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Abstract
Due to the importance of preserving the genetic integrity of populations, strategies to restore
damaged coral reefs should attempt to retain the allelic diversity of the disturbed population;
however, genetic diversity estimates are not available for most coral populations. To provide a
generalized estimate of genetic diversity (in terms of allelic richness) of scleractinian coral
populations, the literature was surveyed for studies describing the genetic structure of coral
populations using microsatellites. The mean number of alleles per locus across 72 surveyed
scleractinian coral populations was 8.27 (±0.75 SE). In addition, population genetic datasets from
four species (Acropora palmata, Montastraea cavernosa, Montastraea faveolata and Pocillopora
damicornis) were analyzed to assess the minimum number of donor colonies required to retain
specific proportions of the genetic diversity of the population. Rarefaction analysis of the
population genetic datasets indicated that using 10 donor colonies randomly sampled from the
original population would retain >50% of the allelic diversity, while 35 colonies would retain
>90% of the original diversity. In general, scleractinian coral populations are genetically diverse
and restoration methods utilizing few clonal genotypes to re-populate a reef will diminish the
genetic integrity of the population. Coral restoration strategies using 10–35 randomly selected
local donor colonies will retain at least 50–90% of the genetic diversity of the original population.
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Introduction
Increasing general degradation and acute physical disturbance (natural and anthropogenic)
of coral reef habitats has led to increasing efforts to conserve and restore these ecosystems.
Reef restoration approaches actively attempt to restore damaged reef areas to their “natural”
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or “original” state after a disturbance by increasing live coral cover and species diversity
through larval seeding or coral transplantation of whole adult or juvenile colonies, colony
fragments or nubbins from adjacent unaffected habitats or coral nurseries (Amar and
Rinkevich 2007; Yeemin et al. 2006; reviewed in Rinkevich 2005 and Precht 2006). The
success and value of reef restoration measures that aim to establish a viable adult coral
community, however, is in debate (e.g., Precht et al. 2005; Precht 2006), and is dependent
on the nature of the disturbance (acute versus chronic).

Although quantifying and protecting the genetic diversity (described as allelic richness
throughout this paper, rather than heterozygosity) of a species is an important aspect of
conservation biology and management (Haig 1998; Petit et al. 1998; Altizer et al. 2003;
Reed and Frankham 2003; Spielman et al. 2004; Perez-Ruzafa et al. 2006; Jones et al. 2007;
Baums 2008; DiBattista 2008), often stated as a goal when proposing and implementing
restoration strategies, preserving the genetic integrity of a damaged coral population is
generally not realized (but see Petersen and Tollrian 2001). This is primarily because levels
of allelic diversity in natural coral populations have not been adequately described for this
purpose, or have not been presented in a format amenable for incorporation into restoration
strategies (Grober-Dunsmore et al. 2007). In situations where reef restoration via
transplantation of corals is implemented (e.g., ship grounding and storm damage repair,
coastal development mitigation), an idealized strategy would be to restore populations to
pre-damage levels of genetic diversity. The primary concern is that restored populations will
have less genetic diversity than the original population due to re-population with few clonal
genotypes (i.e., using fragments from few donor colonies; Rinkevich 1995, 2000). Although
natural coral populations often have a component of asexual reproduction contributing to the
population (e.g., Stoddart 1983, 1984; Ayre and Resing 1986; LeGoff-Vitry et al. 2004;
Baums et al. 2005, 2006; Foster et al. 2007), it is typically not a dominant reproductive
strategy and naturally occurring monoclonal populations have not been common in
literature. A potential consequence of genetically depauperate populations is increased
vulnerability for local extinction due to localized environmental perturbations and variability
in susceptibility to disease and bleaching (Nei et al. 1975; Petit et al. 1998; Eldridge et al.
1999; Altizer et al. 2003; Reed and Frankham 2003; Spielman et al. 2004; McKay et al.
2005). A proportion of individuals in genetically diverse populations may have a greater
capacity to survive and acclimate to changing environmental conditions preventing local
extinction events. Genotype-specific resistance to chronic perturbations in coral species is
likely (Edmunds 1994), though not thoroughly studied, thus high levels of allelic diversity
may increase resilience of coral populations (van Oppen and Gates 2006).

In addition, if restored populations are “founded” by fragments of a few donor colonies and
these populations were primarily self-seeding, benefiting minimally from recruitment
contributions from outside source populations, the future reproductive success of corals may
be compromised due to effects of inbreeding depression, reproductive self-incompatibility
and/or sex ratio bias. Although self-fertilization may be a viable reproductive strategy for
some coral species (e.g., Heyward and Babcock 1986; Stoddart et al. 1988; Brazeau et al.
1998; Goffredo et al. 2004; Miller and Mundy 2005; Sherman 2007; Carlon and Lippe
2008), most corals, which include the major Caribbean reef builders of the Montastraea
annularis complex and the threatened Acropora species, are partially or entirely
reproductively self-incompatible (e.g., Heyward and Babcock 1986; Wallace and Willis
1994; Szmant et al. 1997; Willis et al. 1997; Fukami et al. 2004; Baums et al. 2005, 2006;
reviewed in Carlon 1999). For gonochoric species, sampling from few random donor
colonies may result in a restored population of a single gender or a skewed sex ratio that
may limit the reproductive success of colonies. Consequently, a reef habitat resulting from
previous restoration efforts may be ecologically functional and be aesthetically appealing,
but may not be viable and unable to maintain or increase population sizes through local
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reproductive efforts over time. Thus, the motivation for understanding existing levels of
genetic diversity and preserving the genetic integrity of a damaged coral population is
multifaceted and will ultimately increase the effectiveness of the restoration efforts that may
prove to be critical for the future of coral populations.

Ideally, levels of population genetic diversity for local species within a damaged reef would
have been or could be directly estimated; however, this is not a practical expectation. This
study surveys the literature for estimates of coral population genetic diversity using
microsatellites and analyzes population genetic data sets from four scleractinian coral
species to estimate conservative levels of genetic diversity, in terms of allelic richness,
within contemporary coral populations. The goal is to provide estimates of genetic diversity
of coral populations that is quantified in meaningful terms for restoration purposes and from
that information provide guidelines related to number of donor colonies that should be
sampled in attempts to approximate the genetic diversity of the original coral population
when no prior knowledge of genetic diversity estimates are available.

Materials and methods
To describe the allelic richness (number of alleles per locus) of scleractinian coral
populations, the literature was surveyed for studies that describe the development or use of
microsatellite loci in corals (Table 1). Only studies that include allelic richness for
individual loci and populations were included in this summary. For each population, number
of loci, number of alleles per loci (range and mean) and the number of colonies sampled
were recorded from each study. The number of alleles per species-specific locus of an
“average” coral population was calculated as the mean number of alleles per locus across all
populations and all species. Measures of allelic richness were recorded as actual observed
numbers of alleles, not corrected for variation in samples size using rarefaction methods
(e.g., Hurlbert 1971); therefore, the results represent a conservative estimate of allelic
richness.

Although expected heterozygosity (HO) is generally the more common estimate of the
genetic diversity of a population, natural coral populations often deviate significantly from
expected levels of heterozygosity due to deficits of heterozygotes (e.g., LeGoff-Vitry et al.
2004; Miller and Howard 2004; Shearer and Coffroth 2004; Magalon et al. 2005; Maier et
al. 2005; Underwood et al. 2006; Carlon and Lippe 2008). In addition, a population with
high levels of heterozygosity can have low allelic diversity since allelic richness
measurements are more sensitive to population reductions than heterozygosity estimates
(Cornuet and Luikart 1996; Kalinowski 2004). Therefore, allelic richness estimates are more
appropriate for describing coral populations whose population sizes have decreased
dramatically over the past several decades. Measurements of allelic richness are important
for conservation issues since adaptation responses to selective forces of a changing
environment are dependent on allelic variation. Although genetic markers used for
population genetic studies (e.g., microsatellites) are putatively selectively neutral, it has been
argued that allelic richness of these loci is reliably indicative of allelic richness of adaptively
important loci (Bataillon et al. 1996). For efforts to maintain the genetic integrity of a
population in an attempt to re-create a self-sustaining, resilient population, allelic richness,
rather than heterozygosity, is a more appropriate descriptor of genetic variation in coral
populations for this application and should be included as criteria for developing appropriate
restoration strategies.

Population genetic data from four scleractinian species (Acropora palmata, Montastraea
cavernosa, Montastraea faveolata and Pocillopora damicornis; See supplementry Table S1),
with various reproductive strategies (Table 2) and local and widespread larval dispersal
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capabilities, were used to measure the genetic diversity (allelic richness) of the sampled
coral population and calculate the number of randomly sampled colonies necessary to obtain
specific proportions (25, 50 and 90%) of the genetic diversity of the sampled population. A.
palmata, M. cavernosa and M. faveolata are among the most important reef-building corals
in the Caribbean, western Atlantic Ocean and Gulf of Mexico. P. damicornis is a common
scleractinian coral with highly variable life history characteristics throughout the Indo-
Pacific.

The program HP-rare (Kalinowski 2005) was used to calculate the number of alleles
observed at each locus within a population (minimum sample size = 50) and within each
population sample (in terms of genes, the equivalent of 2 times the number of colonies) per
locus. Rarefaction methods can be used to statistically analyze population genetic data from
populations of different sizes to predict the number of alleles expected in a random
subsample of the population. Rarefaction was used to calculate allelic richness (expected
number of alleles in a sample of a number of genes taken from a population; Kalinowski
2004) for each locus and population for random subsamples of 2 to 100 genes (the
equivalent of 1 to 50 colonies) based on population genetic data from each of the four
species. From rarefaction analyses, the number of donor colonies necessary to approximate
target goals of genetic diversity preservation of a restored population was determined.

Results
A survey of the literature yielded microsatellite allelic richness data from 15 studies
describing 72 populations from 13 scleractinian species (Table 1). Coral species included
Caribbean and Indo-Pacific scleractinians with various reproductive strategies (broadcast
spawners and brooders, with varying contributions of asexual reproduction and self-
fertilization). Allelic diversity per population ranged from 2 to 29 alleles per species-specific
locus with a mean of 8.27 (±0.75 SE) alleles per locus. A disadvantage of this allelic
richness data is that this measure of genetic diversity is influenced by sample size
(Kalinowski 2004) with higher numbers of alleles per locus with increasing sample size.
Sample sizes of the surveyed populations varied widely (Table 1) and an R2 of 0.4274 was
calculated for the relationship between allelic richness and sample size of all surveyed
populations (data not shown). Studies with small sample sizes may underestimate the total
genetic diversity of the population, and the overall mean of ~8 alleles per locus is actually a
conservative estimate of allelic richness of an “average” coral population.

Rarefaction analysis calculated the allelic diversity of a randomly selected subset of colonies
sampled from each population for each of the four species (Fig. 1). Randomly sampling 5–
10 colonies from a population was sufficient to capture at least 50% of the genetic diversity
of the original sampled population (Table 2). More than 30 sampled colonies retained 90%
of the genetic diversity of the sampled populations. Small sample sizes (1–3 colonies) often
utilized in restoration efforts captured less than 25% of the genetic diversity of the original
population. These sample sizes are consistent across species. However, to obtain the mean
allelic diversity of an “average” coral population (8 alleles per locus), sample sizes vary
from 7 to >50 colonies across species (Table 2), which is a function of the total number of
alleles per species-specific locus, as well as observed heterozygosity within the populations.

For most populations, sample sizes of 50 colonies were insufficient to capture all of the
genetic diversity within the population, as indicated by the increasing slope of the curve
rather than leveling at the maximum allelic richness. Thus, 100% of the total population
diversity has not been attained for these sampled populations, indicating these genetic
diversity estimates as well as predictions from the rarefaction analysis underestimate the
total genetic variation in coral populations.
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Discussion
During periods of high population mortality, genetic bottlenecks are often observed,
whereby rare neutral alleles are lost from the population and the genetic diversity, in terms
of allelic richness (heterozygosity is less affected by bottlenecks; Cornuet and Luikart 1996;
Kalinowski 2004), is diminished. Despite general degradation of coral reefs and recent
reductions in coral population sizes due to natural and anthropogenic perturbations (e.g.,
bleaching events, disease outbreaks, storm damage, overfishing, increased coastal
development and ship groundings), coral populations are genetically diverse with a
conservative overall mean of ~8 alleles per species-specific microsatellite locus. Allozyme
data also support the fact that coral populations, in general, are genetically diverse (Ayre and
Hughes 2004) rather than monoclonal.

Of special interest is A. palmata, a Caribbean scleractinian listed as a threatened species
under the US Endangered Species Act (Anonymous 2006) that has experienced high levels
of mortality over last three decades (Aronson and Precht 1997, 2001; Jackson et al. 2001),
and demonstrates strong clonal signatures in some areas of its distribution (Baums et al.
2005, 2006). Despite significant population reductions, this species demonstrated higher
levels of allelic diversity per population (14.4 alleles/locus) than many other species (Table
1, Fig. 1), although lower allelic diversity in other species is partially related to small sample
sizes. Most natural coral populations are not monoclonal and restoration efforts should avoid
producing monoclonal populations. Clearly, fragments or asexual recruits from a single
donor colony or even a few donor colonies are insufficient to replicate a significant
proportion of the genetic diversity of any coral populations.

Restoration efforts should strive to preserve 100% of the genetic diversity of a population;
however, this goal is impractical and virtually unattainable. An achievable genetic diversity
standard based on knowledge from other populations of various species should be
determined as priority for restoration efforts. Once this level of diversity is determined,
results from this analysis can be used as a guideline to determine the number of donor
colonies sampled from the original or adjacent population necessary to achieve this goal. For
example, restoration of important reef-building Caribbean coral species (A. palmata, M.
cavernosa and M. faveolata) would require sampling only 10 donor colonies to preserve the
genetic diversity of an “average” coral population (8 alleles per locus), and specifically will
preserve>50% of the estimated number of alleles in populations of these species. This
number of donor colonies would retain ~70% of the alleles in the less genetically diverse P.
damicornis populations. Because population genetic data are not available for most
populations or species, sampling a minimum of 10 donor colonies is a reasonable target for
any coral species. Sampling 35 colonies for use in restoration will retain >90% of the
genetic diversity within an “average” population. Additional effort required to sample 10
colonies is minimal, while sampling 35 colonies may be less cost and/or time efficient, but
the benefits of restoring a greater portion of the genetic diversity of the coral population are
numerous (Baums 2008).

An assumption of the use of this data for restoration purposes is that a portion of the original
population survived and these colonies are utilized as donor colonies. This may or may not
be true depending on the nature of the disturbance. It is recommended that the donor
colonies be selected from the existing remnant population, if possible, rather than from a
distant, potentially genetically differentiated population. Even though alleles may be shared,
it is important to maintain genotypes of local origin, especially in threatened (i.e., Caribbean
Acropora spp.) or endangered populations (Fant et al. 2008). Correlations between genetic
structure and habitat type have been documented in some corals (e.g., Benzie et al. 1995;
Souter and Grahn 2008), indicating selective forces related to habitat may result in locally
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adapted genotypes. In some plant studies, the inclusion of non-local genotypes was
detrimental to the restoration (Keller et al. 2000; Edmands and Timmerman 2003; Hufford
and Mazer 2003; Baums 2008), and may change the ecological and evolutionary trajectories
of the population or species.

The results of this study demonstrate that coral populations throughout the world are
typically genetically diverse rather than monoclonal, and that when there is no prior
knowledge of the genetic diversity of a damaged population, the “average” diversity
calculated across species and populations can be used as an approximation of previous
genetic diversity estimates. The observation that coral populations are genetically diverse
indicates that restoration efforts may not utilize the minimum number of donor colonies
necessary to retain a significant proportion of the genetic diversity within a coral population.
Despite our limited knowledge of genetic diversity estimates for most coral species and our
limited understanding of how genetic diversity directly influences sustainability of coral
populations (Grober-Dunsmore et al. 2007), every practical effort should be made to
maximize the success of restoration efforts, which includes assurance of sufficient genetic
variation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Rarefaction analysis of four scleractinian coral species. Gray lines represent individual
populations and the black line represents the mean of the populations
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