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Abstract

The Coral Triangle region contains the world’s highest marine biodiversity, however, these reefs are also the most threat-
ened by global and local threats. A main limitation that prevents the implementation of adequate conservation measures is
that connectivity and genetic structure of populations is poorly known. The aim of this study was to investigate the genetic
diversity, population structure and connectivity patterns of tropical corals in Indonesia on two different spatial scales, as well
as by comparing two different reproduction strategies. Genotyping was based on microsatellite markers for 316 individual
Seriatopora hystrix colonies and 142 Acropora millepora colonies sampled in Pulau Seribu and Spermonde Archipelago in
2012 and 2013. Differences in allelic diversity and a strong signature of divergence associated with historical land barriers
at the Sunda Shelf were found for the brooding coral Seriatopora hystrix. However, differences in diversity and divergence
were not pronounced in the broadcast spawning coral Acropora millepora. Within Spermonde Archipelago, two groups
were identified: (1) sites of the sheltered inner-shelf and mid-shelf, which were found to be highly interconnected and (2)
mid-shelf and outer-shelf sites characterised by higher differentiation. These patterns of contemporary dispersal barriers
and genetic diversity can be explained by the differences in life history of the corals, as well as by oceanographic conditions
facilitating larval dispersal. The contemporary dispersal barriers found within the Spermonde Archipelago emphasise the
need for incorporating connectivity data in future conservation efforts.
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The Coral Triangle region encloses more than 86,500 km?
of coral reef area (35% of all global coral reefs) and includes
the exclusive economic zones of eight countries (Indonesia,
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et al. 2012). The world’s highest marine biodiversity is found
within this region, accounting for >76% of coral species
and more than 3000 fish species (Allen and Werner 2002;
Allen 2008; Veron and Smith 2009; Burke et al. 2012). The
marine resources of this region’s coral reefs benefit over
120 million people by providing goods and services, such
as fisheries resources, shoreline protection and attraction
for tourism (Burke et al. 2011, 2012; Foale et al. 2013).
However, coral reefs of this region are threatened by global
stressors, such as climate change and subsequent extreme
weather events, as well as by local anthropogenic threats,
such as overfishing and destructive fishing, watershed pollu-
tion, and reef removal for coastal development (Burke et al.
2011, 2012; Hoegh-Guldberg et al. 2017). Currently, more
than 85% of the reefs within the Coral Triangle region are
at risk of disappearing (Burke et al. 2012). In response, a
multilateral partnership of the above-mentioned countries,
the Coral Triangle Initiative on Coral Reefs, Fisheries and
Food Security (CTI-CFF), also shortly known as the Coral
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Triangle Initiative (CTI), aims to set up sustainable networks
of Marine Protected Area’s (MPAs). Only ~ 16% of reefs
within the Coral Triangle currently fall under MPA protec-
tion, and management is generally poor or lacking, with just
1% rated as effectively managed (Burke et al. 2012). MPAs
can support coral reef conservation by maximising reef resil-
ience to environmental changes, but to achieve this, knowl-
edge on connectivity of reefs should be incorporated in MPA
design and management (Almany et al. 2009; Bellwood et al.
2004; Green et al. 2014).

The reefs of Pulau Seribu and Spermonde Archipelago in
Indonesia offer a unique opportunity to study the connectiv-
ity of coral reefs under variable environmental conditions.
Both Pulau Seribu and Spermonde Archipelago experience
an in- to offshore gradient of anthropogenic stressors related
to pollution from the nearby cities, Jakarta and Makassar,
respectively.

Pulau Seribu or “Thousand Islands” is a reef complex
that consists of 105 islands in front of Jakarta on Java and
extends 80 km northwest into the Java Sea (see Figs. 1 and
2a). The Spermonde Archipelago is situated off Southwest
Sulawesi, in the southern Makassar Strait, featuring 100
coral-fringed small islands across a 40-km-wide carbonate
shelf, with depth ranging from 10 to more than 50 m [see

Fig. 2b and Cleary et al. (2005)]. Reoccurring events of sea
level decrease during the glaciations in the Pliocene and
Pleistocene exposed reefs in Pulau Seribu and Spermonde
Archipelago and created isolated ocean basins on either side
(Voris 2000; light-grey area in Fig. 1). Subsequent recoloni-
sation probably occurred from different source populations,
a hypothesis confirmed by genetic studies in giant clams
(Kochzius and Nuryanto 2008). Both Pulau Seribu and Sper-
monde Archipelago can be divided into inshore, midshore
and offshore zones that differ in oceanography, geomorphol-
ogy and diversity, as well as in the level of exposure to an
in- to offshore gradient of anthropogenic stressors related
to run-off and pollution from the nearby cities, Jakarta and
Makassar, respectively (Edinger et al. 1998; Cleary et al.
2005; Cleary and Suharsono 2006; Polonia et al. 2015).
Within the Indo-Malay Archipelago, the main current is the
Indonesian Throughflow (ITF), which originates from the
northern tropical Pacific and flows from north to south year-
round (Fig. 1; Gordon 2005). The ITF connects the Pacific
and Indian Ocean through Makassar Strait, facilitating con-
nectivity of populations in the Sulawesi Sea, Makassar Strait
and the Flores Sea (Kochzius and Nuryanto 2008; Timm
and Kochzius 2008). In addition to the prevailing ITF, mon-
soons create seasonal wind shifts accompanied by changes
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Fig. 1 Map of the Indo-Malay Archipelago with major ocean currents
indicated schematically; solid arrows are permanent currents; dashed
lines are currents changing with monsoon seasons (Edinger et al.
2002; Wyrtki 1961; Gordon 2005); ITF: Indonesian Throughflow; (1)
dominant current direction during the southwest monsoon (Novem-
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ber—February); (2) dominant current direction in the northeast mon-
soon (May—August). Light-grey area indicates the Pleistocene maxi-
mum sea level low stand of 120 m (Voris 2000); squares indicate the
sample sites
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Fig.2 Map showing sample sites of Seriatopora hystrix in two loca-
tions in Indonesia: a Pulau Seribu, and b Spermonde Archipelago.
The pie charts show the distribution of three genetic clusters (K=23)
identified by the Bayesian clustering implemented in STRUCTURE
2.3.4 (Pritchard et al. 2000) based on seven microsatellite loci and

in current direction in the Java and Flores Seas (Fig. 1), with
the dominant inflow in the Java Sea from the South China
Sea during the southwest monsoon (November—February)
and from the Makassar strait during the northeast monsoon
(May—August; Gordon 2005; Edinger et al. 2002).

The stony coral Seriatopora hystrix (Pocilloporidae;
Dana 1846) is common on shallow reefs and intertidal reef
flats and has a widespread distribution in the Indo-Pacific
(Veron 2000). Seriatopora hystrix is a brooding coral that
releases planula larvae with a short pelagic larval duration
(PLD) year-round in the tropics (summarised in Prasetia
et al. 2017). Most settlement (50%) occurs within 6 h after
release, although the PLD can reach up to 1 week (Baird
2001). Seriatopora hystrix larvae were shown to settle
close to their natal colony in northern Western Australia

analysed for all sample sites combined. ¢ The colours in the bar plot
visualise the individual’s estimated membership fraction in each of
the three clusters, with each vertical bar representing one individual.
Sample site codes see Table 1 and ESM Appendix S1

(Underwood et al. 2007), however, longer dispersal distances
have occurred (van Oppen et al. 2008).

Acropora millepora (Acroporidae; Ehrenberg, 1834)
also has a widespread distribution in the Indo-Pacific and
is a common inhabitant of shallow reef flats, lagoons and
upper reef slopes (Veron 2000). It is a broadcast spawn-
ing coral and releases buoyant gamete bundles with eggs
and sperm into the water column in multispecies spawn-
ing events. Within the Java Sea, acroporids were found
to have two spawning periods per year: in spring (March
and April) and in autumn (September—October), coincid-
ing with the transition periods between monsoons (Permata
et al. 2012; Wijayanti et al. 2019). Limited data are avail-
able for spawning in Spermonde Archipelago, but an early
spring and autumn spawning are highly likely, as within the
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whole Coral Triangle region. Acroporid’s spawning events
take place between March and May and between September
and December (reviewed in Keith et al. 2016). Acropora
millepora has a long PLD of 60 days in laboratory studies,
but a longer PLD can be expected based on studies of other
acroporids (Graham et al. 2008). Although there was an indi-
cation for A. millepora larvae settling on their natal reefs in
the Great Barrier Reef (GBR), simultaneous long-distance
dispersal was found over > 1000 km (van Oppen et al. 2011).

While self-fertilisation in hermaphrodite broadcast
spawning corals is mostly or completely restricted, brood-
ing corals often have the potential for self-fertilisation (self-
ing), yet these rates are variable (reviewed in Carlon 1999).
Additionally, brooded larvae often have limited dispersal
capacity, which increases the likelihood of outcrossing with
related individuals. These contrasting life history character-
istics make S. hystrix and A. millepora interesting models for
studying coral genetic connectivity in this area.

In this study, the genetic diversity, population structure
and connectivity patterns of tropical corals in Indonesia were
investigated on two different scales, as well as by comparing
two different reproduction strategies of the brooding coral S.
hystrix and the broadcast spawning coral A. millepora. The
three hypotheses we aimed to test were: (1) there is genetic
structure resulting from historical land barriers to larval
dispersal and subsequent recolonisation of Pulau Seribu
and Spermonde Archipelago from different ocean basin
populations; reef distance to shore influences the popula-
tion genetic structure within (2) Pulau Seribu; and within (3)
Spermonde Archipelago. These three hypotheses were tested
using ten microsatellite markers for S. hystrix and seven for
A. millepora.

Materials and methods

Sampling, DNA extraction and microsatellite
genotyping

Coral samples of S. hystrix and A. millepora were col-
lected during two expeditions between September 2012
and March 2013 as part of the of the SPICE III program
(Science for the Protection of Indonesian Coastal Marine
Ecosystems). Species identity was assessed through visual
inspection of the main morphological characters of the coral
species. Species identity was re-confirmed before DNA
extraction. In total, 316 individual S. hystrix colonies were
sampled at 5 locations in Pulau Seribu and 10 locations in
Spermonde Archipelago, and 142 individual A. millepora
colonies were sampled at 2 locations in Pulau Seribu and
6 locations in Spermonde Archipelago (Figs. 1, 2, 3, ESM
Appendix S1 and CITES permits 2013BE776/PE, 3260/
IV/SATS-LN/2013). To reduce the chance of sampling the
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same colony twice, colonies were selected with a distance
of at least 2 m between consecutive collections. DNA was
extracted with the Omega Bio-tek® E.Z.N.A.® Tissue DNA
kit (Norcross, GA, USA) following the manufacturer’s
animal tissue protocol. The purity and concentration of
the DNA extract was determined with a NanoDrop 2000
spectrophotometer (Thermo-scientific, Waltham, Ma, US).
Samples of S. hystrix and A. millepora were genotyped with,
respectively, ten or seven microsatellite primer pairs (details
of primers, PCR conditions and scoring are given in ESM
Appendix S2 and S3).

Genetic diversity analysis

Identical multilocus genotypes (MLGs) that were likely to be
the result of fragmentation of the coral colony were identi-
fied with the software GenAlEx 6.503 (Peakall and Smouse
2012). The departure from Hardy—Weinberg equilibrium
(HWE) was determined for each locus using FSTAT 2.9.3
(Goudet 1995) and presented as Fig (calculated as smallF
(Weir and Cockerham 1984)), with significance levels based
on 105,000 permutations for S. hystrix and 56,000 for A.
millepora. In all FSTAT analyses, the number of permuta-
tions was automatically determined based on the number
of loci and populations in the experimental design. Micro-
Checker 2.2.3 (van Oosterhout et al. 2004) was used to check
for microsatellite null alleles and scoring errors. Populations
with heterozygote deficiency were further analysed with
INEst 2.0 (Chybicki and Burczyk 2009), which utilises a
Bayesian approach estimating both null alleles and inbreed-
ing simultaneously (Campagne et al. 2012). The Markov
chain Monte Carlo (MCMC) was run with 50,000 genera-
tions for burn-in followed by 500,000 additional cycles.
RMES software (David et al. 2007) was used to estimate
mean population self-fertilisation (selfing) rates (S) based
on 100,000 iterations. Linkage disequilibrium (LD) val-
ues for S. hystrix and A. millepora were calculated using
FSTAT and the p values for genotypic disequilibrium were
based on 31,500 and 16,800 permutations, respectively. The
number of alleles per population, corrected for sample size
and expressed as allelic richness (Ar), was also calculated
using FSTAT, whereas the observed, expected and unbi-
ased heterozygosity (corrected for sample size) and private
alleles were calculated using GenAlEx. Lastly, a one-sided
comparison (9999 permutations) of the allelic richness A,
was performed using FSTAT to compare the in- to offshore
zones within and between Pulau Seribu and Spermonde
Archipelago.

Population structure

Bayesian clustering based on the Markov chain Monte
Carlo (MCMC) assignment method was run without prior
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population information and under the admixture model
to determine the number of genetic clusters (K) in the
software STRUCTURE 2.3.4 (Pritchard et al. 2000) with
the ParallelStructure package (Besnier and Glover 2013)
in R version 3.6.3 (https://www.r-project.org/) on the CIP-
RES Science Gateway portal (Miller et al. 2015). Analyses
included 10 runs with a burn-in length of 100,000 and
1,000,000 MCMC replications. HARVESTER 0.6.94 (Earl
and Vonholdt 2012) was used to visualise and analyse the
STRUCTURE output by plotting log probability L (K)
and AK (Evanno et al. 2005). A hierarchical Analysis
of Molecular Variance (AMOVA) (Excoffier et al. 1992)
was conducted with GenAIEXx, to assess the geographical
structuring of genetic variation. Groupings were based on
historical land barriers and different sources of recolonisa-
tion after the rise of sea level (Pulau Seribu versus Sper-
monde Archipelago), and designated shelf-zones within
Pulau Seribu and Spermonde Archipelago. Significance
was tested with 9999 permutations.

To investigate genetic structuring among populations
complementary measures of differentiation were included
(Fst, Dgst and Rgp). Pairwise Fgr values were estimated
using the method of Weir and Cockerham (1984) (0)
in FSTAT and tested for significance with 105,000 and
56,000 permutations for S. hystrix and A. millepora,
respectively. Statistical significance for all pairwise tests
was adjusted for multiple comparisons by a Holm—Bonfer-
roni correction (Holm 1979). Using GenAlEx, Dggr (Jost
2008) was calculated as an additional measure of allelic
differentiation as it forms a better estimator when diversity
is high, and was tested for significance with 9.999 permu-
tations. Pairwise Rqp values (Slatkin 1995) were calculated
in GenAlEx and the level of significance was tested with
9999 permutations. As recommended in, e.g. Jost et al.
(2018) and Meirmans and Hedrick (2011), the results of
Fgr. Dggr and Rgp were compared to gain insights into the
main causes of the population differentiation. SPAGeDi
(Hardy and Vekemans 2002) was used to test if stepwise
mutations added to differentiation (Rgp> Fgr), in which
case Rgr (Slatkin 1995) would reflect population differen-
tiation better than Fgr. Additionally, the relative contribu-
tion of mutation versus migration to population differenti-
ation over distance intervals was investigated using 20,000
permutations. A significant Rgr value would emphasise the
role of mutation relative to migration rate in the differen-
tiation of distant populations. Pairwise Fqr-Dggr- and Ry
values were used in a Mantel test of isolation-by-distance
(IBD), with and without transformations as suggested by
Rousset (1997), and tested with 9999 permutations in
GenAlEx.

Results
Null alleles and genotypic diversity

Of the ten microsatellite markers used for S. hystrix, three
markers were eliminated from the analysis (Sh2-002, Sh3-
007, Sh3-008) as they did not amplify in samples from
several sites and showed high prevalence of null alleles in
Micro-Checker and INEst (ESM Appendix S4). Of the 316
sampled colonies of S. hystrix, 290 were found to contain
unique multilocus genotypes (MLGs). Pairs of identical
MLGs were found at nine sampling sites: one pair in PA,
four pairs in PE, one pair in SD1, five pairs and one triplet
in PS, two pairs in Sa, two pairs and one triplet in BL1,
one pair in BT, two pairs and one triplet in KK and two
pairs in Ln. Clonal richness (R) indicated low contribution
of asexual reproduction at these sample sites, although
the sampling design (sampling colonies with at least 2 m
distance) could have resulted in an underestimation of this
contribution (Table 1).

All seven microsatellite markers for A. millepora were
amplified in all the samples. Of the 142 sampled colonies,
136 were found to contain unique multilocus genotypes
(MLGs). Pairs of identical MLGs were found at three
sampling sites: two pairs in PA, one pair in PS and one
quadruplet in KK. The clonal richness indicated a low con-
tribution of asexual reproduction (Table 1).

As the probability of identity (PI) was low (< 0.005 for
all sample sites in S. hystrix, and <0.0001 for all sample
sites in A. millepora, well below the 0.01 set for adequate
population studies; (Waits et al. 2001)), the chance of col-
onies sharing the same genotype coincidentally was very
low. Therefore, the colonies sharing identical MLGs were
considered as potentially belonging to the same individual,
most likely as the result of the coral colony fragmentation.
Further analyses were performed with a reduced dataset,
with all but one of the duplicated MLGs removed.

Genetic diversity

The 7 remaining microsatellite loci in S. hystrix were poly-
morphic for all 15 sample sites, with 2-9 alleles per locus,
except for locus Sh3-003, which was monomorphic for 3
sites (ESM Appendix S5). All sample sites showed posi-
tive Fig values, of which most with significant departures
from HWE, indicating heterozygotic deficits (Table 1).
Selfing rates (S) ranged from 0O to 0.467 in Pulau Seribu
and from O to 0.41 in Spermonde Archipelago (Table 1).
Linkage Disequilibrium was not detected in any of the sites
(p <0.01; data not shown). Private alleles were found more
frequently and in higher numbers in sites in Spermonde
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Archipelago, with a maximum of nine private alleles in
KK (Table 1). The allelic richness (A,) ranged from 2.5
to 2.9 in Pulau Seribu and from 3.5 to 4.6 in Spermonde
Archipelago, the observed heterozygosity (H) from 0.238
to 0.330 in Pulau Seribu and from 0.381 to 0.604 in Sper-
monde Archipelago, and the unbiased expected heterozy-
gosity (uHg) from 0.353 to 0.409 in Pulau Seribu and from
0.488 to 0.678 (Table 1). The one-sided comparisons for
S. hystrix of A, and Hg in Pulau Seribu and Spermonde
Archipelago showed significantly higher A, and H, within
Spermonde Archipelago, with A, =4.07, Hy,=0.479 and
A, =2.65, Hy=0.295, respectively (Pulau Seribu < Sper-
monde Archipelago p <0.001). No differences in genetic
diversity were found within the in- to offshore gradient
in Pulau Seribu and Spermonde Archipelago (p > 0.05).

The 7 microsatellite loci in A. millepora were polymor-
phic for all 8 sample sites, with 3—17 alleles per locus,
except for locus Amil2_006, which was monomorphic for 3
sites (ESM Appendix S6). All sample sites showed positive
Fig values ranging between 0.268 and 0.399, all with sig-
nificant departures from HWE (p <0.05, Table 1). Upward
bias of Fig values can be caused by genotyping errors, unac-
counted population structure such as Wahlund effect, and
the effect of population selfing or inbreeding. Analysis with
INEst indicated that inbreeding, rather than null alleles, was
causing the high Fig values in all sample sites (ESM Appen-
dix S7). There was a low contribution of selfing, with rates
ranging from O to 0.05 in Pulau Seribu and 0-0.06 in Sper-
monde Archipelago (Table 1). Linkage Disequilibrium was
not detected at any of the sites (p <0.01; data not shown).
Private alleles were found in all sites except Po and KK,
with a maximum of six in Sa (Table 1). The allelic richness
(A,) was 4.1 and 3.6 in Pulau Seribu and ranged from 3.6 to
4.3 in Spermonde Archipelago, the observed heterozygosity
(Hp) was 0.403 and 0.392 in Pulau Seribu and ranged from
0.360 to 0.435 in Spermonde Archipelago, and the unbiased
expected heterozygosity (uH) was 0.594 and 0.542 in Pulau
Seribu and ranged from 0.486 to 0.656 in Spermonde Archi-
pelago (Table 1). No differences in genetic diversity were
found between and within Pulau Seribu and Spermonde
Archipelago (p > 0.05).

Population structure
Seriatopora hystrix

In S. hystrix, significant differentiation was found in 92%
of the pairwise population comparisons based on Fgp, and
98% of the pairwise population comparisons based on Dggrp
(ESM Appendix S8). The highest genetic differentiation
was found comparing Pulau Seribu and Spermonde Archi-
pelago, with Fgp values ranging from 0.141 to 0.398 and
Dggrp values ranging from 0.164 to 0.503. Moderate to high
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differentiation was observed within Spermonde Archipel-
ago (Fgr: 0.011-0.348; Dygr: 0.023-0.546), but lower dif-
ferentiation within Pulau Seribu (Fgp: 0.012-0.243; Dggr:
0.007-0.189). The contribution of stepwise mutations
(Rgr> Fgr) was tested with a one-sided permutation test
and significant (p < 0.05) contributions of stepwise muta-
tions in allele sizes were detected for all loci in S. hystrix,
but when inspecting and compiling distance intervals, sig-
nificant values were mostly found within Spermonde Archi-
pelago, while Fgr is a better indicator within Pulau Seribu
(ESM Appendix S9). Due to this, and because such permu-
tation tests were shown to be unreliable for loci with lower
polymorphism (Hardy et al. 2003) as found in S. hystrix
(ESM Appendix S5), all three estimators (Fgy Dggr, Rgr)
were included and compared in the subsequent analyses.
Pairwise Rgr (ESM Appendix S10) confirms the moderate
to high differentiation observed within Spermonde Archi-
pelago (Rgp: 0.000-0.555), as well as the lower differen-
tiation within Pulau Seribu (Rgp: 0.000-0.292). Dggy was
congruent with Fgp values within Pulau Seribu. However,
consistently higher values of Dggr and R were observed in
Spermonde Archipelago, indicating low migration rates rela-
tive to mutation rates in these sample sites, and possibly the
underestimation of Fgr, especially in KK and Ln. A Mantel
test indicated no significant correlation between population
differentiation (for Fgr Dggr or Rgy) and geographic distance
within Pulau Seribu or Spermonde Archipelago (p> 0.05,
data not shown). But significant correlation between Pulau
Seribu and Spermonde Archipelago was found based on Fgy
and Dggr (p <0.05, ESM Appendix S11, based on trans-
formed Fgr).

STRUCTURE analysis (ESM Appendix S12) suggested
K =3 as the most likely number of genetic clusters for all
sampling sites (Fig. 2a—c). Based on the proportion of each
genetic cluster within each sample site, a clear distinction of
(1) Pulau Seribu and (2) Spermonde Archipelago, both form-
ing a mixed group of two genetic clusters, was found. When
analysed separately, Pulau Seribu showed no unambiguous
number of clusters in STRUCTURE other than K=2, in
which all sites show mixed signatures (ESM Appendix S12).
Within Spermonde Archipelago, two clusters (K=2) were
found in STRUCTURE, similar to analyses including all
sample sites (ESM Appendix S13). Based on the proportion
of each genetic cluster within each sample site, two groups
were defined within Spermonde Archipelago (1) BL1, BT,
and KK, and (2) BL2, Ln, Po, Sa, PP, Ba, and SL.

In the PCoA including all data, the first axis divides Pulau
Seribu from Spermonde, explaining 17% of the variation
(Fig. 4a). In the PCoA based on pairwise Fgy of sample sites
in Pulau Seribu, the first axis divides SD2 and SD1 from PA,
PE, PS, and the second axis separates PA and PS from this
segregation, as well as SD1 from SD2, together explain-
ing 91% of the variation (Fig. 4b). In the PCoA including
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only sites in Spermonde Archipelago, the first axis divides
BL1, BT and KK from all others. The second axis separates
BLI1 from this segregation, as well as BL2, Ba, SL and Ln,
from Po, Sa and PP, together explaining 67% of the varia-
tion (Fig. 4c¢).

The hierarchical AMOVA revealed that 13% genetic vari-
ation was found between the clusters within the Java Sea
(p<0.001; ESM Appendix S14). Grouping based on zones
in Pulau Seribu gave a lower component of variance (2%
(p<0.001), while no significant grouping was found in Sper-
monde Archipelago (p > 0.05).

Acropora millepora

For A. millepora, significant differentiation was found in 17%
of the pairwise population comparisons based on Fgp, and
79% of the pairwise population comparisons based on Dggrp
(ESM Appendix S15). Most significant comparisons were
found between Pulau Seribu and Spermonde Archipelago,
with Fgp values ranging from 0.009 to 0.135 and Dggy values
ranging from 0.034 to 0.274. A lower differentiation was
found within Spermonde Archipelago (Fgp: 0.000-0.118;
Dggr: 0.012-0.240) and no differentiation between the two
sites within Pulau Seribu (Fgp=0; Dggr=0). The contri-
bution of stepwise mutations (Rg¢;> Fgr) was tested with a
one-sided permutation test, but significant (p < 0.05) contri-
butions of stepwise mutations were only found in maximally
three loci in A. millepora (ESM Appendix S9). Therefore,
only Fgr and Dggp were included and compared in the sub-
sequent analyses. The values for Dggp were slightly higher
than for Fgr within Spermonde Archipelago, indicating that
Fgr could underestimate the level and pattern of differentia-
tion in these sample sites, especially for site KK. The Mantel
test showed no significant correlation between population
differentiation (for either Fgr or Dggp) and geographic dis-
tance between Pulau Seribu and Spermonde Archipelago or
within Spermonde Archipelago (p > 0.05; ESM Appendix
S11 based on transformed Fgr).

Clustering implemented in STRUCTURE (ESM Appen-
dix S12) revealed two clusters (K=2) as the most likely
number for all sample sites (Fig. 3¢). Based on the propor-
tion of each genetic cluster within each sample site in STRU
CTURE, only a shallow structure points to a distinction
between Pulau Seribu and Spermonde Archipelago. Within
Pulau Seribu, no unambiguous number of clusters was
found in STRUCTURE other than K=2, in which all sites
show mixed signatures (ESM Appendix S12). Within Sper-
monde Archipelago, two clusters were found in STRUCTU
RE (ESM Appendix S13). Based on the proportion of each
genetic cluster within each sample site, two groups were
distinguished: (1) SL, KK and Ln, and (2) Po, Sa and Ba.

The PCoA shows shallow distinction of Pulau Seribu
from Spermonde Archipelago with the third axis generally

dividing sites of Pulau Seribu and Spermonde Archipelago,
explaining 8% of the variation (Fig. 5a). In the PCoA based
on pairwise Fgr sites in Pulau Seribu and Spermonde Archi-
pelago, together the first axis divides sites SL, KK, Ln from
the rest, and the second axis separates KK from this segre-
gation, as well as dividing Po, Sa and Ba, from PA and PS,
together explaining 78% of the variation (Fig. 5b).

The hierarchical AMOVA revealed that 2% genetic
variation was found between clusters within the Java Sea
(p<0.001; ESM Appendix S14). No significant grouping
was found within Spermonde Archipelago (p >0.05).

Discussion

This study investigated the genetic diversity and genetic
structure of two corals, the brooding coral Seriatopora hys-
trix and the broadcast spawning coral Acropora millepora
at two locations in Indonesia using microsatellite markers.
The key indicators used for genetic diversity were the allelic
richness and heterozygosity of populations, while genetic
structure is determined by the scale of genetic connectivity
among populations and depends on the life history of the
coral species and oceanographic patterns.

Divergence between Pulau Seribu and Spermonde
Archipelago

Plio-Pleistocene glaciation caused major changes in the
marine environment in the Coral Triangle region, with sea
levels dropping 120 m below present during glacial maxima
(Voris 2000). However, these environmental changes did
not result in uniform patterns of genetic structure of marine
organisms, even within functional and taxonomically similar
assemblages (Crandall et al. 2008). In this study, a strong
signature of divergence associated with historical land bar-
riers at the Sunda Shelf was found for S. hystrix, with one
cluster consisting of sample sites in Pulau Seribu, and the
other of sites in Spermonde Archipelago confirming hypoth-
esis I. This is consistent with differentiation found for S.
hystrix (comparing Pulau and Makassar Fg;=0.19, Starger
et al. (2010)), the coral Heliofungia actiniformis (Knitt-
weis et al. 2009) and a variety of coral reef fauna, such as
clownfishes Amphiprion ocellaris and A. perideraion (Timm
and Kochzius 2008; Timm et al. 2012; Dohna et al. 2015),
stomatopod Haptosquilla pulchella (Barber et al. 2002), Tri-
dacna giant clams (Kochzius and Nuryanto 2008; Nuryanto
and Kochzius 2009; Hui et al. 2016; Hui et al. 2017; Keyse
et al. 2018), and the sea star Linckia laevigata (Kochzius
et al. 2009; Otwoma and Kochzius 2016), but see Crandall
et al. (2019) and the review by Carpenter et al. (2011). This
divergence is hypothesised to reflect the historical isolation
of ocean basins during the Pliocene and Pleistocene, with
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Fig.3 Maps showing sample sites of Acropora millepora in two
locations in Indonesia: a Pulau Seribu, and b Spermonde Archipel-
ago. The pie charts show the distribution of the two genetic clusters
(K=2) identified by the Bayesian clustering implemented in STRU
CTURE 2.3.4 (Pritchard et al. 2000) based on 7 microsatellite loci

subsequent recolonisation after the last glacial maximum.
Distance (> 1400 km) as well as contemporary dispersal
barriers formed by currents, might play a role in main-
taining this divergence, especially for a species with low
dispersal capacity such as S. hystrix. This is illustrated by
the high levels of differentiation that were found in studies
on S. hystrix covering similar or smaller distances, such as
in the Western Indian Ocean (mean Fgp=0.30-1398 km,
van der Ven et al. (2020)) and in the GBR and northern
Western Australia (mean Fgp=0.20-500 km, van Oppen
et al. (2008); overall Fgp=0.198-505 km, Underwood et al.
(2009)). Lower differentiation was found in the Red Sea over
a distance of 610 km, (Fgr=0.089, Maier et al. (2005)), but
a lower mean Fgr can be explained by the proximity of most
of their sample sites, e.g. ~ 0.150 km and a low number

@ Springer

and analysed for all sample sites combined. ¢ The colours in the bar
plot visualise the individual’s estimated membership fraction in each
of the two clusters, with each vertical bar representing one individual.
For sample site codes, see Table 1 and ESM Appendix S1

of microsatellites (three loci). However, this divergence, of
either historical or contemporary barriers, is not pronounced
in the broadcast spawning coral A. millepora, for which
sample sites in Pulau Seribu and Spermonde Archipelago
are only weakly differentiated. This suggests that exchange
between these sites does occur, similar to results found in a
microsatellite study of the giant clam 7. crocea (Hui et al.
2017). Acroporids have a high dispersal capacity with a
PLD of 59-200 days (Nishikawa et al. 2003; Graham et al.
2008). Low differentiation over long distances was found
for congeners A. tenuis in East Africa (Fgr=0.057-900 km,
van der Ven et al. (2016) and Acropora digitifera in Japan
(pairwise Fgr<0.034-1000 km, Nakajima et al. (2010)),
although higher differentiation was detected for some more
offshore sites in A. millepora in the GBR (van Oppen et al.
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Fig.4 Principal coordinates
analysis (PCoA) conducted with
GenAlEx 6.503 (Peakall and
Smouse 2012) for Seriatopora
hystrix. a Spatial analysis of the
genetic distances of all samples
from Pulau Seribu (red squares)
and Spermonde Archipelago
(blue triangles) (Indonesia), the
first two axes explain 28% of the
variation (the first axis explains
17%, the second axis explains
11% of the variation); b sites in
Pulau Seribu based on pairwise
Fgr values (Weir and Cocker-
ham 1984), the first two axes
explain 91% of the variation
(the first axis explains 66%, the
second axis explains 25% of the
variation); ¢ sites in Spermonde
Archipelago based on pairwise
Fgr values, the first two axes
explain 67% of the variation
(the first axis explains 44%, the
second axis explains 23% of
the variation). For sample site
codes, see Table 1

Fig.5 Principal coordinates
analysis (PCoA) conducted with
GenAlEx 6.503 (Peakall and
Smouse 2012) for Acropora
millepora. a Spatial analysis

of the genetic distances of all
sample sites in Pulau Seribu
(red squares) and Spermonde
Archipelago (blue triangles)
(Indonesia), the second and
third axes explain 17% of the
variation (the second axis
explains 9%, the third axis
explains 8% of the variation); b
sites in Pulau Seribu and Sper-
monde Archipelago based on
pairwise Fgr values (Weir and
Cockerham 1984), the first two
axes explain 78% of the varia-
tion (the first axis explains 46%,
the second axis explains 32% of
the variation). For sample site
codes, see Table 1
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2011). Furthermore, intermediate populations can function
as essential stepping-stones facilitating gene flow in marine
populations (Crandall et al. 2012), and several intermediate
reefs could potentially form stepping-stones in the Java Sea
and Makassar Strait. Even though long-distance dispersal of
A. millepora, potentially combined with gene flow through
stepping-stones, may have reduced the signal of historic
divergence between Pulau Seribu and Spermonde Archipel-
ago, the differentiation between the sites was still found to be
significant. Additionally, a two-dimensional stepping stone
model could not be confirmed in the Mantel test. There-
fore, hypothesis I could not be rejected for A. millepora.
Both oceanographic conditions and life history traits likely
play an important role, where S. hystrix releases larvae year-
round, acroporids in Indonesia were found to partake in two
synchronised multispecies spawning events per year, one in
spring and one in autumn (Keith et al. 2016; Permata et al.
2012; Wijayanti et al. 2019). The prevailing currents during
the northeast monsoon (Fig. 1, indicated with the number 2)
facilitate spring spawners in Spermonde Archipelago to dis-
perse into the Java Sea, while autumn spawners in the Java
Sea are facilitated to disperse towards Spermonde Archi-
pelago by the southwest monsoon (Fig. 1, indicated with
the number 1). Brooding corals have the potential for self-
fertilisation, and (sperm) dispersal also makes outcrossing
with related individuals more likely. Both traits contribute
to elevated inbreeding levels in marine invertebrates (Olsen
et al. 2020). Estimates of selfing for S. hystrix were highly
variable but in some populations contributed up to 40%,
congruent with selfing rates up to 50% found on the GBR
(Sherman 2008). In contrast, broadcast spawning corals par-
take in spawning events, with self-fertilisation mostly being
restricted (reviewed in Carlon 1999). This was reflected by
the low or zero selfing rates for A. millepora in this study.
The substantial inbreeding found in some populations of A.
millepora is, therefore, likely caused by the outcrossing of
(closely) related individuals. This is not uncommon as Olsen
et al. (2020) showed that many life history traits of sessile
marine invertebrates, such as the broadcast spawning of lar-
vae, can lead to population inbreeding. Significantly, lower
genetic diversity was found for S. hystrix at the sites in Pulau
Seribu compared to sites in the Spermonde Archipelago.
This was also found for the coral Heliofungia actiniformis
(Knittweis et al. 2009) and other coral reef organisms such
as the giant clam Tridacna crocea (Kochzius and Nuryanto
2008). One of the explanations for this pattern is the influ-
ence of multiple glaciations in the Pliocene and Pleistocene
(Voris 2000). Rising sea levels after the last glacial created
an opportunity for recolonisation from potentially smaller
Indian Ocean populations. If these new reefs of Pulau Seribu
were mainly self-seeding (with minimum immigrants com-
ing in), this could have resulted in a founder effect, with
subsequent reduced genetic diversity for S. hystrix. Another

explanation for the lower genetic diversity in S. hystrix
from Pulau Seribu is a genetic bottleneck due to the effect
of severe reef degradation in the last century (Cleary and
Suharsono 2006; Cleary et al. 2014). However, both hypoth-
eses are not supported by the findings for A. millepora, for
which the two sites in Pulau Seribu showed no difference in
genetic diversity compared to Spermonde Archipelago. This
can be explained by the high genetic connectivity found for
A. millepora, possibly averting the reduced genetic diversity,
although no definite conclusions can be drawn from only
two sample sites.

The relative effects of historical and contemporary bar-
riers and life history characteristics cannot be unravelled
based on microsatellite markers alone, but it can be con-
cluded that A. millepora is less affected by contemporary
barriers currently limiting dispersal of S. hystrix between
Pulau Seribu and Spermonde Archipelago.

Population structure and genetic diversity
within Pulau Seribu

Genetic differentiation of S. hystrix in Pulau Seribu was nei-
ther related to geographical distance (isolation by distance)
nor associated with zonation, consequently hypothesis II was
rejected. Although there was an overall significant differ-
entiation, this was strongly influenced by the substantially
higher Fgr found for sites SD1 and SD2, while no differ-
entiation was found for sites ~30 km apart (PS and Pa).
High genetic connectivity among sites at relatively small
distances is not uncommon for S. hystrix. Similar results of
high genetic connectivity for S. hystrix populations in the
GBR were also found between reefs up to 80 km apart (van
Oppen et al. 2008). There was no indication that the genetic
diversity was influenced by an in- to offshore gradient, as
there were no differences in genetic diversity within Pulau
Seribu for either S. hystrix, or A. millepora. An in- to off-
shore difference was predicted based on the in- to offshore
gradient of anthropogenic stressors around, and to the north
of, Jakarta Bay. Jakarta Bay experiences extreme eutrophica-
tion coupled with increased primary production, high sedi-
mentation rates and pollution (Rinawati et al. 2012; Baum
et al. 2015; Ladwig et al. 2016). However, Jakarta Bay has
been subjected to much higher levels of these stressors than
mid- to offshore reefs and the effects may be more contained
to local reefs within Jakarta Bay itself (Williams et al. 2000).
Local anthropogenic stressors, rather than regional south-
to-north gradients, are, therefore, more likely causing the
degradation of reefs in the Pulau Seribu (Baum et al. 2015),
which could explain the absence of a gradient in the genetic
diversity in this study. To get a full picture of the impact
of anthropogenic stressors affecting genetic diversity of the
corals S. hystrix and A. millepora, future research should
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include more samples from within or close to Jakarta Bay,
as well as from midshore locations.

Inshore and offshore structure within Spermonde
Archipelago

The patchy habitat of the 40-km-wide carbonate shelf of
Spermonde Archipelago provides the ideal opportunity to
study connectivity patterns on a small scale, and to challenge
the assumption of panmictic populations. Indeed, significant
overall differentiation was found for A. millepora, with low
to moderate genetic differentiation between sample sites, as
well as significant moderate to high differentiation for the
brooding coral S. hystrix, confirming hypothesis III. This
is congruent with other studies in Spermonde Archipelago,
which showed significant division for the coral Heliofungia
actiniformis (Knittweis et al. 2009), clownfish Amphiprion
ocellaris and ascidian Polycarpa aurata (Timm et al. 2017).
Contrary to the study of the coral H. actiniformis (Knittweis
et al. 2009), there was no indication of isolation by distance
for either A. millepora or S. hystrix. However, based on
Bayesian cluster analysis, there are groupings of inshore ver-
sus more offshore reefs. The first group of A. millepora (Po,
Sa, and Ba) is highly interconnected with no detectable dif-
ferentiation among sites. A comparable cluster of sites was
found for S. hystrix (Po, Sa, PP, Ba, and SL), characterised
by low differentiation, even between sites relatively far apart
(~ 32 km). These reefs are part of the sheltered inner-shelf
and mid-shelf of Spermonde Archipelago, covering shal-
lower reefs down to 40 m and some between 40 and 50 m.
Within this shallower and less exposed environment, these
sites are more likely to exchange genetic material within
and between local reefs. The second cluster in A. millepora
(SL, KK, and Ln) contains mid-shelf and outer-shelf sites
and is characterised by higher differentiation. In S. hystrix,
KK (far mid-shelf) and Ln (outer shelf) are highly differ-
entiated and form two separate clusters, although KK does
show clustering with two differentiated mid-shelf sites (BT
and Bl11) with mixed genotypes. In both A. millepora and
S. hystrix, the highest level of differentiation was found for
the sites KK and Ln, especially when comparing these sites
with inner-shelf sites, a pattern also found for a study with
the coral H. actiniformis (Knittweis et al. 2009). Similarly,
cross-shelf genetic structure was found for Acropora nasuta
in the Great Barrier Reef over a distance of <50 km (Mac-
kenzie et al. 2004). High differentiation in sites located on
the far mid-shelf, but especially outer shelf and offshore, can
be explained by distance from shore as well as the influence
of oceanographic conditions. These sites are more exposed
to currents of the ITF, the predominant north to south cur-
rent in the Makassar Strait, which can facilitate larval input
from upstream reefs into the Spermonde Archipelago.
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The coral reefs in Spermonde Archipelago were formed
under influence of a long-term exposure to an in- to off-
shore gradient in water quality, and a pattern of species
assemblages related to distance from the shore was found
for corals, sponges, foraminifera and fish (Cleary et al. 2005;
Hoeksema 2012; Polonia et al. 2015; Plass-Johnson et al.
2018). Lower coral species diversity was found closer to
shore, while the highest diversity was found in midshore
reefs (Cleary et al. 2005). However, this pattern was not
found for genetic diversity in corals here, with no significant
differences in genetic diversity between the cross-shelf zones
for either S. hystrix as A. millepora. This is in congruence
with studies on the anemone fish A. ocellaris and ascidian,
P. aurata, in which no differences in genetic diversity based
on microsatellite markers were found in a similar study area
(Timm et al. 2017). Similar to that study, the lowest diversity
values for A. millepora (second lowest for S. hystrix), as
well as proof of a recent genetic bottleneck for A. millepora
were found in Karang Kassi (KK), a site which Timm et al.
(2017) argued was heavily impacted by destructive fishing
methods. Hardy and Vekemans is in text and in reference
list (SPAGeDi (Hardy and Vekemans 2002) was used to test
if stepwise mutations added to differentiation (RST > FST),
in which case RST (Slatkin 1995) would reflect population
differentiation better than FST). Holm too (Statistical signifi-
cance for all pairwise tests was adjusted for multiple com-
parisons by a Holm—Bonferroni correction (Holm 1979)).

In conclusion, this study confirms the dispersal barrier
between Pulau Seribu and Spermonde Archipelago for S.
hystrix, while the long-distance dispersal, potentially aided
by reefs functioning as stepping stones, was found for A.
millepora. These contrasting patterns can be explained by
differences in life history of these two corals, as well as
oceanographic conditions facilitating larval dispersal. The
short PLD of the brooding coral S. hystrix can result in lim-
ited dispersal distances, patterns of high self-recruitment and
stronger dispersal barriers, while broadcast spawning cor-
als such as A. millepora share high dispersal potential, with
subsequently less defined dispersal barriers. A distinction
between inshore versus more differentiated offshore reefs
sites was found within Spermonde Archipelago, which can
be explained by different oceanographic conditions facili-
tating larval dispersal. Connectivity data are essential for
strategic conservation planning and management. How-
ever, substantial differences between connectivity patterns
and scale can be expected. Spatial planning of conservation
efforts should, therefore, include a wide variety of organisms
with different reproduction strategies.
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