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Phylogeographic analyses detect
population structure and limited
gene flow in the Peacock
Grouper Cephalopholis

argus across Micronesia
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Joseph M. O'Malley?, Eva Schemmel?, Victoria Marciante®
and Michelle R. Gaither®

‘Department of Biology, Genomics and Bioinformatics Cluster, University of Central Florida, Orlando,
FL, United States, 2Pacific Islands Fisheries Science Center, National Marine Fisheries Service, National
Oceanic and Atmospheric Administration, Honolulu, HI, United States

Coral reefs are patchily distributed across vast areas of Earth’s tropical and
subtropical oceans. Dispersal of individuals between habitat patches is essential
to maintain genetic connectivity between subpopulations and plays an important
role in population persistence. While the biotic and abiotic factors that influence
patterns of dispersal have received a great deal of attention, fundamental questions
about genetic connectivity in marine systems remain largely unanswered.
Micronesia, in the northern central Pacific, is comprised of over two thousand
islands that stretch across 7,400,000 km? and is thought to provide stepping-
stones for dispersal between the central and western Pacific. Despite its size and
importance, few phylogeographic studies have focused on Micronesia and none
have been conducted in the Mariana Archipelago in northern Micronesia. Here we
examined population structure in the peacock grouper Cephalopholis argus
across the region. Based on ~15,000 SNPs we found three population clusters:
the Mariana Archipelago, western Micronesia (Palau) and eastern Micronesia
(Pohnpei and Kwajalein). These findings are largely concordant with two
previous studies and taken together they highlight the influence of the North
Equatorial Current and the North Equatorial Countercurrent in the Central Pacific
and indicate that perhaps broad scale ecosystem level processes and not species-
level traits are driving population patterns in the region. Furthermore, we detected
little genetic structure across 800 km of the Mariana Archipelago and found that
rates of gene flow among the islands were higher in the north but diminished at
Anatahan and continued to decrease southward toward Saipan and Guam. Our
data also indicate that the Mariana Islands receives more migrants from the Central
Micronesian islands to the south then it exports, and that Guam, the southernmost
island in the archipelago, may serve as an important gateway from the Central
Pacific into the Mariana Islands.
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Introduction

Coral reef organisms occupy discrete habitat patches that are
often separated by large stretches of unsuitable habitat (Carson
et al,, 2011; Puckett and Eggleston, 2016). Dispersal among these
patches is essential to maintain genetic connectivity between
subpopulations and plays a vital role in population persistence
(White et al., 2019). Despite the patchy nature of coral reefs, many
reef-associated species inhabit vast geographic ranges that span
ocean basins (Gaither et al., 2015, 2011a; Ma et al., 2018; Otwoma
and Kochzius, 2016). Understanding the factors that shape both
short and long-distance dispersal has received a great deal of
attention, yet fundamental questions about genetic connectivity in
marine organisms remain unanswered. Most marine animals have a
planktonic larval phase that permits long distance dispersal, but
pelagic larval duration (PLD) does not always accurately predict
population structure (Riginos et al.,, 2011; Weersing and Toonen,
2009). Oceanographic features influence species distributions and
patterns of genetic structure (DiBattista et al., 2017, 2013; Gaither
etal., 2011a; Riginos and Liggins, 2013), however these patterns can
vary across even closely related taxa with similar life history traits
(Gaither et al., 2010). Moreover, other variables such as habitat and
resource availability and species interactions can also significantly
influence population genetic structure (Gonzalez et al., 2016;
Riginos and Nachman, 2001).

The Indo-Malay-Philippine Archipelago (the Coral Triangle) is
home to the highest diversity of coral reef fishes on the planet
(Briggs and Bowen, 2012). Just to the east of this species-rich region
is Micronesia; a vast subregion in the north central Pacific Ocean
(Figure 1) that is comprised of over two thousand islands that
stretch across 7,400,000 km* and encompass four primary
archipelagos: the Caroline Islands in the west, the Marshall
Islands in the east, the Mariana Islands in the north, and the
Gilbert Islands in the south. Micronesia has a tropical climate and
sustains a rich marine biodiversity, including over 1,300 species of
reef fishes (Fitzpatrick and Donaldson, 2007; Giovas et al., 2017).
Biophysical modeling indicates that these islands, facilitated by the
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major currents in the region, act as a series of stepping-stones for
gene flow between the biodiversity hotspot in the Coral Triangle
and other parts of the Central Pacific (Davies et al., 2015), thus
facilitating dispersal and connectivity across the tropical Pacific.
The region is the northern limit for many tropical species,
suggesting it may also play an important role in metapopulation
persistence of reef organisms across the north Pacific. Despite its
importance and vast size there have been only two phylogeographic
studies that examine patterns of genetic connectivity in reef
organisms across Micronesia, one looking at two species of
scleractinian coral in the genus Acropora (Davies et al., 2015) and
the other focusing on the rabbitfish Siganus spinus (Priest et al.,
2012). Both studies employed microsatellites and revealed three
genetic subpopulations: a western group that included Palau and
Yap, an eastern group that included Chuuk, Pohnpei, and Majuro,
and a northern group that included Guam in the southern Mariana
Islands. Estimates of dispersal across the region indicate a complex
pattern of bidirectional gene flow that is substantially influenced by
major oceanic currents (Figure 1) (Wang and Wu, 2013). While
these studies provide important insights into metapopulation
dynamics in the region, they represent only three species in two
genera, preventing broader generalizations. Furthermore, while a
few phylogeographic studies have included Guam and Saipan
within the southern Mariana Archipelago (Gaither et al., 2011b,
20105 Priest et al., 2012), no studies to date have sampled fish
populations north of these islands (Timmers et al., 2012).

Here we offer a significant contribution to our understanding of
metapopulation dynamics across Micronesia with a population
genetic study on the peacock grouper Cephalopholis argus (Bloch
and Schneider, 1801), including extensive sampling in the Mariana
Islands. The peacock grouper is a demersal reef fish of the family
Serranidae. This species occupies reef habitat (2-40 m depth) from
the Pitcairn group in the Central Pacific to east Africa and the Red Sea
(Randall, 2005). Like other members of the genus, C. argus displays
complex social behaviors including territoriality, sequential
hermaphroditism, and a haremic social system with males
defending territories up to 2,000 m* that encompass the smaller
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FIGURE 1

Map of the (a) study region including major ocean currents and a (b) detailed map of the Mariana Archipelago. Numbers in parentheses are sample

sizes after quality control.
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territories of several females. This species is a broadcast spawner with
a pelagic larval duration estimated to be ~40 days (Schemmel et al.,
2016). A previous genetic survey on C. argus across the Pacific and
Indian Oceans found two distinct genetic clusters, that correspond to
the Pacific and Indian Ocean basins, with divergence dating to the
mid-Pleistocene. These data suggest that low sea level stands during
the Pleistocene, which created a nearly impassable land barrier
between the Pacific and Indian Oceans (known as the Indo-Pacific
Barrier), had a significant impact on this species (Gaither et al,
2011a) as well as others (Gaither and Rocha, 2013). Within ocean
basins, there is evidence of isolation by distance based on mtDNA
(Gaither et al., 2011a). While this study included limited sampling in
Micronesia, the data do indicate high genetic diversity in the region
and evidence of mixing of Pacific and Indian Ocean mtDNA lineages
in Palau and Kwajalein. However, there was no evidence of genetic
structure across Micronesia in C. argus (Gaither et al., 2011a). Similar
findings are reported for a surgeonfish (Gaither et al,, 2015) and spiny
lobsters (Lacchei et al., 2016). Here we build on this previous study on
C. argus by combining regional samples from Gaither et al. (2011a)
with extensive new sampling in the Mariana Islands. We developed
thousands of single nucleotide polymorphisms (SNPs) using a
RADSeq approach to clarify population structure of the peacock
grouper across Micronesia, including the thus far unexamined
Mariana Islands.

Methods
Sampling and DNA extraction

We obtained 194 tissue samples of C. argus from seven islands
(Anatahan, Sarigan, Guguan, Pagan, Asuncion, Maug, Uracas)
across the Mariana Archipelago that had been collected as part of
NOAA’s Pacific Islands Fisheries Science Center (PIFSC) Territorial
Biosampling Program. An additional 83 samples from Saipan,
Palau, Pohnpei, and Kwajalein previously analyzed in Gaither
et al. (2011a), and 9 new samples from Guam collected in 2022,
were also analyzed in this study. Genomic DNA was extracted from
all 286 samples using E.Z.N.A. Tissue DNA Kits (Omega Bio-Tek,
USA) following the manufacturer’s protocol, eluted in 100 UL of
buffer, and stored at -20°C until further processing.

Library preparation and sequencing

For library preparation, we used the double digest restriction site-
associated DNA sequencing (ddRADSeq) protocol of Peterson et al.
(2012) with slight modifications (Gaither et al., 2015). Briefly, DNA
concentrations were quantified using a Qubit 4 Fluorometer
(Invitrogen, USA) with the dsDNA HS assay kit. Approximately
300 ng of genomic DNA per sample was digested using the SphI and
MluCl restriction endonucleases (New England Biolabs, USA).
Thirty-two uniquely barcoded P1 adapters were employed to allow
for multiplexing samples. These samples were pooled and a unique
Iumina index, that included a 5 bp random oligo to identify PCR
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duplicates, was added to identify each pool of 32 individuals. Pooled
DNA was size-selected between 375-450 bp using a Pippin Prep
(Sage Science, USA) and quantified using the NEBNext Library
Quantification Kit (New England Biolabs). The concentration of
each pool was standardized and pools were then combined and
sequenced on a NovaSeq S4 flow cell (2 x 150 base pair) at the
University of Florida’s Interdisciplinary Center for Biotechnology
Research. Raw ddRADSeq fastq files were deposited in NCBI’s
Sequence Read Archive (SRA) (BioProject accession number:
PRJNA1283357) while the associated metadata was deposited at the
Genomic Observatories Metadatabase [GEOME, http://n2t.net/ark:/
21547/Gio2; (Deck et al., 2017; Riginos et al., 2020)].

Data quality control and dataset generation

Using STACKS v2.6, sequences were screened for PCR
duplicates using the ‘clone_filter’ function and then demultiplexed
using the ‘process_radtags’ function. Individuals with less than 0.9
million reads were omitted. Loci were de novo assembled using
STACKS and its component programs (Catchen et al., 2013, 2011;
Rochette et al., 2019). Loci were generated by merging of three or
more “stacks” (-m), allowing a maximum of five mismatches
between loci (-n) when building the catalog, and a maximum of
five mismatches when processing a single individual (-M). Stacks in
which the numbers of reads were more than two standard
deviations above the mean were assumed to be repetitive
elements and removed from further consideration. Using the
‘populations’ module of STACKS only the first SNP from each
locus was retained. From this dataset only loci present in at least
80% of individuals and in ten of the twelve sample locations (and
three of the five locations for the Central Micronesia dataset, see
below) were retained. Finally, loci that were in fewer than 50% of all
individuals were also excluded. To mitigate potential PCR errors,
only loci where rare alleles were observed in at least two individuals
were retained (minor allele count of three). From the loci that
remained we created plink, vcf, and genepop files for further
filtering in external programs.

Following quality control in STACKS we performed tests for
linkage disequilibrium (LD) using PLINK v1.9 with the -indep-
pairwise option (Chang et al., 2015; Purcell et al., 2007). We used a
windows size of 1 kb, step size of 1, and an r* threshold 0.8. For each
pair of loci determined to be out of linkage equilibrium one was
randomly chosen and removed from the dataset. Next, we utilized
the ‘glfilter.hwe’ function in the R package dartR (Gruber et al,
2018) to identify loci deviating from Hardy-Weinberg Equilibrium
(HWE) using the exact method (Wigginton et al., 2005). Loci that
deviated from HWE in more than half of the total sample locations
were removed. We independently analyzed two datasets: the total
dataset that included samples from all twelve locations and the
Central Micronesia dataset that consisted of the samples from
Palau, Pohnpei, Kwajalein, Guam, and Saipan (Figure 1; Table 1).
This smaller Central Micronesia dataset was created to allow for
direct comparisons with previous studies (Davies et al., 2015; Priest
et al,, 2012), while also controlling for the large sample sizes from
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TABLE 1 Number of loci resolved for each dataset.

Dataset Total dataset Central Micronesia
Total loci 15,428 21,948
Total loci after QC 15,286 20,099
Outlier loci 318 142
OutFLANK 154 68
PCAdapt 210 134
BayeScan 168 70
Neutral loci 14,968 19,957

Shown are values based on the total dataset (all twelve sample locations; Figure 1) as well as for
the Central Micronesia dataset (Palau, Pohnpei, Kwajalein, Guam, and Saipan). Listed is the
number of total loci before and after QC (LD and HWE), and the number of outlier loci
detected for each of the three analyses. The number of outlier loci considered here is listed first
and includes all outliers detected by at least one program. Neutral loci are those that remain
after removing the outliers from the total loci dataset.

the Mariana Islands (N = 214) compared to the rest of Micronesia
(N = 57) that might influence interpretation.

For each of the two datasets, we identified outlier loci using
three programs: OuwtFLANK (Whitlock and Lotterhos, 2015),
PCAdapt (Luu et al, 2017), and BayeScan (Foll and Gaggiotti,
2008). For OutFLANK, we applied default settings including a left
and right trim value of 0.05 for the null distribution of Fgr, a
minimum heterozygosity of 0.1, and designated a False Discovery
Rate (FDR) threshold of 0.05 (q-threshold) (Whitlock and
Lotterhos, 2015). For the PCAdapt analysis, we began with
K = 20 principal components (PCs) and employed a graphical
approach using the scree plot elbow method to determine the
optimal K value. Using this K value, we then ran PCAdapt with
an FDR threshold of 0.05 (Luu et al., 2017). Lastly, we ran BayeScan
which employs a Bayesian approach to estimate the posterior
probability that a given locus is influenced by selection. The
program utilizes two alternative models: one incorporating the
effect of selection and the other where selection is excluded. We
used default chain parameters, including a sample size of 5,000 and
a thinning interval of 10. We ran 20 pilot runs with a length of 5,000
steps each and an additional burn-in of 50,000 (Foll and Gaggiotti,
2008). Convergence of the Markov Chain Monte Carlo (MCMC)
simulation was assessed using the coda R package (Plummer et al.,
2006). Loci with a false discovery rate (FDR) g-value < 0.05 were
identified as outliers. We created a list of the combined loci
identified by at least one of the three programs. This list
constitutes the outlier loci. We then removed these outliers from
the full dataset to create the neutral loci dataset. Note that we do not
attempt to annotate the outliers as we are not testing for selection
but instead attempting to detect subtle population structure.

Data analyses

For each dataset, we calculated genetic diversity indices including
observed and expected heterozygosity, inbreeding coefficient, and
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allelic richness using the R package hierfstat (Goudet and Jombart,
2015). Hierfstat was also used to calculate pairwise values of Weir and
Cockerham’s Fgp (Weir and Cockerham, 1984). The 95% confidence
intervals for the Fqr values were determined using 1,000 bootstrap
replicates. For the isolation-by-distance (IBD) analysis, the genetic
distances between pairwise locations were calculated based on
linearized Fgr as Fgp/(1 — Fgr) (Rousset, 1997). Geographic
distances (great-circle distances) between sampling locations were
computed using the ‘distHaversine’ function from the geosphere R
package (Hijmans et al., 2017). To evaluate the correlation between
genetic and geographic distances we conducted Mantel tests (Mantel,
1967) using the vegan package in R and applying the Pearson method
to estimate p-values using 999 permutations (Dixon, 2003). The
relationship between genetic and geographic distances was visualized
by plotting pairwise genetic distances against geographic distances
with a linear regression (Rousset, 1997) and calculating the Mantel
correlation coefficient (r) and associated p-value.

We assessed genetic structure between populations using the
Bayesian clustering approach implemented in STRUCTURE
(Pritchard et al., 2000). Analyses were conducted using an
admixture model without a priori population information, with
correlated allele frequencies, and default parameter settings. We ran
values of K = 1-7 for three independent runs each of 600,000
Markov chain Monte Carlo (MCMC) iterations with the first
100,000 discarded as burn-in. The results were visualized, and the
optimal number of distinct genetic clusters was determined using
the delta K method of the online tool CLUMPAK (http://
clumpak.tau.ac.il) (Evanno et al., 2005; Kopelman et al.,, 2015). To
further investigate population structure, we conducted a
Discriminant Analyses of Principal Components (DAPC)
(Jombart et al, 2010) utilizing the adegenet package in R
(Jombart and Ahmed, 2011). To avoid overfitting the DAPC
model, we followed the recommendations outlined by Thia (Thia,
2023) and determined the number of PCs retained based on the K-1
criterion, where K is number of effective populations.

To estimate patterns of gene flow, we conducted a relative
migration network analysis for unlinked neutral loci using the
‘divMigrate’ function (Sundqvist et al., 2016) in the diveRsity R
package (Keenan et al., 2013) and employing the Nei’s Ggr method.
Migration patterns were visualized using the qgraph package in R
(Epskamp et al., 2012). The significance of asymmetric gene flow
among sampling sites was tested using 1,000 bootstrap iterations
(Sundqvist et al., 2016). Additionally, TreeMix v1.13 analyses were
conducted across all 12 sampling locations (Pickrell and Pritchard,
2012). Since TreeMix analysis is sensitive to missing data, we
filtered the dataset using the ‘populations’ module of STACKS
(Catchen et al,, 2013, 2011; Rochette et al., 2019), retaining loci
present in at least 90% of all populations (-R 0.90) across the entire
dataset and in at least 80% of individuals within each population (-r
0.80). Linkage disequilibrium (LD) filtering was performed on this
new dataset using PLINK, applying the same parameters as in
previous steps. The TreeMix input file was then generated from LD-
pruned loci using the ‘populations’ module of STACKS (Catchen
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et al., 2013, 2011; Rochette et al., 2019). To determine the optimal
number of migration events, we conducted five iterations of
TreeMix runs (Pickrell and Pritchard, 2012), testing zero to
fifteen migration edges, with a SNP block size of 500 (-k). Each
iteration involved subsampling 80% of SNP positions to introduce
variation in likelihood estimations. The optimal number of
migration events was identified using the Evanno method
(Evanno et al,, 2005), implemented in the optM R package (Fitak,
2021). For zero migration events, we performed 100 bootstrap
replicates in TreeMix (Pickrell and Pritchard, 2012) and
constructed an unrooted consensus tree using Phylip 3.697
(Felsenstein, 1981). This consensus tree was then set as the
starting tree (-tf) for 100 independent TreeMix runs (Pickrell and
Pritchard, 2012). We ran this analysis twice, using previously
determined optimal number of migration events (m = 11) and (m
=7), and then selected the tree with the highest likelihood (Dahms
et al,, 2022). The final migration tree was visualized in R using the
BITEV2 package (Milanesi et al., 2017). Bootstrap values for each
node were estimated with 100 independent runs. Additionally, the
residual matrix was plotted to assess the model fit and included in
Supplementary Data.

Results

We prepared ddRADSeq libraries for 286 individuals. Of these,
15 had fewer than 0.9 million reads and were omitted from the
dataset. Of the 271 remaining individuals the number of reads
ranged from 0.90 - 47.22 million with a mean of 6.26 million. Using
the ‘populations’ module of STACKS we resolved 15,428 loci across
the total dataset (all twelve sample locations) and 21,948 loci in the
Central Micronesia dataset (Table 1). After LD pruning the number
of loci retained was 15,304 for the total dataset and 20,128 for
Central Micronesia. Analysis of these datasets revealed 18 loci to be
out of HWE in the total dataset and 39 to be out of HWE in the
Central Micronesia dataset. These loci were omitted as well.
Therefore, after QC we retained 15,286 loci for the total dataset
and 20,099 for the Central Micronesia dataset (Table 1).

To identify outlier loci we ran Outflank, PCAdapt, and
Bayescan, for which we detected 154, 210, and 168 outliers in the
total dataset, and 68, 134, and 70 in the Central Micronesia dataset,
respectively (Table 1). Comparing the outliers, 77 and 54 outliers
were detected by all three programs, 60 and 22 by at least two, and
181 and 66 were detected by only one program in the total and
Central Micronesia datasets, respectively. Here the final outlier
subset includes all outliers detected by at least one program,
therefore, the number of outliers for the total dataset was 318,
and 142 for Central Micronesia (Table 1). Based on these results, we
divided the datasets into three subsets: all loci, outlier loci, and
neutral loci and then analyzed each separately (Table 1). Analyses of
all loci and neutral loci produced very similar results in both
datasets, and therefore, we only present the results for the neutral
and outlier loci datasets in the main manuscript and include the
results for all loci in Supplementary Data (Supplementary Figures
S1, S2, S4, S7; Supplementary Tables S1-S4).
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Diversity metrics and population structure

Total dataset - All twelve sample locations

Diversity metrics indicated higher observed heterozygosity in
Palau and Pohnpei compared to populations in the Mariana
Islands. The observed heterozygosity for the neutral and outlier
subsets, respectively, was H, = 0.161 and 0.242 for Palau, H, = 0.165
and 0.276 for Pohnpei, H, = 0.144 and 0.156 for Guam, and 0.142
and 0.141 for Saipan. Values for other locations in the Mariana
Islands ranged between H,, = 0.150 — 0.157 for the neutral loci and
0.145 - 0.185 for the outlier loci (Supplementary Tables S5, S6). The
inbreeding coefficient (Fys) calculated across all populations and
based on the neutral and outlier loci ranged from -0.001-0.049 and
-0.041-0.153, respectively. The lowest Frg values were recorded at
Anatahan in the Mariana Islands with F;g = -0.001 for the neutral
loci and Fyg = -0.041 for the outliers (Supplementary Tables S5, S6).
In contrast, Guam had the highest Fyg values with Fis = 0.049 and
Fis = 0.153 for the neutral and outlier subsets, respectively.

Global Fgr values were Fg = 0.007 for the neutral loci and Fgp =
0.152 for the outliers. Population pairwise Fsy values are considered
significant when 95% bootstrap confidence intervals do not overlap
zero, which was the case for most of our pairwise comparisons.
However, the biological relevance of these Fsy should be considered
carefully. Most of the pairwise Fsr values reported here, while their
95% confidence intervals don’t overlap, they are very low,
particularly when the neutral dataset was considered (Figure 2;
Supplementary Table S7). Pairwise Fgr values between Palau and
Pohnpei were 0.0042 (neutral) and 0.0854 (outlier); between Palau
and Kwajalein, 0.0055 and 0.0977; and between Pohnpei and
Kwajalein, 0.0014 and 0.0044, respectively (Figure 2a;
Supplementary Tables S7, S8). Of these, only the Pohnpei and
Kwajalein pairwise comparison based on the outlier subset had 95%
confidence intervals that did overlap zero. Within the Mariana
Archipelago, pairwise Fqr values ranged from 0.00002 to 0.0058 in
the neutral dataset and from 0.0106 to 0.1463 in the outliers
(Figure 2a; Supplementary Tables S7, S8). Several comparisons of
the neutral loci within the Mariana Archipelago overlapped zero,
including Saipan-Guam (Fsr = 0.0018), Saipan-Guguan (Fsr =
0.0007), Saipan-Asuncion (Fgr = 0.0009), Guguan-Pagan (Fsr =
0.00002), Guguan-Ascension (Fgr = 0.0006), Guguan-Uracas (Fgr =
0.0001), and Asuncion-Uracas (Fsr = 0.0005). However, when we
compared populations from the Mariana Archipelago (excluding
Guam) to other populations in Micronesia, pairwise Fst values were
higher. Of these, Palau had the highest pairwise Fsy values which
ranged from 0.0221 to 0.0253 for neutral loci and 0.3649 to 0.3891
for outlier loci (Figure 2a; Supplementary Tables S7, S8). Pairwise
Fgp values between Palau and Guam were lower with Fgp = 0.0119
for neutral loci and Fgy = 0.2178 for outliers. The optimal number of
distinct genetic clusters determined using the delta K method of the
online tool CLUMPAK was K = 3 for the neutral loci and K = 2 for
outlier loci (Supplementary Figure S3a). The resulting
STRUCTURE plots for K = 2 and 3 are shown in Figure 3a
(additional values for K are shown in Supplementary Figure S5a,
S6a). While the neutral loci showed little population structure, the
outlier loci resolved three clusters: western Micronesia (Palau),
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Pairwise Fst heatmaps generated using ggplot2 (Wickham, 2016) for the (a) total and (b) Central Micronesia datasets based on the neutral and outlier
loci. Fst values were calculated using hierfstat (Goudet and Jombart, 2015). Darker colors represent higher pairwise Fst values.

eastern Micronesia (Pohnpei and Kwajalein), and the Mariana
Islands (Figure 3a). This finding was supported by DAPCs
(Figure 4a). In both the neutral and outlier datasets Palau,
Pohnpei, and Kwajalein clustered separately from the Mariana
Islands, with Guam showing overlap between the two primary
clusters. The outlier dataset further distinguished Palau from
Pohnpei and Kwajalein (Figure 4a).

Central Micronesia

To clarify phylogeographic patterns across Central Micronesia,
while also controlling for uneven sampling effort (with intensive
sampling conduced in the Mariana Islands), we ran a focused
analysis on the five populations of Palau, Pohnpei, Kwajalein,

Guam, and Saipan. As with the total dataset we found that
diversity metrics for both neutral and outlier loci revealed slightly
higher observed heterozygosity in Palau (H, = 0.229 and 0.260),
Pohnpei (H, = 0.232 and 0.363), and Kwajalein (H, = 0.223 and
0.306), compared to the two southern Mariana populations of
Guam (H, = 0.204 and 0.193) and Saipan (H, = 0.201 and 0.170)
(Supplementary Tables S9, S10). The lowest inbreeding coefficient
(Fis) was recorded in Pohnpei with Fis = 0.010 for the neutral loci
and Fig =-0.033 for the outlier loci, while Guam exhibited higher
values at Fig = 0.058 for the neutral loci and Fig = 0.281 for the
outlier loci.

Global Fg values were 0.011 and 0.293 for neutral and outlier
loci, respectively. We found the highest pairwise Fgr values between

FIGURE 3

Bar plots based on the Bayesian clustering approach implemented in STRUCTURE (Pritchard et al., 2000) for the (a) total and (b) Central Micronesia
datasets. Plots based on neutral and outlier loci are shown. Bar plots were generated using the CLUMPAK web interface (Kopelman et al., 2015).

Populations are labeled with each bar representing a single individual.
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FIGURE 4

Discriminant Analyses of Principal Components (DAPC) calculated using the adegenet package in R (Jombart and Ahmed, 2011) for the (a) total and
(b) Central Micronesia datasets. Plots based on the neutral and outlier loci are shown. Populations are delineated using colored inertia ellipses. Each
dot represents an individual, and colored inertia ellipses represent populations.

Saipan and Palau in both the neutral (Fsr = 0.026) and outlier (Fs =
0.598) datasets (Figure 2b; Supplementary Tables S11, S12).
Differentiation between Saipan and the eastern Micronesian
populations of Pohnpei and Kwajalein was also high, with pairwise
Fgr values of 0.0216 and 0.0175 for neutral loci and 0.3803 and 0.2986
for outlier loci, respectively (Figure 2b; Supplementary Tables S11,
S12). Comparisons between Saipan and Guam showed lower
differentiation (Fgp = 0.0038 for neutral loci, Fgr = 0.1499 for
outliers). Pairwise comparison between Guam and Palau were high
at Fgp = 0.0156 for the neutral loci and Fgp = 0.4018 for the outliers.
Comparable pairwise values between Guam and the eastern
Micronesia populations of Pohnpei and Kwajalein were Fgr =
0.0123 and 0.0096 for neutral loci and 0.1409 and 0.1032 for
outlier loci, respectively (Figure 2b; Supplementary Tables S11,
$12). Among Central Micronesia locations, Pohnpei and Kwajalein
displayed minimal differentiation, with Fgr values of 0.0019 for
neutral loci and -0.0089 for the outliers. While comparable values
between Palau and Pohnpei were 0.0034 and 0.2037 for the neutral
and outlier loci, respectively and 0.0054 and 0.2077 for the
comparison between Palau and Kwajalein, respectively (Figure 2b;
Supplementary Tables S11, S12). The 95% confidence intervals did
not overlap zero for any of these pairwise Fgr, except for value
calculated for the outlier loci between Pohnpei and Kwajalein (Fgr =
-0.0089). The optimal number of distinct genetic clusters determined
using the delta K method of CLUMPAK was K = 3 for neutral loci
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and K = 2 for outlier loci (Supplementary Figure S3b). The resulting
STRUCTURE plots for K = 2 and 3 are shown in Figure 3b
(additional values for K are shown in Supplementary Figures S5b,
S6b). For this dataset both the neutral and outlier loci indicated three
clusters: western Micronesia (Palau), eastern Micronesia (Pohnpei
and Kwajalein), and Guam and Saipan in the southern Mariana
Islands (Figure 3b). At K = 3, Pohnpei and Kwajalein were
distinguished from Palau with notable admixture. A few individuals
from Guam showed shared ancestry with the more southerly
populations, while Saipan was largely distinct (Figure 3b).
Consistent with STRUCTURE, the DAPCs resolved three groups
including a western Micronesia population in Palau, an eastern
Micronesia population that includes Pohnpei and Kwajalein, and
the populations within the Mariana Archipelago (Figure 4b). The
outlier dataset showed notable overlap between Guam and the more
southerly Central Micronesia populations.

Isolation by distance

When considering the total dataset, the Mantel test for isolation
by distance detected a significant relationship between genetic
distance and geographic distance for both the neutral (r = 0.705,
p = 0.005) and outlier loci (r = 0.531, p = 0.025; Figure 5a).
However, this finding is primarily driven by low Fsr values and
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Mantel test of isolation by distance for the (a) total dataset, (b) Mariana Archipelago only, and the (c) Central Micronesia dataset based on neutral and

outlier loci.

the corresponding small geographic distances within the Mariana
Islands that are anchoring the regression line in Figure 5a. Mantel
tests on data from across the Mariana Islands show a significant
pattern of isolation by distance in both the neutral loci: (r = 0.569,
p = 0.003) and outlier loci (r = 0.470, p = 0.029; Figure 5b). When
we examine only the Central Micronesia dataset, IBD is no longer
significant (neutral loci: r = -0.06l, p = 0.575; outlier loci; r = -0.106,
p = 0.667; Figure 5c).

Migration estimates

The divMigrate analyses was run on the 14,968 neutral loci
from the total dataset (all twelve populations; Figure 6). The
bootstrap test for asymmetrical migration failed to distinguish
evidence of directionality among any sampling sites. We detected
moderate and balanced relative rates of migration (similar rates
regardless of which was the source vs. recipient population)
between Palau and Pohnpei (0.31, 0.36), Palau and Kwajalein
(0.49, 0.51), and Kwajalein and Pohnpei (0.37, 0.42) (Figure 6).
Migration rates between the Mariana Islands and the other
populations in Micronesia were lower. When Palau was
considered as the source population migration rates into the
Mariana Archipelago ranged from 0.20-0.31, when locations
within the Mariana Islands were set as the source population,
these values ranged from 0.29-0.38. Comparable numbers with
Pohnpei as the source population were 0.19-0.30 and 0.23-0.30
when Pohnpei was the recipient population. Kwajalein
demonstrated slightly higher values which ranged from 0.25-0.45
as the source population and between 0.34-0.51 as the recipient
population (Figure 6).
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Analysis among the Mariana Islands showed only low levels of
gene flow between Guam and the rest of the archipelago, with
relative migration rates of 0.27 — 0.39 in either direction (Figure 6).
Although no significant asymmetric pattern of gene flow was
detected, values for Saipan were slightly higher at 0.46-0.62 when
Saipan was a source population and 0.39-0.50 when Saipan was the
recipient population indicating a higher level of gene flow from
south to north. These values were slightly higher again at Anatahan
which is just north of Saipan with northward migration rates of
0.61-0.73 (Figure 6). North of Anatahan (Sarigan to Uracas)
migration rates were bi-directional and high, ranging from 0.77-
1.0. The highest migration rates recorded were between Sarigan and
Pagan at 0.95 and 1.00 (Figure 6).

Our TreeMix analyses based on 5,488 unlinked loci across all
twelve sample locations, indicated that the optimal number of
migration events (m) was 11 with another peak at 7 events
(Figure 7). Bootstrap values from the TreeMix analyses provided
moderate to strong support for several key nodes. A major split
separating Central Micronesia (Palau, Pohnpei, Kwajalein) from the
Mariana clade was strongly supported (90-100%) in both trees.
Within the Mariana clade, the Uracas-Maug grouping also showed
high support (90-100%) in both trees, whereas several internal nodes
received moderate support (50-75%) (Figure 7). The TreeMix
analyses based on m = 11 migration events revealed three strong
migration events: from Maug to Saipan (migration weight = 0.449),
from Central Micronesia to Uracas (migration weight = 0.390), and
from Central Micronesia to Guam (migration weight = 0.374).
Similarly, the m = 7 analyses identified three migration events with
high weight: from Saipan to Guam (migration weight = 0.466), from
Central Micronesia and Guam to Uracas (migration weight = 0.441),
and from Central Micronesia and Guam to Kwajalein (migration
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weight = 0.303). While weaker migration events in the m = 7 analysis
primarily originated from Central Micronesia to the Mariana Islands,
the m = 11 analysis revealed additional north-to-south and south-to-
north migrations within the Mariana Archipelago, as well as a low-
weight migration from Palau to Pohnpei (Figure 7).

Discussion

Despite the vastness of Micronesia, and the supposition that it
provides vital stepping-stones between the biodiversity rich coral

a) migration events = 11
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FIGURE 7

The TreeMix Maximum Likelihood (ML) tree (Pickrell and Pritchard, 2012) generated based on the allelic frequencies of 5,488 unlinked loci. Shown is
the (a) tree with m = 11 migration events and the (b) tree with m = 7 migration events. The arrows on the ML tree indicate the directionality of gene
flow for each migration edge and the color of the edge reflects the intensity of admixture. Horizontal branch length is proportional to the degree of
genetic drift in the branch. Bootstrap support values are indicated at each node. Migration weights are shown at the top of the figure. "C.
Micronesia” refers to Central Micronesia (Palau, Pohnpei, and Kwajalein), and "Kwaj" refers to Kwajalein.
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triangle and the Central Pacific, only two previous population
genetic studies have been conducted in this region. Moreover, no
phylogeographic assessments have been conducted in the remote
Mariana Archipelago, leaving the role that these habitat-rich islands
play in metapopulation dynamics of Micronesia unanswered. Here
we contribute a genetic survey of the peacock grouper C. argus
across Micronesia to improve our understanding of population
connectivity in this understudied region. Based on 271 samples
from 12 sampling locations, we resolved 15,286 SNPs (20,099 SNPs
in the smaller Central Micronesia dataset). Our Bayesian analyses
and DAPCs identified three population clusters across the region:

b) migration events =7

1. Saipan ————— = Guam 0.466
2. C. Micronesia + Guam ——= Uracas 0.441
3. C. Micronesia + Guam ——==— Kwaj 0.303
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one in western Micronesia (Palau), one in eastern Micronesia
(Pohnpei and Kwajalein), and a third that distinguishes the
Mariana Archipelago. These divisions are concordant with
findings in previous studies on two acroporid corals and a
rabbitfish. Taken together, these studies highlight the influence of
the major currents in the region and indicate that perhaps broad
scale ecosystem level processes, and not species-level traits, are
driving population level patterns in Micronesia. Furthermore, this
first examination of populations across the Mariana Archipelago,
indicates high levels of bi-directional gene flow among islands in the
northern part of the archipelago that diminishes at the south-
centrally located Anatahan and continues to decrease as we move
southward to Saipan and Guam. Our data also indicate that the
Mariana Islands primarily acts as a sink, receiving more migrants
from the other island groups to the south (Palau, Pohnpei, and
Kwajalein), with fewer migration events estimated to occur from the
Marianas to the southern island groups. Finally, F-statistics and our
clustering approaches indicate that Guam, the southernmost island
in the Mariana Archipelago, has a greater genetic affinity with the
rest of Central Micronesia compared to the northern reaches of the
archipelago and may serve as an important stepping-stone from the
Central Pacific into the Mariana Islands.

Patterns of isolation by distance and
population structure across Central
Micronesia

Under genetic equilibrium, theory predicts that intraspecific
differences in allele frequencies will correlate with distances between
populations, yielding patterns of isolation-by-distance (IBD)
(Wright, 1943). In Central Micronesia, IBD has been shown in
the corals Acropora hyacinthus and A. digitifera (Davies et al., 2015)
as well as the rabbitfish Siganus spinus (Priest et al., 2012). However,
the correlation between genetic and geographic (Euclidean)
distance was an order of magnitude higher for the corals with r*
values of 0.740 and 0.616, respectively, compared to an r* value of
just 0.068 for the rabbitfish. Here, for C. argus, we found a
significant signal of IBD when the entire dataset is considered.
Taken alone this finding could imply a distance-decay (clinal)
pattern, which can lead clustering algorithms such as
STRUCTURE to partition this gradient into distinct groups and
result in a misleading interpretation. However, in our case the
pattern of IBD across all 12 populations is largely anchored by the
low pairwise Fgr values and corresponding small geographic
distances detected within the Mariana Islands (Figure 5a). When
these islands are considered in isolation, IBD is significant
(r = 0.569, p = 0.003 for the neutral dataset; Figure 5b).
Moreover, the absence of significant IBD in the Central
Micronesia dataset (Figure 5¢) indicates genuine groupings rather
than a clinal pattern mistakenly divided into clusters. This finding,
in combination with F-statistics and clustering analyses (DAPC) for
both the total and Central Micronesia datasets, support our finding
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of three subpopulations of C. argus across Micronesia, consistent
with those reported for both corals and the rabbitfish. In all four
species (A.digitifera, A. hyacinthus, S. spinus, and C. argus), Palau
(and Yap when sampled) forms a unique western cluster that is
distinct from an eastern cluster that includes Pohnpei and
Kwajalein (and Chuuk and Kosrae when sampled). For the coral
A. digitifera, even greater fine scale population structure was
detected in which the eastern population is split into two clusters
that included Chuuk and Pohnpei in one and Kosrae, Kwajalein,
Majuro and Arno Atoll in another, indicating that in this species
there are two populations in the east not detected in its congenic A.
hyacinthus. While A. hyacinthus is not found in the Mariana
Islands, the population of A. digitifera sampled in Guam formed
a distinct genetic cluster, as was detected in both species of fish (S.
spinus and C. argus). Together these studies, highlight consistent
phylogeographic breaks that distinguish three major subregions
across Micronesia: Palau and Yap in the west, Chuuk, Pohnpei,
Majuro, and Kwajalein in the east, and the Mariana Islands in the
north. Interestingly, Davies et al. (2015) also sampled the two
species of Acropora in Kosrae. This island is at the eastern extent
of the Caroline Islands and boarders the Marshall Islands. In both
species, this location included individuals of mixed west/east
ancestry indicating it may be an important stepping-stone
between the western and eastern populations of Micronesia.

The biophysical modeling of Davies et al. (2015), indicates that
gene flow, both into and out of Guam, is highly influenced by the
westerly flowing NEC (Figure 1). This model also estimates that
biophysical distances between the other island groups in Central
Micronesia, which predominantly lie with the easterly flowing NECC,
are similar, promoting the prediction of bidirectional migration with
roughly equal migration rates among the islands (Davies et al,, 2015).
Our migration estimates for C. argus (based on divMigrate) are
largely in agreement with the Davies model with evidence of
bidirectional gene flow across our Central Micronesian populations
in Palau, Kwajalein, and Pohnpei. We found relatively low levels of
gene flow connecting these populations to the southern Mariana
populations in Guam and Saipan; a finding that aligns with
biophysical modeling based on A. digitifera, which predicted
greater biophysical distances between Guam and the other
archipelagos of Micronesia due to the prevailing westerly NEC
(Figure 1) (Davies et al., 2015). Biophysical modeling also predicts
that Guam, the southernmost island in the Marianas, receives the
highest level of gene flow from areas outside the archipelago (Kendall
and Poti, 2015). Indeed, our F-statistics and Bayesian clustering
analyses, indicate that the C. argus population in Guam shows a
greater genetic affinity with populations in the island groups to the
south than to the Northern Mariana Islands which are geographically
closer. Its large size and southern position within the NEC may make
it an important entry point for migrants into the archipelago coming
from the rest of Micronesia. However, it’s important to note that our
analyses (TreeMix and divMigrate) also show evidence of migration
events from Central Micronesia into the northern reaches of the
Mariana Islands, in particular at Uracas in the far north.
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Longitudinal patterns of genetic diversity

The Northern Equatorial Current (NEC) is one of the primary
currents that generates large scale oceanographic patterns in the
region. The NEC runs from east to west and transects Micronesia
along the equator and heavily influences the southern Mariana
Islands (Figure 1). Biophysical models predict that most of the
larvae spawned in Guam are carried westward by the NEC toward
the Coral Triangle (Davies et al., 2015; Kendall et al., 2019). South of
the NEC is the easterly flowing Northern Equatorial Counter
Current (NECC) that strongly influences oceanographic patterns
around the more centrally located archipelagos of Micronesia
including Palau and Pohnpei in the Caroline Islands and
Kwajalein in the Marshall Islands (Figure 1). Studies on the two
acroporid corals found that mean genetic diversity decreased with
increasing easterly distance from Palau (Davies et al., 2015). Davies
et al. (2015) suggest that this finding could, at least in part, be a
consequence of biased easterly dispersal, influenced by the NECC
[which has been implicated in other taxa; (Gaither et al., 2011a;
Treml et al., 2008; Wood et al., 2014)]. This pattern also
corresponds with the well-established decline in species diversity
along a longitudinal gradient as one moves away from the species-
rich Coral Triangle (Veron et al., 2009). While the NECC would
seem to provide a mechanism to explain the pattern of eastward
decreasing genetic diversity, it could also be the result of decreasing
habitat area and corresponding effective population sizes along the
same gradient.

Divergence of the population in the
Mariana Archipelago

Across datasets there is a consistent and compelling pattern that
indicates elevated genetic divergence of populations in the Mariana
Islands when compared to the more southernly archipelagos of
Micronesia. The Mariana Islands are surrounded by relatively
habitat-sparse oceans to the east and west, with extensive island
archipelagos to the south. For many species of coral reef organism,
the archipelago marks the extent of their northern range (Myers
and Shepard, 1980; Paulay, 2003). Large scale phylogeographic
studies sometimes include sampling from Guam, and less
frequently Saipan (Coppard et al., 2021; Davies et al., 2015;
Gaither et al., 2011a, 2010; Priest et al., 2012), because relative to
the other islands in the archipelago they are easily accessible. But
our study is the first to sample the entire range of emerged islands
and put them into a regional context. We found that the island’s
geographic isolation is coupled with corresponding lower genetic
diversity, lower rates of migration into the archipelago, and higher
genetic divergence. In C. argus, we record slightly lower H, values in
the Mariana Islands populations; a finding that is similar to those
reported for A. digitifera (Davies et al., 2015) and S. spinus (Priest
et al, 2012) in Guam. When compared to other locations in
Micronesia, the Mariana Islands were distinguished based on
multiple lines of evidence including F-statistics (Figure 2),
Bayesian cluster analyses (Figure 3), and DAPCs (Figure 4). We
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found relatively low estimates of migration rates into or out of the
archipelago (Figure 6) with Guam and Saipan in the south acting as
important connection points between the Mariana Islands and the
rest of Central Micronesia.

The isolation of the Mariana populations is also supported by
biophysical modeling. A study modeling dispersal patterns in reef
fish predicted that the population of S. spinus in Guam (PLD ~33
day) was largely self-seeding, while two other taxa with longer
PLDs: bluespine unicornfish (Naso unicornis, PLD ~94 days), and
yellowfin goatfish (Mulloidichthys flavolineatus, PLD ~90 days)
(Kendall et al., 2019) were predicted to have biased gene flow to
Guam from western Micronesia (Chuuk) with lower rates from
eastern Micronesia (Marshall Islands). Moreover, these models
estimate the 92-98% of the larval supply of N. unicornis and M.
flavolineatus in Guam are from outside sources emphasizing the
role of external gene flow into Guam for population persistence.
Assignment tests for S. spinus conducted over four recruitment
events in Guam and Saipan supported the self-seeding predictions
for that species (Priest et al., 2012). Using five microsatellites, and
suffering from low power, the authors failed to confidently identify
source populations for >90% of the recruits. However, in 9% of
cases, they were able to exclude eastern Micronesia populations
(Palau and Yap) as the source and for 2% they could exclude the
western populations (Chuuk, Pohnpei, and Majuro). This finding,
combined with high levels of genetic structure between Guam and
Saipan, and other island groups in Micronesia, implies self-
recruitment and limited gene flow from both western and eastern
Micronesia populations (Priest et al., 2012). In our study, the close
ancestry of three out of our nine individuals sampled in Guam to
the Central Micronesian populations in Palau, Pohnpei, and
Kwajalein (as revealed by DAPC and STRUCTURE plots), further
underscores the influence of external gene flow into Guam from
these regions.

Migration patterns within the Mariana
Islands

Despite its large area and importance to regional fisheries, no
genetic studies have been conducted to examine patterns of
connectivity within the Mariana Islands. However, NOAA drifter
data (Kendall and Poti, 2014) and biophysical models (Kendall and
Poti, 2015) predict a strong south-to-north biased pattern of
dispersal. Between 1990 and 2011, 145 surface drifters from the
NOAA Global Drifter Program passed through the Mariana
Archipelago (Kendall and Poti, 2014). Of those drifters that began
in the northern islands 90% (31 out of 34) remained there and only
three ended up in the southern islands of Saipan/Tinian/Rota. No
drifters that started in the northern islands reached Guam. Of the
three drifters that originated in Guam two remained there while the
other ended up in Saipan. Over 80% of the drifters that began in the
southern islands of Saipan/Tinian/Rota (9 out of 11) ended up in
the northern islands (Kendall and Poti, 2014). Biophysical
modelling simulating current-mediated larval transport and
focusing on Guam and the greater Micronesia region also
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reported northward biased larval movement within the archipelago
(based on life history traits of S. spinus, bluespine unicornfish Naso
unicornis, and humphead wrasse Cheilinus undulatus) (Kendall and
Poti, 2015). In our study we found no evidence of population
structure within the archipelago based on F-statistics, but we did
detect significant IBD. Our Mantel test resulted in an r value of
0.569 (p = 0.008; based on neutral loci) supporting a stepping-stone
model of migration. Our migration estimates (divMigrate) indicate
low migration rates between Guam and the rest of the archipelago a
finding supported by the NOAA drifter data (Kendall and Poti,
2014). Our migration estimates also indicate increasing levels of
south-to-north migration as we move north to Saipan and further
to Anatahan (Figure 7). North of Anatahan, from Sarigan to Uracas,
migration rates were bi-directional and high. While our data are
congruent with the drifter data and biophysical modelling, we did
not detect a significant south-to-north bias using divMigrate.
Analyses of simulated data by Sundqvist et al. (2016) indicate that
under scenarios of high gene flow (Fsr < 0.005), the power of
divMigrate to accurately estimate the direction of migration is low.
In our dataset, most Fgr values in the Mariana Islands fall below this
threshold (Figure 2). Our observation of a south-to-north biased
gene flow is supported in part by predicted TreeMix migration
events (Figure 7a; C. Micronesia + Guam to Uracas).

Conclusion

This study represents an important contribution to our
understanding of phylogeographic patterns of marine species across
Micronesia. Similar to two previous studies (Priest et al., 2012; Davies
etal, 2015) we identified three populations in the peacock grouper C.
argus across the region, specifically eastern and western populations
and a distinct population in the Mariana Islands. Across all three
datasets, there is a consistent east/west split with Palau and Yap in the
west and Chuuk, Pohnpei, and Kwajalein in the east forming distinct
clusters. Of note is that our study of C. argus and the Davies et al.
(2015) study on A. hyacinthus also present evidence for greater
genetic differentiation of populations in Palau relative to
populations in Pohnpei and Kwajalein (Figures 2-4). In the two
fish species, C. argus and S. spinus (Priest et al., 2012) this eastern
cluster extends to the Marshall Islands (Kwajalein and Majuro) while
in the coral A. digitifera (Davies et al, 2015), populations in the
Marshall Islands form a distinct group. Moreover, across datasets, the
Mariana Islands are differentiated from the rest of Micronesia, a
finding supported by biophysical modelling (Kendall and Poti, 2014).
However, isolation of the Marianas is not complete, with evidence of
migration into the Mariana Archipelago from eastern Micronesia
primarily supported by the NEC. Collectively, our findings combined
with the other studies in the region highlight the vital role of genetic
connectivity between Guam and Central Micronesia, despite the
overall low levels of gene flow between regions. Lastly, when we
focus on the Mariana Islands, we found lower levels of gene flow in
the southern Marianas (from Guam and Anatahan), but substantially
higher gene flow amongst the northern islands (from Sarigan to
Uracas). Notably, there are multiple lines of evidence indicating that
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the directionality of gene flow in the Mariana Islands is northward-
biased, which has important implications for resource management
in the archipelago. Careful management of these southern
populations is warranted, as exploitation of these populations is
likely to impact the entire archipelago.
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