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Abstract Palau suffered massive mortality of reef corals
during the 1998 mass bleaching, and understanding
recovery from that catastrophic loss is critical to manage-
ment for future impacts. Many reef species have shown
significant genetic structure at small scales while appar-
ently absent at large scales, a pattern often referred to as
chaotic genetic patchiness. Here we use hierarchical sam-
pling of population structure scored from a panel of
microsatellite markers for the coral Acropora hyacinthus
across the islands of Yap, Ngulu and Palau to evaluate
hypotheses about the mechanisms of previously described
chaotic genetic structure. As with previous studies, we find
no isolation-by-distance within or between the three islands
and high genetic structure between sites separated by as
little as ~ 10 km on Palau. Using kinship among indi-
vidual colonies, however, we find higher mean pairwise
relatedness coefficients among individuals within sampling
sites. Comparing population structure among hierarchical
sampling scales, we show that the pattern of chaotic
genetic patchiness reported previously appears to derive
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from genetic patches of local kin groups at small spatial
scales. Genetic distinction of Palau from neighboring
islands and high kinship among individuals within these
kinship neighborhoods implies that the coral reefs of Palau
apparently recovered through a mosaic of rare thermally
tolerant colonies that survived the 1998 mass bleaching and
are now spreading and recolonizing reefs as local kin
groups. This pattern of recovery on Palau gives us a better
understanding for effective coral reef conservation strate-
gies in which protecting these rare survivors wherever they
occur, rather than specific areas of reef habitat, is critical to
increase coral reef resilience.

Keywords Population genetics - Microsatellite - Palau -
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Introduction

Scale plays a key role in defining ecological and evolu-
tionary patterns (Levin 1992). Thus, the choice of scale at
which to study population genetics, the patterns of popu-
lation structure, their boundaries and connectivity, is crit-
ical (Hellberg 1995, 2009; Zvuloni et al. 2008). Two key
components of spatial scale are (1) the “grain”: the mini-
mum spatial resolution of the data or the measure of the
smallest difference that can be detected, and (2) the “ex-
tent”: the scope of the study area. Observing a pattern at a
grain that is too small can lead to the illusion of chaos or
“noise” (Hewitt et al. 2010); observing a pattern at an
extent not large enough may give the impression of
homogeneity (Edmunds and Bruno 1996). Once a pattern is
detected, it is then possible to look for the processes
responsible for driving the observed variations and exam-
ine the scale at which such processes act.
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Dispersal is one of the drivers of both population
genetics and demography (Slatkin 1987; Cowen et al.
2007; Weersing and Toonen 2009; Lowe and Allendorf
2010), playing a role in the colonization of new spaces, as
well as the persistence and recovery of populations. In
marine systems, where most organisms are characterized
by a bipartite life cycle with great potential for dispersal
during the pelagic larval phase, it is widely expected that
large scale processes play a fundamental role in population
structure (Palumbi 1994; Kinlan et al. 2005; Liggins et al.
2013). High gene flow over large geographic areas will
result in lower genetic differences among spatially close
populations than those that are further apart (Wright 1943;
Rousset 1997). However, there have been an increasing
number of studies where these expected patterns either
break down at small scale or do not appear at all and
observations of unexpectedly high population structure
over short distances are commonly identified as patterns of
chaotic genetic patchiness (Johnson and Black 1982;
Toonen and Grosberg 2011; Eldon et al. 2016). However,
the definition of “small scale” is relative to realized dis-
persal, which remains a black box for most marine species
(Buston and D’ Aloia 2013). Thus, the scale at which gene
flow will homogenize neutral genetic variation remains
unknown for most species (Kinlan and Gaines 2003; Kin-
lan et al. 2005; Cowen et al. 2007; Selkoe and Toonen
2011). The observation of chaotic genetic patchiness could
therefore be due to overestimating dispersal of many
marine species (extent is too large).

A large proportion of marine metazoans have a biphasic
life cycle in which the sedentary adults produce tiny
pelagic larvae that disperse in the plankton before
becoming competent to settle and metamorphose into the
adult body form (Thorson 1950; Rieger 1994). Pelagic
larval development is particularly prevalent in the tropics
with a relative decrease in the frequency of pelagic larval
development at higher latitudes, a trend known as Thor-
son’s rule (Jablonski and Lutz 1983). The discrepancy
between the microscopic larvae and the scale at which we
expect those larvae to interact with the environment hints
at a more complex layer of processes that influence pop-
ulation structure in marine systems (Pineda et al. 2007;
Cowen and Sponaugle 2009; Pringle et al. 2009). Studying
patterns across multiple spatial scales, using spatially
explicit data, could help identify medium- and small-scale
processes that influence genetic structure (White et al.
2010; Selkoe et al. 2016).

Acropora hyacinthus is a widely distributed table coral
that can be found commonly on shallow reefs of Palau
between 3 and 10 m depth but is rare or absent on patch
reefs, fringing reefs and within the lagoon (Bruno et al.
2001). A. hyacinthus reaches maturity around four to
5 years of age (Wallace 1985), which corresponds to
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approximately a 15-20 cm diameter colony (Guest et al.
2005; Baria et al. 2012). Although A. hyacinthus can
reproduce asexually through fragmentation, previous
studies show that relatively few clones are found in the
field (Ayre and Hughes 2000; Marquez et al. 2002; Cros
et al. 2016, 2017). A. hyacinthus is a hermaphroditic
broadcast spawner with a larval pelagic duration of ~ 90
days under laboratory conditions (Marquez et al. 2002). It
is both historically and currently one of the dominant coral
species growing on the barrier reef of Palau (Golbuu et al.
2007; Victor et al. 2009). However, A. hyacinthus suffered
nearly complete mortality from the 1998 El Nifio bleaching
event in Palau, virtually disappearing from the entire atoll
with estimates of mortality approaching 100% (Bruno et al.
2001). In contrast, Yap and Ngulu populations were spared
similar losses, and Palauan reefs recovered quickly with the
population of A. hyacinthus rebounding by 2005, presum-
ably due to larval dispersal from Yap and Ngulu (Golbuu
et al. 2007). Subsequent genetic surveys found Palau was
highly differentiated from sites on Yap and Ngulu which
did not support the recolonization hypothesis (Cros et al.
2016). Further study revealed that virtually every sampling
location around Palau was significantly differentiated from
the others (Cros et al. 2017).

Previously, we studied population genetic structure of
the coral Acropora hyacinthus at a regional scale, between
the Micronesian islands of Yap, Ngulu and Palau as well as
at an island scale, at 25 sites around Palau (Cros et al.
2016, 2017). Comparing population genetic structure (F,
& kinship) among sites, we found similar genetic structure
among sites around Palau (island scale) as at regional
scales among islands, with virtually every sampling loca-
tion significantly differentiated from the others. There was
no geographic patterning to the magnitude of genetic
structure nor isolation-by-distance (IBD), giving the
impression of chaotic genetic patchiness. Additionally, we
found higher pairwise kinship values within sites than
between sites and concluded that self-seeding likely played
a role in structuring the populations of A. hyacinthus
around Palau.

In this study, we combine the datasets (1418 colonies)
from Cros et al. (2016, 2017) with new data (593 colonies)
to determine whether the patterns of chaotic genetic
patchiness we observed were the result of sampling and
analyzing genetic structure at the wrong spatial extent and
grain. To test this hypothesis, we vary the extent of the
observations with an explicit hierarchical sampling design
at four different spatial scales from a few centimeters to
500 km, and the grain with two different measures of
genetic variation: a fixation index (F’y;) measuring popu-
lation differentiation at coarse grain and a kinship coeffi-
cient estimating genetic differences between each pair of
individuals and representing population structure at a fine
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grain. Based on the previous work, we hypothesized that,
using a smaller grain and extent, we would recover patterns
of IBD at the appropriate scales because self-seeding
impacts the genetic structure of A. hyacinthus at large
scales, thereby explaining the previously observed patterns
of chaotic genetic patchiness.

Methods

We combined the dataset previously published in Cros
et al. (2016, 2017) as well as new data collected from a
subset of six sites in which we exhaustively sampled all
individuals of Acropora hyacinthus observed within a
2 x 100 m belt transect (Table 1). Individuals were con-
firmed to be the correct species (see below), and only

Acropora hyacinthus were included in these analyses.
Combining these new fine-scale samples with previous data
creates an explicit hierarchical sampling design among
sites and allows us to re-analyze the previous data to
address whether grain or extent impact our interpretation of
the results of previous studies, and the central question of
what role scale plays in interpreting patterns of genetic
structure in natural populations.

Study species identification

We confirmed species identity by running both a principal
component analysis (PCA) in GENODIVE v.2.0b27 (Meir-
mans 2014) and the Bayesian clustering algorithm imple-
mented in STRUCTURE ver. 2.3.4 (Pritchard et al. 2000), as
advocated by Ladner and Palumbi (2012) to exclude

Table 1 Main island group,

reef collection site, date of Island Site Date of collection Latitude Longitude #

collection, GPS coordinates, Palau s1 14/02/2012 7287 N 134.502 W 48

and number of samples

genotyped (#) per site/per Palau S2 18/20/2012 7.561 N 134.468 W 47

transect Palau S3 16/02/2012 7418 N 134.345 W 48
Palau S4 17/02/2012 7307 N 134231 W 47
Palau S5 20/02/2012 7.011 N 134218 W 44
Palau S6 11/03/2012 8.042 N 134.686 W 46
Palau S7 22/02/2012 7.252 N 134.220 W 45
Palau S8 21/05/2012 7.261 N 134.544 W 48
Palau S9 21/05/2012 7.362 N 134.619 W 48
Palau S10 22/05/2012 7111 N 134.366 W 48
Palau S11 23/05/2012 7.990 N 134.659 W 48
Palau S12 23/05/2012 7.988 N 134703 W 48
Palau** S13/T130 24/05/2012 7.878 N 134.681 W 48/93
Palau S14 25/05/2012 7.815 N 134.660 W 47
Palau S15 26/05/2010 7.667 N 134.649 W 48
Palau S16 26/05/2011 7.586 N 134.649 W 48
Palau S17 26/05/2012 7.429 N 134.642 W 48
Palau S18 28/05/2012 7.079 N 134.261 W 48
Palau S19 29/05/2012 7722 N 134.567 W 48
Palau** S20/T200 31/05/2012 8.001 N 134.536 W 48/178
Palau** S21/T210 0106/2012 7.055 N 134318 W 48/66
Palau** S22/T220 02/06/2012 7.860 N 134.508 W 48/108
Palau S23 04/06/2012 7.163 N 134412 W 48
Palau** S24/T240 05/06/2012 7.530 N 134401 W 48/87
Palau** S25/T250 06/06/2012 7.801 N 134.508 W 48/61
Yap* S27 2009 9.574 N 138.203 W 37
Yap* S29 2009 9.5631 N 138.848 W 48
Yap* S30 2009 9.4348 N 138.339 W 47
Ngulu* S28 2009 8.3033 N 137.488 W 46

*Indicates samples that were collected by Davies et al. (2015)

**Indicates sites where an additional belt transect of 2 x 100 m was sampled exhaustively for coral
colonies in this study
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individuals of other cryptic genetic lineages. The PCA was
run on individuals using a covariance matrix with 10,000
permutations (Fig. S1, Supporting information). STRUCTURE
was run using an admixture model, without location as a
prior, independent allele frequencies among populations
and with a burn-in of 10,000 chains followed by 10,000
MCMC replications. Twenty independent runs were car-
ried out for each K from 2 to 8. Summary of K values was
plotted using crLumpak (Kopelman et al. 2015, Fig S2.
Supporting information). The analyses here and in the
previous studies (Cros et al. 2016, 2017) only include those
individuals who belong to the same taxonomic group based
on these genetic tests, which we refer to as Acropora
hyacinthus pending taxonomic clarification of the putative
cryptic species complex (Ladner and Palumbi 2012; Sheets
et al. 2018).

Sampling locations and methodology

Palau and Yap are island nations with large barrier reefs in
Micronesia, separated roughly 450 km from each other.
Ngulu is a coral atoll approximately 105 km from Yap and
350 km from Palau.

Spatial resolution for this study was defined within four
spatial scales: (1) large scale (100 s of km) as the distance
between the islands of Yap, Ngulu and Palau, separated by
160 to 550 km (Fig. 1a); (2) medium scale (10 s of km) as
the distance between sites on the same island, separated by
5 to 150 km (Fig. 1b—d); (3) small scale (10 s of m) by
distances between individuals within a site separated by 5
to 400 m (Fig. 1b); and (4) fine scale (10 s of cm) by
distances between all individuals sampled within a single
belt transect separated by less than a meter on average
(Fig. 1b).

To study population structure at all four scales, we
combined previously collected coral colonies from Yap,
Ngulu Atoll and Palau with the new belt-transect samples
collected for this study (Fig. la, Table 1). Sampling in
Yap, Ngulu Atoll and Palau (Fig. 1a, Table 1) was carried
out by two different laboratories in different years. In
2009-2012, Davies et al. (2015) sampled Yap and Ngulu
and shared the extracted nucleic DNA, but all these sam-
ples were run from the DNA extracts so that results were
not biased by laboratory protocols or scoring differences,
and were directly comparable within this study (Cros et al.
2016). Briefly, at three sites on the barrier reef of Yap and a
single site on the barrier reef of Ngulu (Fig. lc, d),
approximately 50 colonies (> 2 m apart) were randomly
sampled wusing SCUBA or snorkeling. One small
(~ 2 cm®) branch tip was collected, preserved in 96%
ethanol and stored at 20 °C (Davies et al. 2015). Our lab-
oratory sampled Palau in February and May 2012, at 25
sites along the outer barrier reef at a shallow depth
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(< 10 m) using SCUBA (Fig. 1b). Sites were selected in
each of the four exposure zones around Palau, northeast
(NE), northwest (NW), southeast (SE) and southwest (SW).
One small branch tip per colony (< 2 cm’) was cut and
preserved in salt-saturated DMSO buffer at room temper-
ature (Gaither et al. 2011). A total of 1200 x 2 cm® colony
tips were collected by sampling haphazardly 48 colonies
(>2m apart) of A. hyacinthus along transects of
4 x 200 m at each of these 25 sites.

At six of the 25 sites, we subsequently sampled all
colonies of A. hyacinthus 5 cm or greater in diameter that
could be identified reliably along a belt transect of
2 x 100 m (Fig. 1b). Each colony in the transect was
photographed, measured and the collection position on the
X and Y axis relative to the bottom left corner of the
transect was recorded. One small branch tip per colony
(< 2 cm®) was cut and preserved in salt-saturated DMSO at
room temperature as above until extracted as outlined
below.

DNA extraction and sequencing

A detailed description of DNA extraction and sequencing
is described in (Cros et al. 2016). All the colonies from all
three islands that were collected by both research groups
were amplified and sequenced using the same protocol in
the core laboratory at the Hawai’i Institute of Marine
Biology starting with extracted genomic DNA for this
study over the course of a couple years. Briefly, genomic
DNA was amplified at eighteen microsatellite loci
(Table S1, Supporting information) with colony identifi-
cation (ID) tags (Table S2, Supporting information) and
pooled by sites. We used a barcoded ligated Illumina
adaptor (Illumina Inc., Hayward, CA, USA) for each col-
ony from the same collection site to generate a library with
a unique ID per individual per site. Individually barcoded
amplicons were sequenced on an Illumina MiSeq at the
Hawai’i Institute of Marine Biology, and each sample
could be identified bioinformatically to an individual and
site based on the unique barcode ID.

Data processing

We used the bioinformatics pipeline in Cros et al. (2016) to
process all raw sequences from previous studies as well as
the new data collected here. In brief, we demultiplexed the
sequences by site, merged, separated according to primer
and colony and trimmed for low quality sequences. We
collapsed reads into unique sequences and used depth to
apply filters developed in pyTHON (https://github.com/
annickcros/Ahyacinthus-filters.git) for PCR and sequenc-
ing artifacts. Simple tandem repeats (STR) were separated
from flanking regions with EMBOSs: ETANDEM and used to
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Fig. 1 Location of sites where samples of Acropora hyacinthus were
collected. a Location of Palau, Yap and Ngulu Atolls in Micronesia
and collection sites in b Palau (25 sites and 6 transects marked in solid

generate genotypes. Data were transformed in GENODIVE v.
2.0b27 (Meirmans 2014) file format using formatting as
described in Cros et al. (2016). The final analysis was
carried out on two different datasets. We used 11 loci with
less than 15% missing data (Table 2) to calculate measures
of population differences. We used 9 of these loci to cal-
culate kinship by eliminating two that had greater than 10%
missing data (Table 2). The final number of colonies per
site analyzed for each locus varied between 37 and 48 and
the final number of colonies per transects for each locus
varied between 61 and 178 (Table 2). We used GENODIVE
v.2.27 to confirm none of the loci included here showed
evidence of null alleles. In total we analyzed 1418 colonies
among sites and an additional 593 colonies from within
transects.

black), ¢ Yap (3 sites) and d Ngulu Atoll (1 site) (adapted from Cros
et al. 2016)

Analysis
Descriptive analysis

We used GENODIVE v.2.27 to test for clones within our
samples, and to calculate descriptive statistics including the
number of alleles, the effective number of alleles, and
indices of genetic diversity at each of the 35 sites, as well
as observed (Hyp), expected (Hg) and corrected heterozy-
gosity (H’7), inbreeding coefficient (G,s) and Nei’s fixation
index Ggr (Table 2).

Measure of genetic structure at four scales

To understand the importance of scale in interpreting the
population structure observed at each of the four different
scales (large, medium small and fine), we used both an
individual- and population-level approach. We used F-
statistics as our measures of population structure (measured

@ Springer
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Table 2 Measure of population

differentiation. Size range of Locus Ne A A Ho He  Hr  Hr G Gor (Nei) P
microsatellites Locus 1*  28-36 4 1.007 0.007 0.007 0.007 0.007 -0.011 0.009 < 0.01
(nt = nucleotides), number of "
alleles (A), effective number of ~ LOCUS 3 21-36 10 2928 0.659 0.667 0.687 0.688  0.012 0.030 < 0.01
alleles (Ag), observed (Hy) and Locus 4 15-75 26 9.695 0.651 0914 0928 0.928 0.288 0.015 < 0.01
expected (Hp) heterozygosities, Locus 5%  57-90 11 2276 0373 0571 0612 0613 0347 0.068 < 0.01
total heterozygosity (Hr), Locus 6% 3645 5 1742 0319 0434 0455 0455 0264 0.048 <0.01
adjusted total heterozygosity
(H’p), inbreeding coefficient Locus 8%  39-108 14 4365 0.668 0.782 0.804 0.804 0.146 0.027 < 0.01
(Gys) Locus 11*  12-44 7 2064 0418 0524 0574 0575 0201  0.090 < 0.01
Locus 12 36-93 30 5582 0488 0841 0.859 0.86 042  0.022 < 0.01
Locus 13* 54-81 14 3763 0505 0.751 0.776 0776 0327 0.033 < 0.01
Locus 14* 20-84 24 289 0456 0.666 0.687 0.687 0315 0.032 <0.01
Locus 16*  32-56 7 1461 016 0322 0346 0347 0503 0.072 < 0.01

The final two columns report Nei’s corrected fixation index (Ggr) for each locus in the entire dataset and the

significance level (p)

*Indicates the 9 loci that were used to calculate kinship

in GENODIVE v.2.0b27, Meirmans 2014). F-statistics were
measured at the large and medium scale where populations
were defined as those individuals collected at sites identi-
fied in Fig. 2.

We used kinship coefficients (Loiselle et al. 1995,
measured in GENODIVE v.2.0b27, Meirmans 2014) as our
measure of genetic differences between individuals. The

0.100-

0.075-

0.050-

0.025-

0.000-

Fig. 2 Comparison of mean pairwise F’gr values by islands at
different scales and sites. Bars represent 95% confidence intervals.
Islands are represented by colors. Pink: Palau (between sites within
Palau). Olive: Yap (between sites within Yap). Green: YN (sites
between Yap to Ngulu). Blue and Turquoise (overlapping) PN (sites
between Palau and Ngulu) and PY (sites between Palau and Yap).
Purple represents a reference point of the mean kinship of all the
pairwise comparisons between all the colonies on the three islands:
PYN (Palau-Yap-Ngulu)
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kinship index calculated in GENODIVE uses the allele fre-
quencies within the entire chosen dataset, making the dis-
tances between pairs of individuals dependent on all other
individuals in the dataset and effectively corrects for allele
frequency differences in calculating the relative probability
of identity by descent of the alleles within the two com-
pared individuals. The difference in sample size in each
island can bias the calculation of kinship if we pooled all
samples into a single combined dataset. Therefore, we
created several datasets to avoid bias in calculation of
kinship coefficients. These coefficients were calculated
among: (1) all pairs of individuals within each island
(Ngulu, Yap, Palau), (2) each pair of islands (Palau-Yap,
Palau-Ngulu, Yap-Ngulu), and as a reference, (3) all indi-
viduals from all 3 islands (Palau-Yap-Ngulu).

Large and medium scales: Population structure
and isolation-by-distance

To understand population structure at the large and med-
ium scales, we created a matrix of pairwise standardized
F’, (Hedrick 2005; Meirmans 2006) among sites and tes-
ted for significance in GeNobIvE with 10,000 permutations
(Table S3, Supporting information). We looked for patterns
by testing for isolation-by-distance (IBD) and created a
matrix of pairwise F’y, values and a matrix of pairwise
geographic distances. The matrix of geographic distances
was populated by using the shortest distance between each
pair of sites following the contour of the barrier reef using
ESRI ARCGIS v.10.2.2. for sites around the reef of Palau (sites
from S1 to S25), Yap (sites S27, S29 and S30) and Ngulu
(site S28, Table S4, Supporting information). We tested for
isolation-by-distance with a Mantel test (Mantel 1967) in
GENODIVE comparing a matrix of transformed pairwise F’gy
values (F'ST/F'ST — 1) to a matrix of log transformed
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geographic distances with 100,000 permutations at two
scales, (1) Palau only (medium scale) and (2) Palau, Ngulu
and Yap (large scale). We compared results with stratified
Mantel tests controlling for clusters as per Meirmans
(2012) using islands as the strata factor for the large scale
in GENODIVE v.2.27 with 100,000 permutations. We plotted
in R (Fig. 3) (package ggplot2 v.2.1.0) the mean and
standard deviation of pairwise F’, values against scale and
islands We used the mean pairwise F’g, values of all three
islands Palau-Yap-Ngulu as a reference point. Palau and
Yap represented the medium scale and Palau-Yap, Palau-
Ngulu and Yap-Ngulu represented the large scale. We used
an approximative multivariate Kruskal-Wallis test (Coin v.
1.3-1 package in R) to test the difference in paired F’,
values with scale for all islands. We used a Monte Carlo
permutation to test for differences among distributions
(10,000 permutations) (Table S5, Supporting Information).

Large, medium, small and fine scales: pairwise
kinship coefficients

Kinship coefficients were calculated in GENODIVE relative to
colonies of A. hyacinthus by island: Palau sites S1 through
S25 (excluding S19 with too many missing alleles) and all
six transects (S130, S200, S210, S220, S240, S250), Yap
sites S27, S29, S30 and Ngulu site S28. We repeated this
for colonies between islands: Yap-Ngulu, Palau-Ngulu,
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0.02-
2
<
(2]
c
£
0.00- ——
—o=
-0.02-
$ & ’o{(\ & 0;7’
Q éﬁ\ Q,b\ @ Q}Q’Q
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Fig. 3 Comparison of mean pairwise kinship coefficient by islands at
different scales. Bars represent 95% confidence intervals. Scales are
represented by colors. Pink: fine scale; olive: small scale; green:
medium scale; blue: large scale; purple represents a reference point of
the mean kinship of all the pairwise comparisons between all the
colonies on the three islands

Palau-Yap, and for all colonies on all three islands: Palau-
Yap-Ngulu as a reference point. Overall, we estimated
pairwise kinship among a total of 1959 colonies at four
scales, (1) large scale: pairwise kinship between colonies
on different pairs of islands, (2) medium scale: pairwise
kinship between colonies on the same island, (3) small
scale: pairwise kinship between colonies within the same
site and (4) fine scale: pairwise kinship between colonies
within a belt transect of 2 x 100 m.

We performed a Kruskal-Wallis permutation test (Coin
v. 1.3-1 package in R) with 10,000 permutations to see
whether there were significant differences in the distribu-
tion of the kinship coefficients between the four scales
(Table S6, Supporting Information). We then used the
Dunn Test (package dunn.test v.1.3.2) with a Holm-Bon-
ferroni correction as a conservative post hoc test for pair-
wise differences in average kinship values against scale
(Table S7, Supporting information). To compare the dis-
tribution of kinship coefficient at the four scales, we used R
(package ggplot2 v.2.1.0) to plot the mean and confidence
interval of pairwise kinship coefficients at each of the four
scales (Fig. 3).

To look more closely at the relationship between scale
and kinship, we repeated this approach splitting scale by
island (referred to a sub-scale: within transects, within
Ngulu, within Yap, within Palau, between Yap, between
Palau, between Yap and Ngulu, between Palau and Ngulu,
between Palau and Yap and a reference point between all
islands). We tested the difference in mean pairwise kinship
with a Kruskal-Wallis permutation test (Coin v. 1.3-1
package in R) (Table S8, Supporting information) and a
post hoc Dunn Test with a Holm-Bonferroni correction
(package dunn.test v.1.3.2, Table S9, Supporting informa-
tion). We used R (package ggplot2 v.2.1.0) to plot the
mean and confidence interval of pairwise kinship coeffi-
cients at each of the 10 sub-scales (Fig. 4).

Violin plots of the pairwise kinship coefficients (pack-
age plotrix v. 3.6-2) were plotted at different sub-scale to
look more closely at the effect of the tails of the distribu-
tions on population structure (Fig. 5). We plotted a line that
indicated the “related” and “unrelated” colonies based on
Loiselle et al. (1995) coancestry coefficients, using “re-
lated” for kinship > = 0.09375 and “unrelated” for kin-
ship < 0.09375. This cutoff is somewhat arbitrary and does
not represent a true division between kin groups (D’Aloia
et al. 2018), but rather gives an idea of large and small
genetic differences. We calculated the percentage of “re-
lated” colonies per island and per sub-scale (Table S10a
and b, Supporting Information).
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Fig. 4 Comparison of mean pairwise kinship coefficient by islands at
different sites. Bars represent 95% confidence intervals. Scale
categories are represented by colors and letters. Pink (F): fine scale
(w/in transects). Olive (S): small scale (w/in Palau, w/in Yap and w/in
Ngulu). Green (M): medium scale (between sites within Palau,
between sites within Yap). Blue (L): large scale (PN: Palau to Ngulu,
PY: Palau to Yap, YN: Yap to Ngulu). Purple (R) represents a
reference point of the mean kinship of all the pairwise comparisons
between all the colonies on the three islands: PYN (Palau-Yap-Ngulu)

Results
Descriptive analyses

We did not find any clones in our sampling of A. hya-
cinthus, so all samples were used in these analyses. We
genotyped between 37 and 178 colonies at each site for
each of our 11 microsatellite loci (Table 2). At each site,
the effective number of alleles per locus (Ag) varied
between 1 and 9.6. Observed heterozygosity (Hy) ranged
from 0.007 to 0.69 and expected heterozygosity (Hg) from
0.007 to 0.91, with significant inbreeding coefficients
across most loci and all locations.

Large and medium scales: Population structure
and isolation-by-distance

Pairwise F’g, values (Table S3, Supporting information)
show significant structure among sites around Palau and
among sites on each of the three islands (see Cros et al.
2017 for a more detailed discussion of this population
structure).

We tested to see whether there was isolation-by-distance
at the large (among island) and medium (among sites
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around an island) scales. Isolation-by-distance (IBD) was
significant at only the largest scale (between Palau, Ngulu
and Yap; P = 0.047, p < 0.01), but when we repeat the
Mantel test in GENODIVE stratifying by island, the value is no
longer significant (p = 0.23) indicating that there is hier-
archical clustering at the island level (Meirmans 2012). We
repeated the test at the medium scale for sites around Palau
and likewise found no evidence of IBD. The Kruskal—
Wallis permutation test did not show any difference in the
magnitude of F’y, between scales (Table S5, Supporting
Information).

Large, medium, small and fine scales: Pairwise
kinship coefficients

We compared pairwise kinship coefficient between the four
scales using a Kruskal-Wallis permutation test which
showed significant difference the four scales with a Chi
square value of 2578 and p < 0.001 (Table S6, Supporting
Information). All scales have significantly different mean
pairwise kinship coefficients, except the large scale and the
reference point (Table S7, Supporting Information). Pair-
wise kinship coefficients are significantly higher at the
small than other scales (Table S7, Supporting Information
and Fig. 3).

The Kruskal-Wallis permutation test showed a signifi-
cant difference between sub-scales with a Chi square value
of 2762.4 and a p value < 0.001 (Table S8, Supporting
Information). The Dunn test confirms that most pairwise
comparisons between sub-scales are significant with two
exceptions. Kinship coefficients within Ngulu are only
significant with the kinship coefficients between colonies
from Yap and Ngulu and within Palau (Fig. 4, Table S9,
Supporting Information). Likewise, kinship coefficients
within sites in Palau are significantly greater than kinship
coefficients within Ngulu and within Yap and significantly
higher overall (Fig. 4 and Table S9, Supporting Informa-
tion), whereas kinship coefficients between colonies in Yap
and Ngulu are significantly smaller than kinship coeffi-
cients between sites on Palau and Yap and Palau and Ngulu
(Fig. 4 and Table S9, Supporting Information).

There is a trend between scale and kinship coefficient
where higher kinship coefficients are observed at the
smaller geographic scales (Fig. 3). When scale is broken
down by island (Fig. 4), the trend still exists on two of the
three islands. For Yap and Palau, the kinship coefficients
between colonies within sites are significantly higher than
among colonies between sites or between islands. On
Palau, the fine scale is the exception where mean pairwise
kinship within transects is smaller than within sites on
Palau.

Violin plots (Fig. 5) show that the distribution of kinship
values overlap at all four scales: fine (10 s of cm), small
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Fig. 5 Violin plot of the distribution of pairwise kinship coefficients.
Pink (F): fine scale represented by the distance between colonies
within transects. Olive (S): small scale represented by the distance
between colonies within sampling locations. Green (M): medium
scale represented by the distance between colonies in different sites
on the same island. Blue (L): large scale represented by the distance
between colonies on different islands. Purple (R): a reference point of

(10-100 s m within sites), medium (10 s km between
sites) and large (100 s of km between islands) and for all
three islands. The line indicates the division between “re-
lated” and “unrelated” (k = 0.0937) individuals and helps
to identify the sub-scales that display the highest frequency
of colonies with high kinship values. The within Palau
scale shows the highest mean pairwise kinship coefficients,
and has the highest percentage of apparently related colo-
nies (Table S9, Supporting Information). Palau has the
longest positive tail because it has the highest individual
pairwise kinship coefficients. Overall, as distance between
colonies increases, the distribution of pairwise kinship
coefficients decreases and suggests more limited dispersal
than has previously been thought for these corals.

The percentage of related colonies is highest for colo-
nies within the same sites on Palau (30.7%, Table S10a,
Supporting Information); however, all three islands have
almost the same ratio of related/unrelated colonies
(Table S10b, Supporting Information).

622,712

208,992
150,480

52,440

scale

fine

small
medium
large
reference

A

kinship coefficient between all colonies among all three islands. The
black dot and line represent the median and confidence interval for
each distribution. The horizontal black line indicates the division
between “related” and ‘“unrelated” (see text) individuals in each
comparison. The total number of pairwise kinship coefficients in the
comparison is given above the violin plot

Discussion

The overall patterns of genetic structure based on F-
statistics among populations of A. hyacinthus in Yap,
Ngulu and Palau show little support for a correlation
between geographic and genetic distances (isolation-by-
distance, IBD). As with previous studies (Cros et al.
2016, 2017), sites that are geographically separated often
show smaller F’, values than sites that are in close prox-
imity. These data confirm that sites around both Palau and
Yap at the medium scale show patchy genetic structure
with no clear signal of IBD. This pattern, in which sig-
nificant genetic differentiation is observed among popula-
tions separated by distances much smaller than the
presumed range of dispersal, has often been dubbed chaotic
genetic patchiness (Johnson and Black 1982; Toonen and
Grosberg 2011; reviewed by Eldon et al. 2016). Here,
analyses of hierarchically sampled individuals reveal that
local kin groups may explain the apparent chaotic patchi-
ness when samples are collected without prior knowledge
of the spatial extent of relatedness.
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Similar patterns of high genetic differences at small
scale, coupled with neighborhoods of high kinship, were
found to drive chaotic genetic patchiness in previous
studies by lacchei et al. (2013) and Selwyn et al. (2016).
Tacchei et al. (2013) attribute kinship of long-lived spiny
lobsters in part to localized recruitment driven by envi-
ronmental factors such as upwelling that lead to high
pairwise differentiation among groups irrespective of
geography. Selwyn et al. (2016) conclude neighborhoods
of close kin for a marine goby developed through the
processes of self-recruitment and collective dispersal of
larvae. For the coral A. hyacinthus, wave exposure
appeared to explain some of the observed genetic struc-
turing among sites (Cros et al. 2017), but wave exposure
alone cannot explain the high kinship observed within
genetic neighborhoods at scales of less than 400 m.

One hypothesis to explain high kinship between indi-
viduals is that larvae simply do not disperse as expected
and are recruiting at distances under 400 m from the site of
spawning. Although this short dispersal distance is unex-
pected for a coral with a long pelagic duration, an
increasing literature is reporting localized dispersal (e.g.,
Jones et al. 1999; Swearer et al. 2002; Hellberg 2007;
Cowen and Sponaugle 2009; Berumen et al. 2012; Gorospe
and Karl 2013; Selkoe et al. 2016; D’Aloia et al. 2018).
Other possibilities include high kinship resulting from
spiky dispersal kernels (sensu Siegel et al. 2008, i.e., an
irregular frequency distribution of larval dispersal path-
ways, Selkoe and Toonen 2011) and patchy recruitment
(Selkoe et al. 2006; Broquet et al. 2013; Riginos and
Liggins 2013) or collective dispersal (Yearsley et al. 2013;
Eldon et al. 2016; Selwyn et al. 2016), in which larvae
spawned at the same location are transported and recruit
together as a cohort. In the case of collective dispersal,
recruitment can take place far from the natal patch but give
the impression of self-recruitment. Evidence for collective
dispersal remains limited (D’ Aloia et al. 2018). If larvae of
A. hyacinthus were dispersed cohesively among these three
islands, we would expect: (1) less differentiation among the
islands, and (2) higher kinship values at small scales, but at
greater distances than we were able to find in this study.

Whatever the mechanism, it is clear that kinship values
are skewed higher at small scales (10 s of m) and that these
high kinship values are driving the genetic patterns
observed for A. hyacinthus. This relatedness among indi-
viduals at small scales results in apparent chaotic genetic
patchiness when sites are sampled haphazardly and genetic
differentiation is analyzed at a larger scale. Although
recent reviews have shown that there is uncertainty in
assigning relationships among individuals when using
small numbers of microsatellite markers (Baetscher et al.
2018; D’ Aloia et al. 2018; Morales-Gonzalez et al. 2019),
power issues associated with kin detection should be less
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important if only comparing the relative proportion of
putative kin among spatial scales here. Further, we are
using kinship as a finer-scale metric of genetic structure
rather than trying to estimate the magnitude of kin relat-
edness among individuals and acknowledge that our
interpretations are bound to this limitation. Focusing on the
relative magnitude of pairwise kinship values, we observe
clearer patterns of genetic differences among scales and
sites, particularly for the islands unimpacted by the 1998
mass mortality event. Plotting mean pairwise kinship
against distance classes, we find colonies in proximity
displaying higher kinship than colonies between sites
(Fig. 4). The highest proportions of individuals classified
as putative siblings are recovered at the small scale,
between colonies located in the same site at distances of
10 s on meters rather than among sites on any of the three
islands (Table S10, Supporting Information).

We propose that the process of recovery may explain the
differing patterns observed between disturbed and undis-
turbed islands. In the case of Palau, we find similar F’,
values as Yap (Table S2, Supporting information) yet Palau
exhibits, at the small scale, a kinship coefficient that is
significantly higher than that of Yap (Fig. 4, p < 0.001,
Table S9, Supporting information). The population of A.
hyacinthus around Palau was decimated, with estimates of
mortality reported to be 100% (Bruno et al. 2001). We
hypothesize that there was a handful of widespread sur-
viving colonies around the island that became local
breeding populations. These surviving colonies are now
recolonizing the disturbed areas left in the wake of the
1998 mass mortality, resulting in each site being geneti-
cally differentiated from all others because of skewed allele
frequencies from an over-representation of related indi-
viduals. Our data are consistent with limited dispersal
between genetic neighborhoods creating a mosaic pattern
of the populations of A. hyacinthus which have not had
time to grow and overlap each other spatially, nor had
enough exchange over time to create a pattern of isolation-
by-distance. Without mixing of these genetic neighbor-
hoods, each sampling site is genetically distinct from every
other site (as shown previously in Cros et al. 2016, 2017).
Now, the few surviving colonies in a given area have
reproduced to repopulate the reef, but as they expand the
population is out of migration-drift genetic equilibrium.
Allele frequencies differ among sites not because of the
processes of genetic drift and migration, but because family
groups from the handful of surviving colonies scattered
across the island began with different allele frequencies
and have not had time to intermingle. Following such a
massive disturbance, F-statistics take many generations to
return to equilibrium values (Whitlock and McCauley
1999; Neigel 2002) and this non-equilibrium recovery
creates an impression of chaotic patchiness. In a large
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population that has not undergone mass mortality, such as
Yap, colonies within sites have mixed through time and are
therefore closer to migration-drift equilibrium. The overall
ratio of related/unrelated colonies is similar for all three
islands (Fig. 5); however, the distribution of pairwise
kinship coefficients differs at different scales (Fig. 4).

If our hypothesis is correct, this natural experiment
provides insight into the future for A. hyacinthus around
Palau: the population mean thermal tolerance should have
shifted from this selection event because surviving kin
groups should on average have greater bleaching resistance
than those who died, or those unimpacted corals living on
Yap and Ngulu. This process would predict that genomic
screens including loci linked to thermal tolerance should
reveal evidence of positive selection in the Palau popula-
tion. Likewise, over time genetic structure of this recov-
ering population on Palau should start to resemble the
patterns seen on Yap and Ngulu, with less genetic differ-
entiation among sites, more evenly distributed kinship
coefficients, and eventually isolation-by-distance among
geographic locations.

Conservation

Understanding the scale at which larval dispersal will
shape population structure is critical to infer the processes
by which population recovery may occur following such a
disturbance, and the conservation and management impli-
cations. In the case of Palau, the mosaic structure observed
in the genetic data indicates that a handful of colonies
widely dispersed around the island survived the 1998 mass
mortality. Rather than a mass colonization from adjacent,
unimpacted islands, these few hardy survivors are respon-
sible for repopulation of A. hyacinthus on reefs around
Palau within a decade. This scenario predicts that Palau
should be repopulated by more thermally tolerant individ-
uals (those that survived the 1998 mass mortality) than Yap
and Ngulu, and lead to the opposite conservation priorities
as if the population were recolonized entirely by dispersal
from the unimpacted populations on these unimpacted
adjacent islands. Thus, understanding the mechanism of
persistence and subsequent recovery can lead to very dif-
ferent management and conservation priorities which could
ultimately be beneficial or detrimental to long-term per-
sistence of coral reefs if misunderstood and the wrong
management strategy was applied. Because it is currently
impossible to predict either the identity or location of
which colonies will survive the next mass mortality, the
limited dispersal of kin groups from rare but widespread
surviving colonies reported here highlights the need for a
management plan that will prioritize the overall protection
of surviving colonies on the reef wherever they exist

instead of creating a handful of marine protected areas
designed to maximize presumed connectivity with other
islands. The genetic data indicate that such connectivity,
while undoubtedly important for evolutionary processes
and long-term colonization, is less important for the
timescales of recovery on Palau since the 1998 event. The
process of recovery playing out on the reefs of Palau also
supports a more holistic approach to conservation: these
genetically distinct patches around Palau will eventually
grow to be more connected to one another and intermix,
but this process takes time. To allow sufficient time for this
recovery to play out, and to prepare for the recovery from
the next natural disaster, the more effective strategy
appears to be protecting as many colonies as possible to
maximize the chances that the ones who might survive the
event have not been removed by anthropogenic stressors
and are still present on the reef. In the absence of a diag-
nostic tool to predict exactly which colonies will survive
mass mortality, only by protecting as many surviving
colonies as is possible can we ensure those handful of
colonies that make it through a disaster will be present to
grow, reproduce and enable local reefs to recover.
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