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Mating system variation in the hermaphroditic
brooding coral, Seriatopora hystrix

CDH Sherman

Institute for Conservation Biology, School of Biological Sciences, University of Wollongong, Wollongong, New South Wales, Australia

Self-compatible, hermaphroditic marine invertebrates have
the potential to self-fertilize in the absence of mates or under
sperm-limited conditions, and outcross when sperm is
available from a variety of males. Hence, many hermaphro-
ditic marine invertebrates may have evolved mixed-mating
systems that involve facultative self-fertilization. Such mixed-
mating strategies are well documented for plants but have
rarely been investigated in animals. Here, | use allozyme
markers to make estimates of selfing from population surveys
of reef slope and reef flat sites, and contrast this with direct
estimates of selfing from progeny-array analysis, for the
brooding coral Seriatopora hystrix. Consistent heterozygote
deficits previously reported for S. hystrix suggests that
inbreeding (including the extreme of selfing) may be common
in this species. | detected significant levels of inbreeding within

populations (Fis=0.48) and small but significant differentia-
tion among all sites (Fst=0.04). | detected no significant
differentiation among habitats (Fy1=0.009) though among
site differentiation did occur within the reef slope habitat
(Fsn=0.06), but not within the reef flat habitat (Fs; =0.015).
My direct estimates of outcrossing for six colonies and their
progeny from a single reef flat site revealed an intermediate
value (f, (£s.d)=0.53%0.20). Inbreeding coefficients
calculated from progeny arrays (F.=0.31) were similar to
indirect estimates based on adult genotype frequencies for
that site (Fis=0.38). This study confirms that the mating
system of this brooding coral is potentially variable, with both
outcrossing and selfing.
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Introduction

Reproduction through exclusive self-fertilization appears
rare for the majority of hermaphroditic plants and
animals, however, it is becoming increasingly clear that
mating systems where a proportion of progeny are
outcrossed and the remaining are selfed are an important
reproductive strategy in some groups (reviewed in Jarne
and Charlesworth, 1993; Knowlton and Jackson, 1993;
Goodwillie et al., 2005). Despite the potential for self-
fertilized progeny to have lower fitness than outcrossed
progeny due to inbreeding depression (Shields, 1982;
Grosberg, 1987; Hunter and Hughes, 1993; Shields, 1993;
Hoare and Hughes, 2001), the selective advantage of
being able to self-fertilize is obvious; under conditions
where outcross fertilization cannot occur, either due to
the complete absence of mates or under gamete limi-
tation, self-fertilization provides the opportunity for
reproductive assurance (Goodwillie et al., 2005; Henry
et al., 2005; Jarne and Auld, 2006). Additionally, it has
been argued that self-fertilization may also allow for the
purging of deleterious recessive alleles within a popula-
tion, thereby reducing the possible costs of inbreeding
(Shields, 1982, 1993; Lande and Schemske, 1985; Lande
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et al., 1994; Hedrick and Kalinowski, 2000). Current
understanding of the evolutionary and ecological
significance of self-fertilization versus outcrossing is
mainly derived from investigation of terrestrial plant
species (reviewed in Jarne and Charlesworth, 1993;
Hedrick and Kalinowski, 2000; Goodwillie et al., 2005).
The importance of such mating systems in animals has,
however, rarely been investigated (reviewed in Jarne and
Auld, 2006), though information on the importance of
selfing in pulmonate snails (Jarne and Charlesworth,
1993; Jarne et al. 1996, 2000; Trouvé et al., 2003; Henry
et al., 2005), ascidians (Ryland and Bishop, 1990; Bishop
and Ryland, 1993; Cohen, 1996; Jiang and Smith, 2005;
Manriquez and Castilla, 2005) and platyhelminthes
(Trouvé, et al., 1996) is starting to emerge.

In hermaphroditic marine species that reproduce by
broadcast spawning (that is, shedding of male and
female gametes into the water column), or brooding
species that rely on the movement of sperm between
individuals (spermcast species; Bishop and Pemberton,
2006), the rapid dilution and relatively short lifespan of
sperm means that outcrossed fertilization is proximity
dependent (Grosberg, 1987; Babcock et al., 1994; Levitan
and Petersen, 1995; Coffroth and Lasker, 1998). While
some plants have evolved associations with pollinators
to assist in the transfer of pollen from one individual to
another, no such associations are known for marine taxa.
Although pheromones and other chemotactic attractants
may be used by some marine taxa to increase fertilization
success (for example, Coll et al., 1995; Riffell et al., 2002,
2004), and despite the potential for decreased fitness due
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to inbreeding through selfing, the capacity to ensure
fertilization in the absence of potential mates or under
sperm-limited conditions means that self-fertilization
may be an important reproductive tactic for hermaphro-
ditic brooding and broadcast spawning species (for
example, Sabbadin, 1971; Heyward and Babcock, 1986;
Stoddart et al., 1988; Yund and McCartney, 1994; Cohen,
1996, Brazeau et al., 1998).

The largely hermaphroditic scleractinian corals pro-
vide a good model to test the importance of self-
fertilization in marine invertebrates (reviewed in Carlon,
1999). These reef-building corals display a diverse range
of reproductive strategies that include sexual and
asexual modes, hermaphroditic and gonochoristic spe-
cies and broadcast spawning and internal brooding
modes of fertilization (Harrison and Wallace, 1990).
Surprisingly, however, little is known about selfing rates
within coral species, though studies of the population
structure of a number of species suggest that inbreeding,
including the extreme of selfing may be important
(for example, Ayre and Dufty, 1994; Brazeau et al., 1998;
Ayre and Hughes, 2000; Goffredo et al., 2004). In vitro
fertilization trials have been carried out to determine the
extent of self-compatibility for a number of broadcast
spawning species (Heyward and Babcock, 1986; Stoddart
et al., 1988; Willis et al., 1997; Baums et al., 2005) and have
been informative about the potential for selfing within
some species. However, direct estimates of selfing rates
for both brooding and broadcast spawning species are
needed to assess the importance of selfing within natural
populations. This is more easily accomplishable for
brooding species whose larvae can easily be collected
and their genotypes compared to the maternal colony.

In this study I use co-dominant allozyme markers to
determine the population structure and mating system
for the hermaphroditic, brooding coral, Seriatopora hystrix
collected from One Tree Island, on the southern Great
Barrier Reef, Australia. Mating system parameters were
assessed by making indirect estimates of the levels of
inbreeding within populations using fine-scale genetic
surveys and comparing these to direct estimates made
from progeny arrays and surrounding adult genotype
frequencies.

Materials and methods

Adult and larval collections

I made collections of adult S. hystrix from three sites
(~25m?) in each of two reef habitats, the reef slope
(7-11m depth) and reef flat (0-2m depth), during
November/December 2002 at the One Tree Island Reef
(23°30'S; 152°06'E) on the southern Great Barrier Reef,
Australia. The three sites within each reef habitat were
separated by a minimum of 50 m, while the two habitats
were separated by approximately 2 km. Sperm dispersal
over these scales is unlikely, though Ayre and Miller
(2006) suggest that sperm of Acropora palifera may
disperse over tens of metres, and sperm dispersal
between sites within a habitat may therefore be possible.
Each collection consisted of 47-50 fragments (~2cm
long) taken haphazardly from available colonies,
and representing most of the adult colonies within each
site. Samples were frozen in liquid nitrogen prior to
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transportation back to the laboratory, where they were
stored at —80° C until needed for electrophoresis.

For larval collections, I removed 15 adult colonies
(>8cm diameter) from the reef flat (site 3) and
transported them to the laboratory in sea water. Colonies
were held in separate aquaria with flow through sea
water pumped directly from the reef lagoon through a
sand filter. A control aquarium, which did not contain a
coral colony, was used to determine if water pumped in
from the reef lagoon contained coral larvae that may
confound my results. I detected no coral larvae within
the control aquarium during the experimental period.
Six of the 15 colonies released larvae (up to 85 larvae per
colony) over an 11-day period. I collected larvae either
in overflow traps lined with plankton mesh (200 pum
pore diameter), or siphoned them off the bottom of
each aquarium. Genotypes of larvae and the brood
parent were determined by allozyme electrophoresis
within 24 h of larval release.

Electrophoresis

Previous population genetic studies of S. hystrix on the
Great Barrier Reef have shown that certain allozyme loci
are highly variable and provide a useful marker system
to assess population structure and mating system in this
species (for example, Ayre and Dufty, 1994; Ayre and
Hughes, 2000). Tissue extracts and electrophoresis
methods were the same as those described by Ayre and
Dufty (1994). Electrophoresis was carried out on hor-
izontal starch gels (12% w/v) using a tris citrate (TC8),
tris-EDTA-borate (TEB) or tris-maleate (TM) buffer
modified from Selander et al. (1971). A total of eight
enzyme loci were consistently resolvable. These included
glucosephosphate isomerase (Gpi, EC 5.3.1.9); malate
dehydrogenase (Mdh1&2, EC 1.1.1.37) assayed on TCS;
hexokinase (Hk, EC 2.7.1.1); phosphoglucomutase (Pgm2,
EC 5.4.2.2) assayed on TM; leucyl-proline peptidase (Lpp,
EC 3.4.11) and leucyl-glycyl glycyl peptidase (Lgpl&2,
EC 3.4.11) assayed on TEB. Between three and six alleles
were detected at each locus, and alleles were described
numerically in order of decreasing electrophoretic
mobility. Due to their small size (~400um diameter;
Baird and Babcock, 2000), larvae could only be assayed
on a single buffer system (TC8) and, therefore, were only
scored for Gpi, Mdhl, Mdh2 and Hk to maximize the
number of loci scored. Mdhl was invariable in the site
from which broods were collected and, therefore, was
excluded from progeny-array analysis.

Statistical analysis

Genetic variation and adult population structure: 1 tested
the statistical power of the marker system to assess the
population structure and mating system by calculating
the probability of identity, Pip, for increasing locus
combinations (Waits et al., 2001) using the program
GenAlex (V6) (Peakall and Smouse, 2006). Pip was
calculated as:

Pp=) pi+y > (2pp)

where p; and p; are the frequencies of the ith and jth
alleles and i#j (Paetkau and Strobeck, 1994). This
identification (Pip) estimator calculates the probability
that two individuals drawn at random from a population
will have the same genotype at multiple loci and is used
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to access the statistical confidence of the marker system
for individual identification. P;p was calculated for each
locus using adult allele frequencies in the population and
then multiplied across loci to give an overall Pip (Waits
et al., 2001).

Asexual reproduction is a common reproductive
strategy in many coral species and will influence
estimates of population structure and mating system
(for example, Ayre and Hughes, 2000; Billingham et al.,
2003; Baums et al.,, 2005). I therefore assessed the
importance of asexual reproduction within my popula-
tions by first comparing the number of colonies sampled
(N) to the number of unique multi-locus genotypes (N,)
detected. I then compared the ratio of observed multi-
locus genotypic diversity (G,) to that expected under
conditions of sexual reproduction with free recombina-
tion (G.), as described by Stoddart and Taylor (1988).
Departures of G,/G. from unity should reflect the
combined effects of departures from single-locus
Hardy-Weinberg equilibrium, and of multi-locus linkage
disequilibrium. Such departures may result from factors,
such as inbreeding, population subdivision and asexual
reproduction. If these departures result from inbreeding,
then this should lead to significant heterozygote deficits
across all loci screened. If, however, departures are due
to asexual reproduction, this should lead to both
significant deficits and excess of heterozygotes across
different loci (Stoddart and Taylor, 1988). In contrast,
a population with complete random mating will display
a G,/ G, ratio of close to unity. The statistical significance
of differences between G, and G, was then assessed by
determining if G, lay outside the 95% confidence interval
(CD of G, (Stoddart and Taylor, 1988). To reduce the
chance of type I errors a sequential Bonferroni correction
was then applied.

As clonal reproduction may influence estimates of
population structure and mating system parameters, all
analyses and data presented were calculated using only
unique multi-locus genotypes. To ensure that each locus
behaved independently, I tested each pairwise combina-
tion of loci for linkage disequilibrium for each site (168
tests) using the program GENEPOP V3.4 (Raymond and
Rousset, 1995). I then assessed the effects of inbreeding
on population structure by calculating the magnitude
and direction of departures from Hardy-Weinberg
equilibria within each site for each locus. Departures
were expressed as a fixation index, f (Wright, 1978),
where positive and negative values represent deficits or
excesses of heterozygotes, respectively. For those loci that
were sufficiently variable (that is, frequency of the
most common allele <95%); Hedrick, 2000), I determined
significant departures from Hardy-Weinberg equili-
brium using exact tests implemented in the program
GENEPOP V3.4 (Raymond and Rousset, 1995). A
sequential Bonferroni correction was then applied to
reduce the chance of type I errors (Rice, 1989).
Differences in f among sites and habitats were assessed
by a two-way ANOVA with sites nested within habitat.
For each site, the overall inbreeding coefficient (Fis) was
calculated using the formulations of Weir and Cocker-
ham (1984) using the program FSTAT (Goudet, 2002).

I used a hierarchical analysis of standardized genetic
variance (F) statistics (Wright, 1969) to partition genetic
variation among sites, and between habitats. Subscripts
were used to denote the source of variation: Fig, variation
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among individuals within a site; Fsr, total variation
among all sites; Fgy, variation among sites within
habitats and Fyt, total variation between habitats.
Parameters were calculated using the formulations of
Weir and Cockerham (1984) using the program FSTAT
(Goudet, 2002), which executes numerical re-sampling to
provide estimates of variances across loci (jack-knifing).
Values of F were judged to be statistically significant
when 0 lay outside the 95% CI of the bootstrapped mean.

Mating system parameters

I calculated outcrossing rates and other mating system
parameters using the multi-locus mating program MLTR
(Ritland, 2002). Larval and maternal genotypes, and
those of neighbouring adult colonies from the reef flat
(site 3) were used to calculate the following mating
system parameters: (1) single (f;) and multi-locus (t,)
outcrossing rates (where t=1 for complete outcrossing
and t=0 for complete self-fertilization); (2) the rate
of biparental inbreeding (t,,—t;) which gives a measure of
the degree of mating among close relatives and (3) the
correlation of outcrossed paternity among progeny of the
same mother (that is, the likelihood that a randomly
chosen pair of progeny from a single mother share the
same father, r,). These mating system parameters were
calculated using the Newton-Raphson iteration, and
1000 bootstrap replicates were performed to obtain
standard deviations (s.d.) for each parameter. If the
mating system is at equilibrium, direct estimates of the
inbreeding coefficient can be calculated from outcrossing
estimates using the relationship Fe=(1—ty)/(1+ty)
(Hedrick, 2000).

Results

Allelic variation

I detected high levels of variability within each of the
six sites sampled, with three to six alleles detected at
each locus (mean ts.e.=4.25%1.04). Allele frequencies
for each site are available in Supplementary Table 1.
The eight allozyme loci allowed a high degree of
discrimination among genotypes within each site, as
indicated by the probability of identity, Pip, ranging from
0.002 to <0.001 when all eight loci are included (Table 1).
The expected number of individuals that might display
the same multi-locus genotype within each population,
as a consequence of random mating, was therefore low,
providing a high degree of resolution in detecting any
contribution of asexual reproduction within these popu-
lations. Additionally, Pip for the three loci used to
genotype brooded larvae was low (P;p=0.014 for reef
flat site 3), indicating a high level of power (98%) in
identifying genotypes derived from identity by descent
(Table 1). Thus, it is likely that of the 237 larvae, up to five
may have been misidentified.

Genotypic diversity

Generally, all collections contained approximately the
levels of multi-locus genotypic diversity expected for
sexual reproduction (Table 2). The proportion of unique
genotypes (Ng) to the number of colonies sampled (N)
was consistently high across all sites with N,/N ranging
from 0.84 to 0.96 (Table 2). While I did detect some
replicate genotypes within sites, these were represented



Table 1 The probability of identity, Pip, for increasing locus
combinations, calculated for the brooding coral Seriatopora hystrix
from six reef sites

Pip for increasing locus combinations

Gpil +Hk +Mdh2 +Mdhl +Pgm +Lggl +Lg2  +Lp

Reef flat

Site 1 0.215 0.057 0.023 0.023 0.018 0.003  0.002 <0.001

Site 2 0.218 0.072 0.025 0.021 0.015 0.003 0.001 <0.001

Site 3 0.210 0.043 0.014 0.013 0.007 0.002 0.001 <0.001
Reef slope

Site 1 0.161 0.028 0.009 0.007 0.003 <0.001 <0.001 <0.001

Site 2 0.265 0.119 0.053 0.049 0.042 0.014 0.005 0.002

Site 3 0.257 0.058 0.019 0.017 0.008 0.001 <0.001 <0.001

Pip calculates the probability that two individuals drawn at random
from a population will have the same genotype at multiple loci and
is used to assess the statistical confidence for individual identifica-
tion (Waits et al., 2001).

Table 2 Comparison of the observed and expected multi-locus
genotypic diversity for Seriatopora hystrix from three sites (25m?)
within each of two reef habitats from the One Tree Island Reef,
Great Barrier Reef, Australia

N N, NJN G, G, (sd.) Go/Ge P

Reef flat

Sitel 47 43 091 4016 44.52(277) 090 >0.05

Site2 48 44 092 4190 44.40@3.10)0 094 >0.05

Site3 50 48 096 4630 48.20(261) 096 >0.05
Reef slope

Sitel 47 43 091 3875 46.72(1.13) 0.83  <0.001

Site2 48 41 085 3388 4138455 082 >0.05

Site3 50 42 0.84 3289 47.82(287) 069 <0.001

N, number of individual colonies sampled; Ng, number of unique
multi-locus genotypes detected, G, observed multi-locus genotypic
diversity; Ge, multi-locus genotypic diversity expected for random
mating. Significant departures of G, from G, were determined using
unpaired t-tests and applying a sequential Bonferroni correction for
simultaneous tests.

by only two or three individuals and no single genotype
was numerically dominant within any given site
(Supplementary Table 2). Within sites, S. hystrix showed
between 69 and 96% of the genotypic diversity expected
for sexual reproduction (G,/G.=0.69-0.96; Table 2).
These high levels of genotypic diversity suggest that
predominately sexually derived recruits maintain these
populations, however, I did detect significant deviations
from expectations for random mating for two reef slope
sites (Table 2). However, the consistent heterozygote
deficits detected across all eight loci within these sites
(Table 3) suggests that these departures are likely the
result of inbreeding, rather than asexual reproduction via
fragmentation which should result in both deficits and
excess across different loci.

Adult population structure

Tests for linkage disequilibria revealed 65 interlocus
associations in a total of 168 pairwise tests, however,
there was no consistent pattern of linkage between loci,
and none of these associations remained significant after
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Table 3 Fixation index (f; Wright (1978)) and significant departures
from levels of heterozygosity expected under Hardy-Weinberg
equilibrium for Seriatopora hystrix from three sites (25m?®) within
each of two reef habitats from the One Tree Island Reef, Great
Barrier Reef, Australia

Locus Reef flat Reef slope

Site 1 Site 2 Site 3 Site 1 Site 2 Site 3
Gpi 0.14 0.19 0.07 0.29%** —0.03 0.29
Hk 0.05 0.16 0.27* 0.27 0.47** 0.58***
Mdn1 — 1.00% 1.00° 0.55 —-0.01*  —0.02°
Mdh2 0.50%* 0.58**  0.48**  0.77%*  0.46™*  0.51***
Pgm?2 0.28 0.19 0.08 0.95%** 1.00° 0.84%**
Lggpl 0.53** 0.28 0.27 0.67*** 0.32* 0.47%**
Lggp2 0.54** 0.73**  0.74** 0.49** 1.00%**  1.00%***
Lpp 1.00**  0.87**  0.79***  0.70***  0.84**  0.88***
Fis 0.41 0.41 0.38 0.55 0.52 0.58

Significant departures determined after the application of a
sequential Bonferroni correction. *P<0.05, **P <0.01, **P <0.001.
Fis, overall inbreeding coefficient for each site.

*Test for significance not applicable due to lack of sufficient
variation at this site (Hedrick 2000).

application of a sequential Bonferroni correction. In 36 of
42 valid tests across eight loci, estimates of single-locus
heterozygosity were significantly different from expecta-
tions for Hardy-Weinberg equilibrium (Table 3). All
departures represented heterozygote deficits, 28 of which
remained significant after the application of a sequential
Bonferroni correction, indicating the probable effects of
inbreeding and/or self-fertilization (Table 3). I detected
no significant differences in the mean inbreeding
coefficients among sites within either of the two habitats
(F4,35=0.29, P=0.88), though I did detect significantly
higher levels of inbreeding within the reef slope
compared with the reef flat habitat (F; 35 =5.12, P =0.03).

Analysis of standardized genetic variance, F (Wright,
1978), revealed significant levels of population
subdivision among sites (Fsr=0.04+0.01 s.e., 95%
CI=0.051-0.031) but little differentiation between habi-
tats (Fur=0.009+0.01 s.e., 95% CI=0.015 to —0.013)
(Table 4). Interestingly, I detected high and significant
levels of genetic differentiation between sites from the
reef slope habitat (Fspy=0.06£0.01 s.e., 95% CI=0.080-
0.044), however, levels of genetic differentiation among
sites from the reef flat habitat were not significantly
different from 0 (Fsiy =0.015 £ 0.01 s.e., 95% CI=0.031 to
—0.001). The mean inbreeding coefficient for all sites
indicated a significant degree of inbreeding and/or
selfing, as reflected by the large and consistent hetero-
zygous deficits across all loci (Fig=0.48+0.09 s.e., 95%
CI=0.65-0.34).

Mating system

The brooded larvae of S. hystrix (237 larvae from six
adult colonies) all showed the presence of at least one
maternal allele at each locus, as expected for Mendelian
inheritance (see Supplementary Table 2 for genotypic
frequencies). However, the presence of non-maternal
alleles in some larvae indicates that broods were sexually
produced. Estimates of the mean multi-locus outcrossing
rate were intermediate (t,, =0.53 £ 0.20 s.d.), suggesting a
moderate level of self-fertilization within these broods.
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Table 4 Hierarchical analysis of standardized genetic variation calculated using the formula of Weir and Cockerham (1984) for Seriatopora
hystrix from three sites (25 m?) within each of two reef habitats from the One Tree Island Reef, Great Barrier Reef, Australia

Locus FIS FST FHT FSH

Reef flat Reef slope
Gpi 0.211 0.038 0.020 0.018 0.029
Hk1 0.283 0.028 0.005 0.004 0.061
Mdh1 0.547 0.021 0.004 —0.001 0.010
Mdh2 0.586 0.005 0.001 —0.009 0.068
Pgm1 0.606 0.055 0.014 0.011 0.084
Lgpl 0.426 0.038 0.010 0.033 0.040
Lgp2 0.732 0.068 0.001 0.058 0.119
Lpp 0.822 0.050 0.023 —0.012 0.062
Mean (*s.e.) 0.480 (0.09) 0.040 (0.01) 0.009 (0.01) 0.015 (0.01) 0.060 (0.01)
95% CI 0.652 to 0.340 0.051 to 0.031 0.015 to —0.013 0.031 to —0.001 0.080 to 0.044

Fis, variation among individuals (i.e., inbreeding coefficient); Fsr, variation among all sites; Fyr, variation among habitats and Fspy, variation

among sites within a habitat.

However, standard deviations were relatively large,
and individual colony outcrossing rates varied from <1
to 98% indicating large variability among individual
broods. The mean single-locus estimates of outcrossing
were slightly lower than multi-locus estimates
(ts=0.51£0.20 s.d.). Consequently, estimates of bipar-
ental inbreeding were relatively low, but were signi-
ficantly different from 0 (t,—t;=0.03+£0.02 s.d.),
suggesting that at least some outcrossing events occur
between closely related individuals. The estimation of
correlated paternity (that is, the likelihood that a
randomly chosen pair of progeny from a single mother
share the same father) was highly variable and did not
differ from 0 (r, =0.34 £0.24 s.d.), indicating that multi-
ple sires may contribute to the same brood (Ritland,
2002). The equilibrium inbreeding coefficient (F.=0.31)
calculated from t,, was similar to the observed inbreed-
ing coefficient (Fis=0.38) (Table 3) for this site, suggest-
ing that the mating system of S. hystrix may be near
equilibrium with respect to inbreeding and selection
against selfed individuals.

Discussion

These results confirm that the hermaphroditic brooding
coral S. hystrix displays mating system variation char-
acterized by almost equal levels of outcrossing and
selfing. This type of mating system parallels the mixed-
mating strategy reported for an increasing number of
plants (reviewed in Goodwillie ef al., 2005) and supports
predictions that despite the potential for decreased
fitness of offspring due to severe inbreeding depression
(Shields, 1982), the ability of assuring fertilization in the
absence of potential mates, or under sperm-limited
conditions (for example, Levitan and Petersen, 1995,
though see Yund, 2000), means that self-fertilization is
likely to be an important mode of reproduction in some
brooding marine animals (Shields, 1982; Knowlton and
Jackson, 1993).

My results confirm and extend Ayre and Resing’s
(1986) findings that S. hystrix broods are sexually
produced. Moreover, the levels of selfing detected in
this study are consistent with previous reports of large
heterozygote deficiencies in populations of S. hystrix
from two other studies along the Great Barrier Reef (Ayre
and Dulfty, 1994; Ayre and Hughes, 2000). Heterozygote
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deficits are a common feature of many marine popula-
tions and are often presented as evidence in support of
mating systems characterized by high levels of inbreed-
ing and/or selfing (Ayre and Dufty, 1994; Edmands and
Potts, 1997; Viard et al., 1997; Ayre and Hughes, 2000,
2004; Reusch, 2001; Goffredo et al., 2004). Nevertheless,
other potential factors may contribute to heterozygote
deficits, for example, selection against heterozygotes
(Borsa et al., 1992), the presence of null alleles (Foltz,
1986; Ayre et al., 1997), and the inadvertent sampling of
multiple genetic subpopulations with differing allele
frequencies (that is, the Wahlund effect, Hedrick, 2000).
In this study, my estimate of the inbreeding coefficient
from adult allele frequencies within reef flat site 3
(Fis=0.38), are similar to that calculated directly from
outcrossing rates for the same site (F.=0.31). This
implies that levels of self-fertilization and biparental
inbreeding could themselves be sufficient to explain
most of the heterozygote deficits detected in adult
populations, and that the Wahlund effect accounts for
little of the observed heterozygote deficits (though see
Ayre and Dufty, 1994).

Overall estimates of inbreeding across all six sites in
this study (average Fis=0.48) were similar to the values
previously reported by Ayre and Dufty (1994) and Ayre
and Hughes (2000) (Fis=0.23 and 0.51, respectively).
Interestingly, I detected higher levels of inbreeding and
genetic subdivision among sites within the reef slope
habitat compared with the reef flat habitat. This is
consistent with Ayre and Dufty’s (1994) finding of higher
levels of inbreeding within the reef slope habitat
compared with either the lagoon or reef flat habitat.
These habitats differ in a number of important aspects
that may affect levels of inbreeding and genetic
differentiation. Lower adult densities within the reef
slope habitat may result in reduced opportunity for
outcrossed fertilization. However, other factors such as
larval dispersal and settlement behaviour, and biparental
inbreeding are also likely to affect estimates of inbreed-
ing and genetic differentiation within this habitat. In the
present study estimates of levels of outcrossing varied
markedly among individual colonies, from complete
selfing to almost exclusive outcrossing, suggesting
that levels of selfing are likely to reflect a facultative
strategy dependent on the number of mates available for
outcrossing.



The levels of self-fertilization reported here for
S. hystrix are similar to those reported for the broadcast
spawning coral Goniastrea favulus (50-65%) in laboratory
fertilizations (Heyward and Babcock, 1986; Stoddart
et al., 1988). These levels of selfing are also comparable
to those purportedly calculated from randomly ampli-
fied polymorphic DNA markers for two Caribbean
hermaphroditic brooding coral species, Favia fragum
(49%) and Porites astreoides (34%) (Brazeau et al., 1998).
However, as cautioned by Brazeau et al. (1998), con-
fidence limits of selfing estimates could not be calculated
because their sampling design provided no objective
means of predicting the genotypes expected under
different mating systems (see Ayre and Miller, 2006).

Interestingly, the levels of self-fertilization detected for
S. hystrix in this study are in contrast with those reported
for the brooding hermaphroditic coral, A. palifera (Ayre
and Miller, 2006). In that study, Ayre and Miller (2006)
found that broods collected from colonies from two sites
(150 and 200m?) were generated almost exclusively by
outcrossing (t,, =0.92-0.96), and that sperm had poten-
tially dispersed over tens of metres. Sperm dispersal over
similarly large distances has been reported for brooding
ascidians (Yund, 1998). This suggests that there is large
inter-specific variation in levels of self-compatibility
among brooding species, similar to that previously seen
in broadcast spawners (Willis et al., 1997) and plant
mating systems (Jarne and Charlesworth, 1993; Hedrick
and Kalinowski, 2000; Goodwillie et al., 2005). However,
until a greater number of brooding species have been
investigated, it remains unclear as to the extent and
importance of self-fertilization in brooding corals.
Additionally, estimates of the relative fitness and
survival of selfed versus outcrossed larvae would be
invaluable for making evolutionary inferences on how
self-fertilization is maintained within this group.

My analysis of the mating system of S. hystrix
imply intermediate levels of outcrossing, however,
I detected large inter-colony variation in outcrossing
rates (<1-98%). This variation suggests that rates of
selfing of S. hystrix may be highly variable, allowing
varying levels of selfing depending on the availability of
non-self sperm. The availability of non-self sperm may
result from a number of factors, including variation in
the distance between nearest neighbours, levels of
clonality within a population (and hence the opportunity
for matings between ramets belonging to the same
genet), variation in levels of self-compatibility among
individual colonies and variation in local hydrodynamic
regimes that affect the dispersal and dilution of gametes.
Nevertheless, my direct estimates of outcrossing based
on examination of progeny arrays are consistent with
indirect measures of the levels of inbreeding based on
adult genotype frequencies from two previous studies of
S. hystrix on the Great Barrier Reef (Ayre and Dufty, 1994;
Ayre and Hughes, 2000). The recent development
of highly variable microsatellite markers for a number
of brooding (Maier et al., 2001; Magalon et al., 2004) and
broadcast spawning (Miller and Howard, 2004) corals
will greatly increase the ability of studies to accurately
determine levels of outcrossing and inbreeding within
this important group of marine invertebrates.

The combination of relatively high levels of self-
fertilization and highly restricted dispersal of sperm
and/or larvae are the likely sources of the high levels of
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inbreeding and genetic subdivision reported in popula-
tions of S. hystrix along the Great Barrier Reef.
This supports a growing body of evidence that indicates
that inbreeding and self-fertilization may be important
reproductive strategies in many marine and freshwater
hermaphroditic species (Grosberg, 1987, 1991; Knowlton
and Jackson, 1993; Cohen, 1996; Viard et al., 1997; Carlon,
1999; Jarne et al., 2000; Reusch, 2001) where rapid sperm
dilution and low adult densities for sessile organisms or
those with restricted mobility suggests selfing may be
advantageous (Knowlton and Jackson, 1993). The evolu-
tion of facultative rates of selfing in S. hystrix would be
consistent with the reproductive-assurance hypothesis,
which predicts ecological factors (for example, variation
in mate availability and pollen/sperm limitation) would
be important in the stabilization of a mixed mating
system (Holsinger, 1996). Self-fertilization also occurs in
plant species with abiotically pollinated plant mating
systems (that is, wind- or water-dispersed pollen),
although it appears less common than outcrossing
(Goodwillie et al., 2005). This mechanism of gamete
dispersal is similar to that seen in brooding marine
animals, which rely on sperm dispersal via water
currents. However, these systems do vary in fundamen-
tally different ways, which are likely to have important
implications for fertilization success. First, pheromones
and other chemotactic attractants may be used by some
marine animals to increase fertilization success
and outcrossing (for example, Coll et al., 1995; Riffell
et al., 2002, 2004), while filter feeding species have been
shown to actively filter out and store sperm from
conspecific individuals (Yund, 2000; Hughes et al., 2002).
Nevertheless, levels of selfing may be more common in
marine animals than is currently recognized and more
research is clearly needed to determine the extent of self-
fertilization and the factors important in maintaining
mixed reproductive strategies.
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