcast spawner (Glynn et 
al. 1991) and asexually by frequent fragmentation 
(Richmond 1987a and references therein). Larval dis- 
persal and gene flow appear to be sufficient to ensure 
relatively uniform expression of life-history characters 
along very large reefs systems (e.g. the GBR vs sub- 
tropical Western Australian reefs), but each of these 
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systems is apparen t ly  evolutionarily i n d e p e n d e n t  a n d  

m a y  i n d e e d  represen t  no t  just a different selective 

env i ronment  but a different g e n e  pool o r  species .  
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