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Abstract
Pocillopora acuta, formerly synonymized with P. damicornis, is an ecologically important reef-building coral that exhibits 
mixed reproductive modes, geographic variation in clonality, and conflicting reports of population genetic structure. Using 
16 polymorphic microsatellite loci, this study examined clonality, genetic differentiation, and connectivity of genetically 
identified P. acuta (n = 428) in the Bolinao–Anda Reef Complex (BARC), Philippines, characterized by varying levels of 
wave exposure. Estimates of clonal richness indicate that the populations are largely derived from asexual reproduction, more 
likely via dispersal of ameiotic larvae. Clonal richness, population density, and mean colony size vary with wave exposure, 
suggesting the potential influence of local-scale disturbance on clonality, reproductive mode, and population structure. Popu-
lations in low-energy environments were characterized by greater colony density, larger colonies, and a greater proportion 
of clones compared to high-energy environments. Despite evidence for realized clonal dispersal of P. acuta extending up 
to 22 km, significant genetic differentiation among BARC populations reveals restricted gene flow at small spatial scales. 
Moreover, genetic differentiation is more pronounced when considering the spatial distribution of clones (FST including 
clones = 0.059; FST excluding clones = 0.028), suggesting that (1) asexually produced propagules are likely retained locally 
and across-site settlement is not as common; and (2) sexually derived propagules may have broader scales of dispersal. This 
study reexamines the population genetics of this often-problematic coral and underlines the importance of contextualizing 
site and species biology in designing or enhancing management towards the maintenance of functional genetic diversity and 
pathways of connectivity among populations.

Introduction

Over an evolutionary history of at least 200 million years, 
reef-building corals have maintained complex life history 
strategies including symbiosis, clonality, and highly diverse 
and flexible reproductive strategies (Baird et  al. 2009; 

Harrison 2011; Stambler 2011; Stella et al. 2011). These 
life history strategies have persisted and likely contributed 
to the survival of reef-building corals through profound envi-
ronmental changes over geologic time and across highly het-
erogeneous coral reef environments (Harrison and Wallace 
1990; Richmond and Hunter 1990; Carlon 1999; Baird et al. 
2009). While many corals can be easily placed into simple 
categories of recognized reproductive traits (i.e., asexual or 
sexual, gonochoric or hermaphroditic, external or internal 
fertilization), several coral taxa have been shown to employ 
flexible and mixed modes of reproduction (Ayre and Res-
ing 1986; Baird et al. 2009; Combosch and Vollmer 2013). 
Mixed modes of reproduction can provide the flexibility 
for genotypes locally adapted to favorable environments to 
be rapidly multiplied through clonal propagules, or for the 
mixing of gametes to provide the genetic novelty necessary 
for colonizing new habitats (Williams 1975; Jackson 1986). 
Maintaining flexible reproductive modes allows population 
persistence in environments that are unpredictable or have 
widely fluctuating conditions.
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Physical disturbances such as storms or strong wave 
action can be an important driving factor for genetic diver-
sity and distribution of reef-building corals (Coffroth and 
Lasker 1998; Foster et al. 2013; Williams et al. 2014). High 
levels of disturbance impedes the successful recruitment of 
coral larvae or may drastically increase post-settlement mor-
tality in early-stage recruits (Crabbe et al. 2002; Williams 
et al. 2008; Crabbe 2012). Disturbance can also influence 
patterns of clonality within existing populations (i.e., the 
relative proportion of asexual and sexual recruits) (Hunter 
1993; Karlson et al. 1996; Coffroth and Lasker 1998; Foster 
et al. 2013). Classic models of clonal propagation dynam-
ics suggest a relationship between genotypic diversity and 
physical disturbance where genotypic diversity is low (high 
clonality) in stable environments (Williams 1975), and high 
(low clonality) in disturbed environments (Connell 1978; 
Sebens and Thorne 1985). A study by Coffroth and Lasker 
(1998) on a clonal gorgonian suggested that the influence of 
disturbance on clonal diversity additionally depends on how 
a coral taxon’s reproductive strategy relies on disturbance for 
production and propagation. With this paradigm, intermedi-
ate-level disturbance and clonality would be expected to be 
strongly linked for species that have “disturbance-sensitive” 
propagation (e.g., fragmentation), while clonal diversity in 
species that undergo “disturbance-insensitive” propagation 
(e.g., brooded larvae) will instead be secondarily shaped by 
the effects of disturbance on recruitment rates, habitat avail-
ability, and the longevity of recruits.

Patterns of genetic diversity and distribution among pop-
ulations can indicate the likely mode of reproduction and 
dispersal capabilities of an organism (Stoddart 1984a, b; van 
Oppen and Gates 2006; Hellberg 2007). As sessile benthic 
taxa with a dispersive larval phase, corals may be informa-
tive models for estimating dispersal capabilities of other 
marine organisms with similar life histories, although con-
nectivity can be highly variable and sensitive to life history 
traits (Toonen et al. 2011). Signatures of gene flow inferred 
from the distribution of alleles among populations can be 
effective proxies for estimating migration, contemporary 
shifts in demography, and possible ecological and selective 
influences of changing environmental conditions. Moreo-
ver, determining the relevant spatial scales of dispersal 
and recruitment, especially in disturbed environments, can 
provide insights into the adaptive capacity, resilience, and 
maintenance of coral populations which are important for 
developing science-based management strategies (Palumbi 
2003; Jones et al. 2009).

The stony coral Pocillopora damicornis (Scleractinia: 
Pocilloporidae) is a shallow-water reef-building species 
widely distributed across the tropical Indo-Pacific (Veron 
and Pichon 1976) and is one of the more extensively stud-
ied scleractinians in terms of its biology. In light of spe-
cies delineation using molecular approaches, P. damicornis 

was revealed to be a polyphyletic group of morphologically 
overlapping lineages that employ varied albeit sometimes 
combined modes of reproduction (Flot et al. 2008; Souter 
2010; Schmidt-Roach et al. 2013), that have implications 
for dispersal range and population structure. Taxonomic 
boundaries within the species complex were subsequently 
revised into five genetically distinct congeners, including 
the formerly synonymized P. acuta (Schmidt-Roach et al. 
2014b). Following this, several studies reevaluated species 
occurrences and distributions through species-focused char-
acterizations (Kitano et al. 2015; Mayfield et al. 2015, 2017; 
Gélin et al. 2017a; Johnston et al. 2017; Poquita-Du et al. 
2017; De Palmas et al. 2018; Chiazzari et al. 2019). In the 
Philippines, not only was the prevalence of P. acuta revealed 
among colonies morphologically identified as P. damicornis, 
but also the absence of P. damicornis sensu stricto was 
shown as well (Torres and Ravago-Gotanco 2018).

Pocillopora acuta (congruent to P. damicornis type β 
sensu Schmidt-Roach et al. (2013) or type 5 sensu Pinzón 
et al. 2013) is usually distinguished from its congeners 
through its elongate and finely branched coral morph with 
“acute” branch tips, but which sometimes still overlaps 
with P. verrucosa morphology due to plasticity (Torres and 
Ravago-Gotanco 2018). It has been shown to employ mixed 
reproductive strategies, with direct evidence of broadcast 
spawning of gametes and planulation of both clonal and 
sexual larvae (Schmidt-Roach et al. 2014a; Nakajima et al. 
2018; Oury et al. 2019; Smith et al. 2019). Population stud-
ies have shown predominantly asexual contributions for 
P. acuta populations in Western Australia (Thomas et al. 
2014) and Réunion Island (Gélin et al. 2017b), while sexual 
modes of reproduction exhibit greater contributions to popu-
lations in the Great Barrier Reef based on low proportions 
of clones for newly settled juvenile and adults (< 7%; Torda 
et al. 2013b, c) and in Madagascar based on high genotypic 
diversity of adult colonies (Gélin et al. 2018). Even in genet-
ically identified populations, P. acuta exhibits wide variation 
across its range. It is therefore essential to evaluate the spa-
tial range of this species’ larval dispersal with the intent of 
eliminating any artifact of sampling a highly cryptic species, 
assessing the relative importance of reproductive modes, and 
integrating locality-specific environmental factors. These 
factors will prove to be important in understanding the life 
history of this coral and in identifying distinct genetic units 
useful for management and conservation.

The goal of this study was to characterize the clonality, 
population structure, and connectivity of P. acuta (as identi-
fied by RFLP assays and sequencing of the mitochondrial 
ORF region sensu Torda et al. 2013a; Torres and Ravago-
Gotanco 2018) within the Bolinao–Anda Reef Complex 
(BARC), a reef system of ecological and economic impor-
tance located at the northern tip of the Lingayen Gulf in 
northwestern Philippines (Fig.  1). BARC experiences 
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various levels of wave energies (Villanoy et al. 2013) based 
on Relative Exposure Indices (REIs) computed for all Phil-
ippine coastal municipalities using the NOAA Wave Expo-
sure Model (Malhotra and Fonseca 2007). Incorporating the 
effects of wind, geographic configuration, and bathymetry, 
the REI in the municipality of Bolinao was shown to be 
higher (REI = 3920; medium) than in Anda (REI = 747; 

low), an island municipality that is situated within the 
Lingayen Gulf and sheltered from stronger wave energies 
(Fig. 1c). The wave exposure variability in BARC provides 
an opportunity to characterize patterns of genetic diversity 
and differentiation along a gradient of disturbance, within 
fine spatial scales in a reef system. Genotypic diversity and 
genet distribution were evaluated using polymorphic short 

Fig. 1  Maps showing study sites and REI (Relative Exposure Indices from Villanoy et al. 2013) computed for all municipalities across the a 
Philippines, b Lingayen Gulf, and c the Bolinao–Anda Reef Complex. d A segment of the reef site in Caniogan
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tandem repeats or microsatellites to estimate the relative 
contribution of sexual and clonal modes of reproduction 
to the maintenance of P. acuta populations in the region. 
Genetic differentiation and both demographic and genetic 
connectivity among populations were also assessed to pro-
vide insights on the realized dispersal of P. acuta and infer 
the ecologically relevant spatial scales of dispersal for this 
reef-building species.

Methods

Study sites and sampling

Populations of Pocillopora acuta in the Bolinao–Anda 
Reef Complex were assessed in this study. Four reef sites 

at 3–5 m depths, separated by distances of 5–22 km, were 
chosen to represent reefs adjacent to the municipalities of 
Bolinao (Malilnep/MLP, Lucero/LCR) and Anda (Can-
galuyan/CLY, Caniogan/CNG; Fig. 1c, Table 1). Each site 
was represented by an exhaustively sampled 400  m2 tran-
sect, set up by fixing a 40 m line and intersecting with one 
or two movable 10 m lines that may be repositioned along 
the longer axis during collection (Fig. 1d). Identified 
adult colonies (> 5 cm diameter, n = 451) of P. damicornis 
sensu lato (Veron and Pichon 1976) were photographed 
and mapped within the transect. A 2–4 cm fragment was 
clipped from the center of each P. damicornis s.l. colony, 
preserved in salt-saturated DMSO buffer (Gaither et al. 
2011), and stored at 4 °C. A putative outgroup population 
of P. damicornis s.l. (n = 37) haphazardly sampled in a 

Table 1  Study sites and indices of clonal diversity, clonal structure, and genotypic diversity of Pocillopora acuta populations in the Bolinao–
Anda Reef Complex and Gonzaga, Cagayan (outgroup)

N total number of individuals genotyped; NG number of unique multilocus genotypes; R clonal richness; GO/GE proportion of asexual reproduc-
tion; D* Simpson’s (diversity) complement; V’H" Shannon–Wiener evenness index; AR standardized allelic richness (over minimum sample size 
of 24 genets); GDLOC average gene diversity over loci; CR clonal subrange; AC aggregation index; EE edge effect; Sp Spatial autocorrelation sta-
tistic; HO observed heterozygosity; HE expected heterozygosity; FIS inbreeding coefficient

Population MLP LCR CLY CNG GON

Province Pangasinan Pangasinan Pangasinan Pangasinan Cagayan
Municipality Bolinao Bolinao Anda Anda Gonzaga
REI 3920 3920 747 747 6290
Site Malilnep Lucero Cangaluyan Caniogan Gonzaga
Latitude 16°26′10.7″ N 16°24′45.5″ N 16°22′43.0″ N 16°17′30.7″ N 18°22′37.7″ N
Longitude 119°56′29.0″ E 119°54′16.2″ E 120°00′02.9″ E 120°00′49.2″ E 122°05′48.5″ E
Colony diameter
 Range (cm) 5–26 5–17 6–32 9–37 –
 Mean ± SD (cm) 10.57 ± 4.76 10.29 ± 3.01 14.28 ± 4.24 19.48 ± 4.75 –

Clonal diversity and evenness
 N 39 61 143 148 37
 NG 25 29 71 58 24
 R 0.605 0.417 0.416 0.333 0.778
 GO/GE 0.428 0.3 0.142 0.058 0.397
 D* 0.964 0.933 0.95 0.887 0.955
 V’H" 0.946 0.882 0.852 0.77 0.934
 AR 6.690 5.347 6.409 5.467 5.938
 GDLOC ± SD 0.667 ± 0.343 0.603 ± 0.312 0.661 ± 0.336 0.617 ± 0.315 0.647 ± 0.334

Spatial structure
 CR (m) 33.06 29.04 38.76 40.3 –
 AC 0.214 0.099 0.177 0.181 –
 EE 0.060 0.005 0.053 0.053 –
 Sp 0.001 0.002 0 0 –

Genotypic diversity
 HO 0.44 0.48 0.37 0.43 0.46
 HE 0.62 0.58 0.64 0.60 0.63
 FIS (all-ramet) 0.221 0.251 0.319 0.227 0.258
 FIS (clone-corrected) 0.219 0.252 0.313 0.282 0.270
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reef site in Gonzaga, Cagayan, located ~ 325 km northeast 
of the selected sites, was also examined.

Species identification and microsatellite genotyping

Genetic identification of P. acuta was performed (Tor-
res and Ravago-Gotanco 2018) using a rapid PCR–RFLP 
assay developed by Torda et al. (2013a) and sequencing 
of the ORF to ensure single-species analyses.

Microsatellite markers developed for P. damicornis 
were tested for amplification in P. acuta. Sixteen loci 
exhibiting robust amplification and polymorphism were 
used for genotyping: PV2, PV5, PV6, PV7 (Magalon 
et al. 2004); Pd2-001, Pd3-002, Pd2-003, Pd3-004, Pd3-
005, Pd2-006, Pd2-007, Pd3-008, Pd3-009 (Starger et al. 
2008); Pd4, Pd11, and Pd13 (Torda et al. 2013a) (Online 
Resource 1). Forward primers for all loci were labeled 
at the 5′-end with either of four fluorophores (6-FAM, 
VIC, PET, or NED) for allelic detection. Each colony was 
genotyped by amplification of loci in three multiplex PCR 
panels. Multiplex PCR was performed in a final volume 
of 10 μL, consisting of 1–2 μL DNA template, 0.2 μM 
each primer, and 1 × QIAGEN Multiplex PCR Mas-
ter Mix, following a thermal cycling protocol of 95 °C 
for 15 min, 30 cycles of denaturation at 94 °C for 30 s, 
annealing at 60 °C for 90 s, and extension at 72 °C for 
90 s, with a final extension at 72 °C for 10 min.

Amplified fragments (1–2 μL of PCR product) were 
pooled with GeneScan™ 500 LIZ™ size standard and 
Hi-Di™ formamide (Applied Biosystems) to a final vol-
ume of 10 μL. Fragment analysis was performed on an 
ABI3730xl sequencer (Applied Biosystems) at the Phil-
ippine Genome Center core sequencing facility (Univer-
sity of the Philippines Diliman). Fragment sizes were 
manually checked in Geneious Prime v2020.0.3 using 
the Microsatellite Plug-in v1.4.6 (Kearse et al. 2012). 
Reamplification was performed for loci and individuals 
with missing data. Individuals with missing data after 
two rounds of repeat amplification were removed from 
further analyses. A subset of the samples (n = 20) were 
randomly selected, re-amplified, and rescored to check for 
the accuracy of allele calling. The multilocus dataset was 
checked for genotyping errors and evidence of stutter-
ing, large allele drop-outs, and null alleles using Micro-
checker v2.2.3 (Van Oosterhout et al. 2004).

Clonal richness and clonal structure

We use the term ‘genet’ to refer to genetically identical colo-
nies descended from a single zygote, and ‘ramet’ as physi-
ologically distinct colonies with no interconnecting tissue 
or skeleton that belong to the same genet (Harper 1977). 

Genets, or colonies sharing distinct multilocus genotypes 
(MLGs) were diagnosed using GenClone v2.0 (Arnaud-
Haond and Belkhir 2007). To minimize overestimation of 
unique MLGs due to scoring errors, samples under MLG 
pairs exhibiting small allelic differences were rechecked and 
rescored, if necessary. The probability that ramets sharing 
identical MLGs may result from distinct sexual reproduc-
tive events (psex; Arnaud-Haond et al. 2007) was examined 
using GenClone, with psex estimated for all pairwise sample 
combinations under a unique MLG.

Indices for clonal richness, heterogeneity, evenness, and 
spatial components of clonality were computed for each 
site using GenClone. Clonal richness (R) was computed as 
the ratio of the number of genets (i.e., distinct MLGs; NG) 
and total number of individuals (N) examined, R = (NG − 1)/
(N − 1) (Dorken and Eckert 2001). The relative contribu-
tion of asexual and sexual reproduction was estimated as 
described by (Baums et al. 2006) as the ratio of observed 
genotypic diversity (GO; Stoddart and Taylor 1988) and 
expected genotypic diversity (GE), where GE is the total 
number of individuals genotyped per site. GO/GE has a 
maximum of 1 in a solely sexual population, and a value 
of 0 in a population dominated by a single genet. Clonal 
heterogeneity was estimated as the probability that two 
randomly selected individuals from a population belong to 
distinct genets, using Simpson’s complement, D* (Pielou 
1969). Equitability in the distribution of clonal member-
ship among MLGs was estimated using the Shannon–Wie-
ner evenness index (V′H″), also known as Pielou’s even-
ness (Pielou 1975). For all BARC sites where geographic 
coordinates of individual colonies are available, the spatial 
distribution of genotypes within each population were esti-
mated using the aggregation index (AC) and “edge effect” 
(EE) (Arnaud-Haond et al. 2007), with statistical significance 
tested against a null hypothesis of random distribution gen-
erated using 1000 permutations (Pinzón et al. 2012). The 
maximum distance of clonal dispersal was estimated as the 
clonal subrange (CR; Alberto et al. 2005). Analyses of clonal 
richness and structure (excluding estimation of spatial com-
ponents) considering all four BARC sites as a single popula-
tion were also conducted. Spatial autocorrelation analyses 
were also performed using RClone v1.0.2 (Bailleul et al. 
2016) for R (R v3.6.3, R Core Team 2020) on the all-ramet 
dataset, to test for the signature of clonal spatial aggregation 
using the kinship estimator coefficient of Loiselle (FIJ) as a 
genetic relatedness statistic (Loiselle et al. 1995). Regression 
analysis of FIJ against the mean geographic distance, over 10 
equally spaced distance classes, and the spatial autocorrela-
tion profile was estimated using the Sp statistic (Vekemans 
and Hardy 2004), with significance tested against a null dis-
tribution generated using  104 permutations.
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Population genetic diversity, differentiation, 
and connectivity

Estimators of genetic diversity and differentiation were cal-
culated at the ramet (all colonies) and genet levels (clone-
corrected dataset, retaining only one representative for each 
MLG per site). Descriptive statistics (allelic richness, allele 
frequencies, observed and expected heterozygosity) were 
calculated using GenClone. Deviations from Hardy–Wein-
berg and linkage equilibria were assessed for each popula-
tion using Genepop v4.7.5 (Raymond and Rousset 1995; 
Rousset 2008). Exact tests for Hardy–Weinberg equilibrium 
(HWE) were performed for each locus using  104 permuta-
tions and quantified using the inbreeding coefficient (FIS). 
Linkage disequilibrium (LD) for all pairwise combinations 
of loci within each population were tested using a log-like-
lihood ratio statistic (G-test) with  104 permutations. HWE 
and LD p values were adjusted using a Bonferroni correction 
(Rice 1989).

Multiple approaches were used to examine genetic dif-
ferentiation and their spatial patterns. Genetic differentiation 
was estimated using FST (Weir and Cockerham 1984), and a 
standardized GST to adjust for high levels of polymorphism 
observed in microsatellite markers ( G′

ST
 ; Hedrick 2005). 

Global genetic differentiation indices as well as popula-
tion pairwise matrices of FST and G′

ST
 were calculated using 

the diffCalc function in the R package ‘diveRsity’ v1.9.90 
(Keenan et al. 2013). Statistical significance was evaluated 
by calculating 95% confidence intervals  (CI95%) by bootstrap 
resampling with 1,000 replicates. Patterns of geographical 
structure were examined using a discriminant analysis of 
principal components (DAPC) to perform multivariate anal-
ysis of genotype data, available in the R package ‘adegenet’ 
v2.1.2 (Jombart et al. 2010). DAPC was used to recover pat-
terns of genetic structure which seeks to maximize variation 
between groups by first performing a principal component 
analysis (PCA), where sampling sites was used as priors for 
grouping, followed by a discriminant analysis (DA) using 
the PCA factors as variables. We also used the spatially 
explicit model-based individual clustering program Genel-
and v4.9.0 (Guillot et al. 2005) on the clone-corrected data-
set to infer the number of populations (genetically distinct 
clusters), assign individuals to clusters, and map the spatial 
locations of genetic discontinuities between clusters. Twenty 
replicates of the spatial model in Geneland were run through 
the R command line, using the correlated allele frequency 
model with recommended starting parameters: number of 
clusters (K) set to vary from 1 to 10, with  106 MCMC itera-
tions, thinning every 100 iterations, burn-in of 200, max-
imum rate of the Poisson process fixed to the number of 
samples, and maximum number of nuclei in the tessellation 
process fixed to 3 times the number of samples. The modal 
K (most likely number of K clusters) was determined from 

these initial runs and used to perform 20 replicate runs at a 
fixed K using the same parameters. The run with the highest 
posterior probability was selected to assign individuals to 
clusters and map spatial discontinuities. Geneland assumes 
that populations are spatially organized across a contigu-
ous environment and that the algorithm does not integrate 
oceanographic or land barriers in its approximations, which 
are primary factors to population structuring. Analysis of 
molecular variance (AMOVA) was performed to evaluate 
the significance of hierarchical components of genetic vari-
ance under hypothesized scenarios of population structure 
(Weir and Cockerham 1984; Excoffier et al. 1992) based on 
groupings inferred from FST, DAPC, and Geneland analyses.

Genetic connectivity was also examined by estimating 
directional gene flow between samples using the DivMigrate 
online package (Keenan et al. 2013; Sundqvist et al. 2016). 
A relative migration network was constructed using GST as 
index of differentiation with an arbitrary filter threshold set 
at 0.25 to retain informative connectivity values.

Results

Size‑frequency distributions differ across BARC sites

Geographic variability in coral colony size and number was 
observed (Table 1). Bolinao sites MLP and LCR, located at 
the northern to northwestern sides of the reef system had 
significantly fewer and smaller colonies than the eastern sites 
CLY and CNG of Anda (ANOVA, F (1, 424) = 146.045, 
P < 0.001). There was no difference in colony size and num-
ber between Bolinao sites (ANOVA, F (1, 110) = 0.144, 
P = 0.705). Between the Anda sites, however, ANOVA 
revealed significant difference in size and frequency (F (1, 
312) = 104.11, P < 0.001).

Clonal richness, heterogeneity, and clonal structure

Of 451 P. damicornis s.l. samples collected; 431 individu-
als were genetically identified as Pocillopora acuta while 
the rest were identified as P. verrucosa. A total of 428 P. 
acuta samples from five sites were successfully genotyped 
at 16 loci. Replication of genotyping for a subset of the 
samples yielded generally concordant scores at all loci, 
except for four individuals that did not produce ampli-
cons at one locus (Pd3-009), indicating overall robustness 
of genotyping (98% consistency in total number of allele 
calls). All loci were polymorphic, with the number of 
alleles per locus ranging from 3 for Pd2-003 to 16 for Pd2-
007, PV2 and Pd2-005. Allelic richness per population 
ranged from 2 for Pd2-03 to 12.89 for Pd2-005 (Online 
Resource 1). Over the 428 ramets with complete multi-
locus genotype data, 196 distinct MLGs were detected. 



Marine Biology (2020) 167:161 

1 3

Page 7 of 18 161

A very small proportion of pairwise MLGs exhibited 
allelic differences of five mutational steps or less (0.72%, 
138 pairwise comparisons), and the minimum observed 
number of pairwise allelic differences between MLGs 
was 2 (13 pairwise combinations). The hypothesis that 
colonies with identical MLGs are products of multiple 
events of sexual reproduction was rejected in all cases, as 
all psex values were below a suggested threshold of 0.01 
(all psex < 2.95 × 10–5) (Arnaud-Haond et al. 2007). Gen-
otype accumulation curves show that a minimum of 10 
loci can recover all 196 genotypes across all sites, and a 
minimum of 3–8 loci is adequate to recover all MLGs in a 

site (25–71 MLGs, GON and CLY, respectively) (Online 
Resource 2). Hence, identical genotypes are also unlikely 
to be due to inadequate resolving power of the number of 
loci used. Consequently, all 196 MLGs were considered 
different multilocus lineages (MLLs; Arnaud-Haond et al. 
2007), although the term MLG is used throughout this 
manuscript for consistency.

Of 196 MLGs, 59 were represented by more than one 
ramet, with 50 MLGs shared within sites (private MLGs, 
n = 202 colonies) and 9 MLGs shared between sites (shared 
MLGs, n = 89 colonies) (Fig. 2, Online Resource 3). The 
remaining 137 MLGs consisted of a single ramet (singleton 

Fig. 2  Mapping P. acuta 
colonies sampled at four sites in 
the Bolinao–Anda Reef Com-
plex (n = 428). Each symbol 
represents a colony. Colonies 
are identified according to their 
multilocus genotypes (MLGs), 
and whether these MLGs are 
singletons (occurring in only 
one colony), private (occurring 
in more than one colony, but 
only within a site), and shared 
(occurring in more than one 
colony, across two or more 
sites). The size of the symbol 
corresponds to colony diameter 
(cm)
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MLGs). All shared MLGs, here designated A through I, 
were only found within BARC. There were no shared MLGs 
between BARC and GON. Of the 9 shared MLGs, 6 were 
shared among reefs separated by distances of 5–13 km: 
between MLP and CNG (B), MLP and CLY (C and E), LCR 
and MLP (F and H), LCR and CLY (I). Three MLGs were 
shared among reefs separated by a maximum distance of 22 
km: 2 among LCR, CLY and CNG (A and D), and 1 between 
LCR and CNG (G).

Exhaustively sampled populations of P. acuta at four 
BARC locations exhibit varying levels of clonal input 
(Table 1). The proportion of genets in each site i.e., clonal 
richness (R), was lowest in CNG (R = 0.333; closer to a 
monoclonal stand) and highest in MLP (R = 0.605; greater 
proportion of distinct MLGs). The relative contribution of 
asexual and sexual reproduction measured using the GO/GE 
estimator revealed greater contribution of asexual reproduc-
tion in Anda populations CLY and CNG (GO/GE = 0.058 and 
0.142), compared to Bolinao populations LCR and MLP 
(GO/GE = 0.300 and 0.428). Clonal heterogeneity estimated 
by Simpson’s complement unbiased index (D*) as the prob-
ability of sampling different MLGs reveals decreasing D* 
values southward from MLP (D* = 0.964) down to CNG 
(D* = 0.887; Table 1). Anda populations CLY and CNG 
exhibit a higher proportion of asexual reproduction, and 
lower clonal evenness (V′H″) relative to the Bolinao popu-
lations MLP and LCR. In CNG, a single MLG accounts for 
31.1% of the population (n = 46 ramets), while three MLGs 

account for 44.6% of the population and singletons account 
for 29.7% of the population (Fig. 2, Online Resource 3). In 
CLY, the two most abundant MLGs account for 25.2% of the 
population (n = 23 + 13 ramets), while singletons account for 
39.1%. In contrast, the most abundant MLGs in MLP and 
LCR account only for 15.38 and 13.1% of the population, 
respectively, while singletons account for 43.6 and 26.2% 
of the population. Interestingly, clonal input (the proportion 
of asexual reproduction), clonal heterogeneity, and clonal 
evenness appear to be correlated with colony size and level 
of disturbance due to wave exposure (Fig. 3). At sites with 
higher REI (MLP and LCR), colonies are smaller, there is a 
greater contribution of sexual reproduction (higher GO/GE), 
clonal heterogeneity is higher, and a more even distribution 
of MLGs (evenness) is observed. At sites with lower levels 
of REI (CLY, CNG), colonies are larger on average, asexual 
reproduction is more predominant (lower GO/GE), clonal 
heterogeneity is lower, and the population is dominated by 
ramets from a few MLGs (lower evenness).

Spatial analysis of MLG distribution was performed for 
all BARC sites. The clonal subrange (CR), which corre-
sponds to the maximum distance between ramets within the 
same MLG is higher in more clonal populations CNG and 
CLY, ranging from 38–40 m, than less clonal populations 
LCR and MLP, with a shorter CR of 29–33 m (Table 1). The 
aggregation coefficient AC did not reveal significant devia-
tion from a null hypothesis of random spatial distribution 
of MLGs (P < 0.05; Table 1, Online Resource 4). Spatial 

Fig. 3  a Colony diameter ranges 
of Pocillopora acuta and b 
estimators of clonal richness 
and evenness for four popula-
tions in the Bolinao–Anda Reef 
Complex (BARC) experienc-
ing relatively different levels 
of disturbance based on wave 
exposure (Low and Medium 
REI)
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autocorrelation analysis also did not reveal any pattern of 
greater relatedness among geographically close MLGs, as 
Sp statistics for all-ramet data for the four BARC populations 
were non-significant (P < 0.05). Edge effect index EE for all 
BARC populations were not significant, indicating no bias 
in distribution of unique or rare MLGs at the periphery of 
the sampling area.

Population genetic structure of P. acuta

To evaluate the independence of microsatellite loci, tests for 
deviation from linkage disequilibrium (LD) were performed 
on the clone-corrected dataset (n = 207 colonies). Of the 600 
pairwise locus tests across 5 populations, 368 tests (61% of 
tests) were significant at the 0.05 level, even after Bonfer-
roni correction. Of these, 13 pairwise combinations involv-
ing 3 loci exhibited LD at all 5 populations: Pd3-005 (with 
PV2, PV5, Pd3-004, Pd3-009, Pd11, Pd13); Pd13 (with 
Pd2-007, Pd3-004, Pd3-009, PV2, Pd3-004), and Pd3-004 
(with PV5, Pd3-009). Consequently, Pd3-005, Pd13, and 
Pd3-004 were excluded, resulting in a dataset with 13 loci. 
Excluding the 3 loci resulted in a reduction in the overall 
proportion of significant tests for LD (70 of 390 tests, 17.9% 
of combinations). None of the locus combinations exhibited 
LD at all 5 populations; therefore, physical linkage between 
loci is unlikely. Consequently, the 13 loci were considered 
independent. Excluding clonal replicates, null alleles were 
detected in 30 out of 80 locus-population combinations, with 
3 loci exhibiting significant frequencies of null alleles at all 
5 populations (PV5, Pd2-006, and Pd11; 95% Confidence 
Interval  (CI95%) lower bound > 0). Deviations from HWE 
were detected in 29 out of 65 tests, of which 2 loci were 
not at HWE at all 5 populations (Pd3-002 and Pd11). All 
29 locus-population tests deviating from HWE had FIS val-
ues > 0 (heterozygote deficit), possibly due to the influence 
of null alleles. To examine the effect of including loci with 
significant null allele frequencies on estimates of genetic 
differentiation, we used the package FreeNA (Chapuis and 
Estoup 2007) to calculate corrected FST values (excluding 
null alleles). There was no significant difference between 
corrected and uncorrected FST values (FST corrected = 0.0627, 
FST uncorrected = 0.0659; paired t test P > 0.05), suggesting that 
null alleles have a limited effect on genetic differentiation. 
Hence, all 13 loci were used for analyses of genetic differ-
entiation and structure.

Analyzing all ramets, all four BARC populations were 
significantly different from each other (FST = 0.0592, 
G

′

ST
 = 0.140). Greater levels of differentiation are observed 

when the geographic scale is expanded to include GON 
(FST = 0.0659, G′

ST
 = 0.1761). Analyzing genets only (clone-

corrected data, n = 207 individuals) yielded lower, but still 
significant values of FST and G′

ST
 for all 5 populations 

(FST = 0.0279, G′

ST
 = 0.1032), as well as for BARC popula-

tions only (FST = 0.0186, G′

ST
 = 0.1640).

The DAPC of clone-corrected data including a priori 
sampling sites reveals ordination of all populations into four 
broad clusters (Fig. 4a). The first discriminant axis which 
accounts for 53.91% of the total variance, separates GON 
from the rest of the BARC sites (Fig. 4c). The divergence 
of GON from the rest of the BARC clusters is in agreement 
with pairwise FST values showing all BARC-GON com-
parisons having the highest values table-wide (Table 2). 
The second discriminant axis, accounting for 20.71% of the 
variance revealed a separation of BARC populations into 
three groups: LCR, MLP–CLY, and CNG. Similar ordina-
tion patterns were seen in a DAPC for BARC populations 
only (Fig. 4b). 

Concordant patterns of population structure in BARC 
were revealed by model-based clustering in Geneland. 
Geneland identified the most likely number of genetic clus-
ters as K = 3 and assigned individuals from LCR to one clus-
ter, MLP and CLY to a second cluster, and CNG individuals 
to a third, based on a tessellation map of estimated cluster 
membership and posterior probability isoclines demarcating 
inferred genetic landscapes (Fig. 5). Fine-scale spatial struc-
ture within BARC is supported by pairwise FST values for 
the clone-corrected dataset, where all comparisons between 
BARC populations were significant  (CI95% lower bound > 0), 
except for MLP and CLY (FST = 0.0127; Table 2). For the 
all-ramet dataset, however, all pairwise FST values among 
BARC populations were significant, indicating the influence 
of clonality on genetic differentiation. AMOVA reveals sig-
nificant partitioning of genetic variance among the 3 BARC 
groups, for both all-ramet (FCT = 0.0532, P < 0.001) and 
clone-corrected datasets (FCT = 0.0173, P < 0.001).

Genetic connectivity in BARC 

The relative migration network constructed in DivMi-
grate shows weak albeit symmetric levels of gene flow 
(m) between the outgroup population GON and BARC 
populations (mean m = 0.28, Fig. 6). Within BARC, popu-
lations of P. acuta were found to be highly connected 
but with varying levels of migration and bidirectional 
symmetry. The centrally located CLY was found to be 
strongly connected to all three sites (mean m = 0.69). The 
strongest level of relative migration was detected within 
the CNG–CLY edges which also exhibited asymmetric 
connectivity (1.0/0.54). Almost symmetric but strong 
connectivity was found in the CLY–MLP edge with rela-
tive migration values of 0.61/0.81 despite the 9-km dis-
tance between the two sites. Interestingly, CLY was also 
found to be highly connected to LCR (0.42/0.72) which 
is in the opposite side of the reef system (Fig. 1c), in 
contrast with the LCR–MLP link which exhibited weak 
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relative migration values (0.33/0.33) despite the shorter, 
5-km distance between them. It is important to note, how-
ever, that relative migration values estimated by DivMi-
grate are not congruent with effective migration rates or 
the actual number of migrants per generation. DivMigrate 
assumes idealized conditions (e.g., drift-mutation equi-
librium across populations) to expedite calculations but 

effectively highlight directional components of genetic 
divergence between pairs of populations (Sundqvist et al. 
2016).

Discussion

This study estimated the levels of genetic differentiation 
and the relative contribution of sexual and asexual modes 
of reproduction in the maintenance of four populations of 
Pocillopora acuta in a non-contiguous reef system in north-
western Philippines. Through near-exhaustive sampling and 
genotyping of adult colonies, we were able to take a snap-
shot of clonal richness and quantify the contribution of clon-
ally and sexually produced ramets to each of the four BARC 
populations. Moreover, genetic data provided insight into 
the spatial range of realized dispersal, specifically of clonal 
propagules, covering a maximum distance of 22 km within 
the reef complex.

Fig. 4  Scatterplots showing genetic clusters identified by DAPC 
using a priori sampling location information for datasets excluding 
clones at a all five populations and b BARC populations only; and 
density plots for c the first discriminant axis for all five populations 

showing the differentiation of GON, d the first discriminant axis for 
BARC populations, and e second discriminant axis for BARC popula-
tions

Table 2  Pairwise FST values for all-ramet (above diagonal) and clone-
corrected (below diagonal) datasets

All pairwise comparisons showed significant population differentia-
tion at α = 0.05 after Bonferroni correction, except for MLP–CLY in 
the clone-corrected data. NS non-significant

MLP LCR CLY CNG GON

MLP 0.055 0.046 0.072 0.078
LCR 0.037 0.042 0.052 0.096
CLY 0.013NS 0.020 0.071 0.078
CNG 0.016 0.023 0.016 0.118
GON 0.048 0.078 0.040 0.054
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Clonal structure and the potential role 
of disturbance

Signatures of asexual reproduction in P. acuta were 
detected as ramets having identical genotypes across 16 

microsatellite loci, highly unlikely to result from inde-
pendent events of sexual reproduction. This comple-
ments previous reports of clonal reproduction for the 
species (Gélin et al. 2017b; Nakajima et al. 2018; Smith 
et al. 2019). Across the 5 sampled sites, adult colonies 
were predominantly derived from asexual reproduction 
(GO/GE < 0.5 at all locations; R < 0.5 in 3 of 5 sites), indi-
cating the important role of asexually produced propagules 
in recruitment and maintenance of P. acuta populations 
in the Bolinao–Anda reefs. Genotyping exhaustively col-
lected colonies in the BARC also reveals the occurrence 
of 24–60 unique MLGs per site and numerous singleton 
MLGs which could potentially indicate sexually produced 
recruits (Fig.  2). These singleton MLGs significantly 
contributed to the genotypic richness in each study site. 
However, whether these recruits were produced via exter-
nal fertilization of spawned gametes or internal rearing 
of sexual planulae could only be resolved with rigorous 
in situ observations or histological analyses of local sam-
ples (e.g., Permata et al. 2000). While strong support for 
a brooding strategy of P. damicornis s.l. is provided by 
ex situ monitoring experiments of planulation in Boli-
nao (Villanueva et al. 2008), external fertilization cannot 
be discounted considering observations of simultaneous 
planulation and gamete release by the same coral colony 
for P. damicornis and P. acuta in other geographic regions 
(Schmidt-Roach et al. 2012, 2014a; Smith et al. 2019).

Geographic variability in clonal structure of anthozoans 
has been attributed to the influence of physical disturbance, 
habitat availability, population density, and size structure 
(Hunter 1993; Coffroth and Lasker 1998; Baums et  al. 
2006; Pinzón et al. 2012; Foster et al. 2013). The effects of 

Fig. 5  Distribution of identified genetic clusters (K = 3) in Geneland v4.9.0. Posterior probability isoclines illustrate putative genetic landscapes 
where sites are represented by black dots, and darker colors indicate higher probabilities of membership to each of the three identified clusters

Fig. 6  Relative migration network using GST as index of differentia-
tion with weighted migration values. Those lower than 0.25 are not 
shown
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disturbance vary across coral species, depending on how 
disturbance affects propagule production and colony survival 
(Coffroth and Lasker 1998). For P. acuta populations in the 
BARC, the influence of local-scale disturbance at the level of 
the reef is evident in the pronounced differences in clonality 
between areas experiencing different levels of wave exposure 
(REI; Villanoy et al. 2013). Populations in low-disturbance 
sites CLY and CNG, in the inner Lingayen Gulf sheltered 
from strong wave energies, exhibit two-fold greater pro-
portions of asexual reproduction relative to populations in 
medium-disturbance sites MLP and LCR. This is consistent 
with the models of Williams (1975) and Sebens and Thorne 
(1985) where asexual reproduction in stable environments 
acts to maintain locally adapted clones, and sexual repro-
duction in moderately disturbed environments is a means to 
generate diversity for natural selection.

Genotypic diversity increasing with disturbance, i.e., 
clonality decreasing with disturbance, has also been 
observed in Porites compressa (Hunter 1993) where dis-
turbed areas are characterized by high genotypic diversity, 
low density, and small colony size. Similar trends have been 
reported for P. damicornis s.l. populations in the Gulf of 
California (Pinzón et al. 2012) and P. acuta in the Réun-
ion Island (Gélin et al. 2017b), with higher clonality in 
physically protected sites, and greater proportions of sexual 
reproduction at sites exposed to greater wave energies or 
storm frequency. In contrast, patterns of genotypic diversity 
decreasing with disturbance, i.e., clonality increasing with 
physical disturbance, have also been reported for P. dami-
cornis s.l. in southern Japan (Adjeroud and Tsuchiya 1999) 
and for other coral species such as the gorgonian Plexaura 
kuna (Coffroth and Lasker 1998) and Montastrea annularis 
(Foster et al. 2013), attributed to the accelerated produc-
tion of clonal fragments. For P. acuta in the BARC, reduced 
clonality in sites with heightened disturbance levels suggests 
the limited contribution of colony fragmentation to popu-
lation maintenance. While colonies derived from asexual 
reproduction are genetically indistinguishable, observations 
on colony morphology, clonal aggregation, and fragment 
abundance can provide insight into larval versus fragmen-
tation origins (Highsmith 1982; Stoddart 1984a; Richmond 
1985, 1987a; Adjeroud and Tsuchiya 1999). Within sites, 
our observations of many genets comprising clonemates that 
belong to same size groups (i.e., standard deviation of col-
ony sizes among clonemates ranging from 0–5 cm; Online 
Resource 5, 6) imply a likelihood of colonies originating 
from the same larval clutch. The occurrence of many clonal 
ramets in positions generally unsuitable for fragment reat-
tachment, i.e., extending from the side of coral heads, as well 
as the lack of fine-scale spatial aggregation of clones further 
support this inference.

For species and populations that rely more on larval 
recruitment over fragmentation, the influence of disturbance 

could also occur through effects on the growth and survival 
of ramets and the consequences of limited space (Fig. 2; 
Coffroth and Lasker 1998). Ramet survival is postulated to 
be higher in more stable environments (i.e., more sheltered 
sites) which allows for the growth and expansion of well-
suited clones. Competitive exclusion by locally adapted 
clones, whether through greater reproductive output in 
larger colonies (Hughes et al. 1992; Harrison 2011), or as 
transcriptomic response favoring growth (Bay and Palumbi 
2017), increases competition for space as well as mortal-
ity for smaller and newer recruits, yielding a lower overall 
genetic diversity. At the same time, reproduction of prevalent 
clonal genotypes also skews diversity and decreases geno-
typic evenness. This is exemplified by CNG where lower 
levels of wave action allowed for the growth of colonies to a 
mean size of 19.48 cm (vs. 10.57 cm in MLP) and for three 
clonal MLGs (out of 50) to represent almost half of the pop-
ulation (Fig. 3), resulting in the lowest recorded genotypic 
diversity (R = 0.333, D* = 0.887; Table 1) and equitability 
(V′H″ = 0.770) in the BARC. On the other hand, higher lev-
els of disturbance increase ramet mortality, yielding smaller 
colonies and a more even distribution of genotypes. As ramet 
survival decreases, more spaces are opened for recruiting 
new genets, reducing competition, and ultimately increas-
ing genetic diversity. Accordingly, in sites more exposed 
to higher wave energies, smaller and presumably younger 
colonies of P. acuta were observed, which could reflect the 
higher turn-over rates in these populations. Higher genotypic 
diversity and evenness estimated in the less populated MLP 
(R = 0.605, D* = 0.964, V’H" = 0.946) and the lower-REI site 
CLY (R = 0.416, D* = 0.950, V’H" = 0.852) suggest the indi-
rect effects of a gradient of disturbance to genetic diversity.

An ontogenetic shift towards greater proportions of 
asexually produced larvae in larger and presumably more 
mature colonies is known for P. damicornis s.l. (Combosch 
and Vollmer 2013). If P. acuta also exhibits the same intrin-
sic shift in reproductive mode, then the influence of distur-
bance to the genetic diversity of BARC populations could 
also be indirectly associated with the relative proportions of 
sexual and asexual modes of reproduction as controlled by 
each population’s size structure. Stronger wave action means 
fewer and smaller colonies, contributing higher proportions 
of sexual larvae, while more stable environments may lead 
to higher colony density and larger colonies, which contrib-
ute more asexual than sexual larvae, yielding highly clonal 
clutches. Indeed, this scenario of population size structure 
influencing clonality may be a more likely explanation for 
the observed levels of clonal diversity in the BARC, in con-
trast to a hypothesis proposed by Smith et al. (2019) for P. 
acuta which suggests that the likelihood of sexual reproduc-
tion may be density-driven, i.e., higher population density 
may result in greater sperm availability and a higher propor-
tion of sexual reproduction. Further investigations into the 
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reproductive behavior of P. acuta, particularly the invest-
ments into asexual and sexual reproduction in various con-
texts of ontogeny and environment, coupled with the use of 
higher resolution genomic markers, will be essential towards 
uncovering the mechanisms of reproduction that this species 
employs, which will provide insight into its persistence and 
putative resilience.

Genetic differentiation and restricted dispersal

Asexual reproduction contributes to genetic differentiation 
of P. acuta in the Bolinao–Anda reefs. Genetic differentia-
tion is more pronounced for the all-ramet dataset than the 
clone-corrected dataset, and accounting for clonal struc-
ture and the frequency distribution of clonemates results 
in greater population genetic variance. The occurrence of 
shared MLGs between sites indicates that realized dispersal 
of clonal propagules of P. acuta within the BARC may reach 
up to 22 km (between LCR and CNG). Comparable spatial 
scales of dispersal have been reported for P. damicornis s.l. 
and P. acuta, with clones shared among populations up to 
40 km apart (Souter et al. 2009; Gélin et al. 2017b), although 
broader scale dispersal of clonal propagules has also been 
reported from 120 km (Thomas et al. 2014) up to 200 km 
(Adjeroud et al. 2014), attributed to the influence of oceanic 
circulation. However, in this study, the few shared MLGs 
(9 out of 196 MLGs) and the private MLGs accounting for 
46% of the total number of colonies sampled suggest that 
the asexually produced propagules of P. acuta in BARC are 
largely retained (over a sampling area of 400  m2) and that 
the realized dispersal of asexual propagules across broader 
scales between reefs (> 5 km) is not as common.

Clonemates distributed over broader distances between 
reefs are likely the result of dispersal of ameiotic larvae. 
Long-distance dispersal of bailed-out polyps is unlikely 
considering their slightly negative buoyancy and very low 
resettlement rates under experimental conditions (Sam-
marco 1982; Fordyce et al. 2017). Meanwhile, limited 
observations of unattached colony fragments in BARC, 
together with the reported low survival rates of P. dami-
cornis s.l. in field conditions (Liddle and Kay 1987) sug-
gest that colony fragmentation might not substantially 
account for connectivity between reefs. Other factors 
such as substratum type, tissue regeneration rates, and 
local environmental conditions of salinity, predation, and 
sedimentation will determine the successful recruitment 
of colony fragments (reviewed in Lizcano-Sandoval et al. 
2018). In situ studies on larval recruitment and genetic 
parentage analysis, coupled with observations on fragmen-
tation and establishment success, are needed to examine 
the relative contributions of fragmentation versus larval 
origins in the Bolinao–Anda reefs. Likewise, incorporating 

integral oceanographic processes can greatly enrich this 
exposition and is recommended for future investigations.

Sexually derived propagules also exhibit limited disper-
sal within the BARC. Excluding clonal replicates results in 
lower values of genetic differentiation, suggesting broader 
spatial scales of dispersal and connectivity for sexually 
derived versus asexually derived propagules. However, 
selection may have also influenced the abundance and 
distribution of adult clonemates. While this study cannot 
assess the effect of selection on adult clonal distribution, 
selection is expected to result in an underestimation of 
the relative contribution of sexual reproduction and esti-
mates of effective propagule dispersal distances. Moreo-
ver, this study cannot quantify dispersal distances of sexu-
ally derived propagules, which can be better estimated by 
genetic parentage analyses necessitating exhaustive sam-
pling not only of adult colonies but also of newly settled 
recruits or early juveniles.

Despite analyzing a relatively small domain such as 
the BARC, significant genetic differentiation is detected 
among P. acuta populations suggesting the generally 
limited larval dispersal of this species, at least between 
the three genetic clusters inferred: LCR, MLP–CLY, and 
CNG. While demographic connectivity is evident based on 
the occurrence of shared MLGs, this was apparently insuf-
ficient to homogenize the distribution of alleles within the 
reef complex. These results are consistent with previous 
studies reporting genetic structure at scales of 10s of kilo-
meters for P. damicornis s.l. (Stoddart 1984a; Benzie et al. 
1995; Miller and Ayre 2004; Sherman et al. 2006; Whi-
taker 2006; Combosch and Vollmer 2011; Adjeroud et al. 
2014) and P. acuta (Gélin et al. 2017b). The observed 
fine-scale spatial structure suggests that even though the 
species is capable of delaying metamorphosis and set-
tlement for extended periods up to 200 days (Harrigan 
1973; Richmond 1987b), a large proportion of its planulae 
may actually settle within a shorter time period, between 
2 and 7  days based on other observations (Ayre and 
Hughes 2000; Harii et al. 2002; Villanueva et al. 2008). 
In contrast, a few pre-taxonomic revision studies report a 
counter-intuitive combination of genetic structure at small 
spatial scales over 10s of kilometers, against a backdrop of 
broad-scale panmixia over 100–1000s of kilometers (Ayre 
et al. 1997; Ayre and Hughes 2000; Torda et al. 2013b). 
This taxon-muddled, geography-linked conundrum con-
sequently necessitates a comprehensive reevaluation of 
many aspects of this species’ biology and ecology, ideally 
viewed at different spatial scales (Gorospe and Karl 2013, 
2015; Gorospe et al. 2015).
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Implications for management

Resilience-based management dictates that in any conser-
vation effort, be it in designating areas for protection, con-
structing reserve networks, or restoring damaged reefs, the 
maintenance of genetic diversity and pathways of connectiv-
ity among reef populations should be ensured (McLeod et al. 
2019). In the context of reef restoration, the observed struc-
turing of diversity in Bolinao–Anda populations requires 
that any coral gardening or transplantation activity should be 
contained within the inferred genetic boundaries. The lim-
ited dispersal revealed in P. acuta means that each of these 
genetic groups are somehow distinct and if reef resilience is 
an objective of such intervention, then the maintenance of 
this genetic diversity should be prioritized.

Management schemes like setting up marine protected 
areas (MPAs) have been shown to be more effective when 
implemented in source populations rather than sink popula-
tions (Crowder et al. 2000; White et al. 2009). Therefore, 
information on the directionality of connectivity and source-
sink characteristics of populations are important for effective 
MPA planning. The relative migration network we presented 
depicts an overall interconnectedness within BARC (Fig. 6). 
The asymmetric rates of migration indicate sites CNG and 
LCR as potential source populations of larvae for the medi-
ally situated MLP–CLY cluster. This by itself should already 
compel for stronger protective measures in the distal areas of 
the reef system. The spatial boundaries of this study, how-
ever, could have limited the actual range of realized dispersal 
and may be expanded in the future to give insights for wider 
scale management. Broader scale population structuring 
and connectivity (e.g., basin scale, archipelagic scale), with 
an integration of oceanographic assessment or modeling, 
could be helpful and should also be considered in planning 
for networks of marine reserves to deliver a more holistic 
investigation.

This study underlines the utility and importance of con-
textualizing site conditions and species biology in designing 
or improving management. The gene flow and variability in 
wave energy and genetic diversity found among the study 
sites can be speculated to contribute to the resilience of this 
naturally and anthropogenically disturbed region: a rela-
tively stable reef site offers strong demographic supply, sites 
disturbed by strong wave energies provide genetic novelty, 
while all sites are linked through interconnectivity. These 
patterns of diversity with potential functionality found in 
Bolinao–Anda, if maintained with protection, could serve 
as a model resilient metapopulation and provide substantia-
tion for implementing more integrative and comprehensive 
management approaches. There are 1620 reported MPAs in 
the Philippines but many of these are less than 1  km2 (Cabral 
et al. 2014) due to budgetary constraints and impediments 
brought by recurring shifts in each local government unit’s 

priorities (Horigue et al. 2012). Furthermore, most of these 
were not fully designed to be part of functionally connected, 
resilience-oriented ecological networks of MPAs which 
would have helped preserve ecosystem function (Horigue 
et al. 2012, 2014). Given limited resources, it is important 
to augment current management interventions with spatial 
planning supported by genetic information to maximize the 
ecological returns of these conservation efforts. Exploring 
the benefits of functional genetic diversity among popu-
lations should also be considered by assessing fine-scale 
genetic and demographic characteristics exhibited by pop-
ulations within prospective protected areas. Since pocil-
loporid corals are often pioneer reef-building species, such 
information will provide valuable insights into the recovery 
of degraded reefs, the resilience of existing populations, and 
the pace of local adaptation to changing conditions.
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