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Abstract Local and global ecological stressors are lead-
ing to increased documentation of phase shifts in coral reefs
from healthy stony corals to macrophytes. In more rare
cases, phase shifts result in sponge, zoantharian or other
dominant species. In Ulithi Atoll, Federated States of Micro-
nesia, we have documented an unusual phase shift from reefs
with a diverse stony coral assemblage to reefs dominated by
a single species of stony coral: Montipora sp.—a coral-to-
coral phase shift. This monospecific type of reef lowers fish
diversity and biomass, impacting both ecological integrity,
and livelihoods of reef-dependent human communities. In
this study, we used a genomic approach to characterize such
areef. We assembled a de-novo reference genome and used
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RAD seq data with thousands of SNPs to determine if dif-
ferent reefs result from sexual or asexual reproduction, if
weedy Montipora fragments are transported between islands
by human activities, and if there is evidence of natural selec-
tion on specific genotypes, thus favoring spreading success.
We found that sexual reproduction is predominant in the
focal species, that there is no evidence of human-mediated
spread, and that some genomic regions might be under selec-
tion. While such results eliminate a number of spreading
hypotheses, more precise dispersal maps will be important
to determine the tempo and mode of ‘invasion’ of Montipora
in Ulithi Atoll. This study shows that selection and adap-
tation may be contributing to the success of a stony coral
(e.g., Phase shift). While a stony coral may be successful in
a disturbed environment, it does not necessarily provide the
type of habitat that is conducive to high fish biomass and
coral diversity. These results serve as a cautionary tale for
restoration efforts that focus on single species coral resil-
ience rather than ecosystem function.
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Introduction

Recent years have witnessed an increasing number of coral
reef disturbances that in some cases resulted in phase shifts,
most notably from diverse hard coral assemblages to macro-
phyte dominated reefs (Knowlton 1992; Bruno et al. 2009;
Hughes 2022). Less frequently, reefs may shift into sponge
or zoantharian dominated assemblages (Cruz et al. 2015).
In most cases, ecological consequences negatively impact
the entire ecosystem, in particular coral and fish assem-
blages (Done 1992; Halford et al. 2004; Crisp et al. 2022).
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In response to this ecological downgrading, and the contin-
ued decline of coral reefs globally, attention has turned to
‘coral gardening’ and reef restoration, focusing on ‘plant-
ing’ resistant corals (Camp et al. 2018; Schmidt-Roach et al.
2020). Our work here describes a ‘strong’ or ‘resistant’ coral
that is contributing to a phase shift, with negative ecologi-
cal consequences, a potential cautionary tale for facilitated
restoration.

In Ulithi Atoll (Yap State, Federated States of Microne-
sia), several reefs that exhibited a diverse coral assemblage
have slowly shifted into a Montipora monospecific coral
dominated state over the past few decades. Local people
have proposed that the initial shift may have coincided with
Typhoon Ophelia, which occurred in 1960 (Lessa 1964).
By then, reefs had already been severely disturbed by major
rearrangements that happened during World War II, where
several hundred ships, landing crafts, and thousands of US
Naval personnel had staged out of the Atoll (Lessa 1966).
Currently, some west, south (leeward) and ocean facing
reefs, as well as nearby small atolls (turtle islands), are
very diverse, while others (especially inside the lagoon in
the north and east of the Atoll) are Montipora dominated
(Figs. 1, 2) (Crane et al. 2017). This situation is mirrored by
fish diversity and biomass, where diverse reefs and Mont-
ipora-dominated reefs harbor high or low diversity and
abundance of reef fishes, respectively (Crane et al. 2017).
In 2015, another typhoon (Maysak) made a direct hit on
Ulithi Atoll. In the places of its direct passage, Montipora,
which is a very fragile and brittle coral, suffered significant
damage, thus reducing its abundance. However, by 2019, it

Fig. 1 Pictures of Montipora
sp.1 aff. capitata in Ulithi Atoll,
Yap State, Federated States
of Micronesia. Panel A: close
up of the species, Panel B, an
emerged colony at extreme
low tide, Panel C, a colony,
encroaching on a neighbor-
ing coral, Panel D, a stand of
Montipora sp.1 aff. capitata
covering a previously coral
diverse reef
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had recovered in most places. For example, percent cover
of Montipora (as averaged over 20 quadrats along a 100 m
transect) at the site UAR?2 in Falalop island was 43.9% in
2014, down to 10.6% in 2015, and back up to 45.5% in 2019.
In Federai island (Federai Landing site), those values, for the
same years, were 44.5%, 19.6%, and 72.6%. In Yealil (inside
site), a somewhat pristine site, minimally impacted by the
Typhoon, Montipora has shown a slow, steady increase
(11.5%, 12.0%, 17.5%). Preliminary data and field observa-
tions show that those trends were maintained by the summer
of 2023, with a few notable exceptions.

Phase-shifts that result in the overwhelming abundance
of a single or few species of corals are rare, yet, with climate
change and ocean acidification, it is possible for some spe-
cies of corals to thrive in those conditions and capitalize on
changing environmental conditions (Evensen et al. 2015;
Henley et al. 2021). It is therefore important to understand
the modes of invasion of these corals, and potential con-
sequences to the ecosystem. Suggested that Montipora sp.
first spread at landing sites at the four inhabited islands of
the Atoll, leading to a conclusion that the breaking of frag-
ile corals associated with anchoring, and the attachment of
fragments to anchor lines may have aided the dispersal of
Montipora sp. from one island to the next. An alternative
possibility is that sexual reproduction may have played a
dominant role and led to invasion due to the dispersal of
propagules across the Atoll. In the latter case, it might be
possible for natural selection to play a role in the success of
specific genotypes. In this study, we used genomic tools to
identify the patterns of invasion of Montipora sp. in Ulithi.
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We used RADseq data with hundreds of single nucleotide
polymorphisms (SNPs) and a newly assembled genome to
determine the mode of invasion of Montipora sp. and the
potential role of selection in the system.

Materials and methods

Sampling—A total of 148 coral nubbin samples of Monti-
pora sp. were collected while free diving from shallow coral
dominated reefs. Samples were immediately placed in 95%
ethanol and kept at ambient temperature until reaching the
laboratory where they were stored at —20 °C.

One sample was collected from Taveuni, Fiji, one sample
was collected from the lagoon of Woleai Atoll (eastern Yap
state, Micronesia), and one sample from Yap (main) Island,
Micronesia. In all three locations, that species was found
to be very rare, thus the small sample size. The remaining
145 samples were collected from different locations at Ulithi
Atoll. In Ulithi, samples were collected inside the lagoon
at all four inhabited islands: Falalop, Asor, MogMog, and
Federai (two sites, Federai-Landing, near the Federai village
and Federai-South, at the southern end of the island), as well
as from the uninhabited islands of Soghlei, Laam, and Yealil
(Fig. 2). Samples were also collected outside of the lagoon,
on the outer reef slope, at the uninhabited islands of Sohng,
Piglelei, and Yealil (Fig. 2, Table 1). Genetic identification
revealed that our Ulithi collections encompassed two cryptic
species, closely related to Montipora capitata, and are called

henceforth Montipora sp.1 aff. capitata and Montipora sp.2
aff. capitata, comprising 141 and 7 samples, respectively.
We therefore removed the 7 samples belonging to the rarely
collected M. sp.2 aff. capitata species and kept 141 samples
for our population genomics analyses (138 samples from
Ulithi, and one sample each from Fiji, Woleai, and Yap).
(Table 2).

DNA extraction—Library preparation. DNA was
extracted from coral nubbins using DNeasy Blood & Tissue
kits (Qiagen) according to the manufacturer’s protocol. We
constructed RAD libraries using a variation of the original
protocol with the restriction enzyme Sbfl (Miller et al. 2007,
2012; Baird et al. 2008; Longo and Bernardi 2015). The Sbfl
enzyme cuts sites that contain eight nucleotides, and that
sequence seems to be very poorly represented in zooxan-
thellae, if at all, thus the SbfI cut sites in this experiment are
found almost exclusively in the host coral. Initial genomic
DNA amount for each individual was 400 ng. Libraries were
physically sheared on a Covaris S2 sonicator with an inten-
sity of 5, duty cycle of 10%, cycles/burst of 200 and a cycle
time of 30 s. We carried out the final PCR amplification
step in 50 pl reaction volumes with 10 amplification cycles.
Ampure XP beads (Agencourt) were used for each purifica-
tion step and size selection. The library was sequenced in
a single lane on an Illumina HiSeq 4000 at the Vincent J.
Coates Genomics Sequencing Laboratory at UC Berkeley
(USA). Then, we applied Perl scripts to trim the raw reads to
92 base pairs (bp) on the 3’ end, quality filtered and demul-
tiplex them according to the 6 bp unique barcodes. Reads
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Table 1 Sampling locations for

: . 8 Species
Montipora used in this study

Sampling Site N Na .Var Poly Private P Obs_Het Exp_Het pi Fis
Falalop* 5 1516 1293 667 43 0.8535 0.096 0.239 0.2194  0.26117
Asor* 16 1.643 2708 1742 39 0.8516 0.191 0.210 0.2091  0.06168
Sorghlei 16 1.709 3993 2832 143 0.8420 0.236 0.224 0.2241 —0.01956
MogMog* 14 1.612 2464 1509 41 0.8556 0.211 0.203 0.2035 -0.01137
Laam 5 1.574 4451 2557 45 0.8448 0.223 0.232 0.2307  0.02049
Sohng 13 1.649 3992 2591 75 0.8449 0.232 0.217 0.2178 —0.02667
Piglelei 8 1.633 3138 1986 17 0.8468 0.204 0.226 0.2245  0.05193
Federai *-L 18 1.681 3949 2688 &3 0.8396 0.228 0.225 0.2253  0.00095
Federai*-S 9 1.641 3704 2376 91 0.8469 0.233 0.220 0.2208 —0.02167
Yealil-1 30 1.759 3896 2959 218 0.8395 0.224 0.225 0.2246  0.01078
Yealil-O 3 1716 2386 1708 514 0.7947 0.183 0.369 0.3316  0.27638

Starred locations are inhabited islands. Columns from left to right are: sampling locations, N: number of
samples, Na: Number of alleles; var: variable alleles; poly: polymorphic sites; private: number of private
alleles in the population; P: major allele frequency (average); Obs Het: observed heterozygosity; Exp Het:
expected heterozygosity; n (pi): nucleotide diversity; Fis: inbreeding coefficient

Table 2 Population structure in

i FAL ASO SOG MOG LAM SON PIG FEL FES YEI YEO
Montipora sp
Falalop *
Asor 0.063 *
Soghlei 0.064 0.016 *
Mogmog  0.083 0.024 0.007 *
Laam 0.042 0.004 -0.001 0.018 *
Sohng 0.086 0.029 0.01 0.029 0.005 *
Piglelei 0.043 0.016 -0.001 0.01 -0.014 0.008 *
Federai-L  0.059 0.026 0.013 0.024 0.001 0.022  0.006 *
Federai-S 0.061 0.048 0.034 0.046 0.047 0.049 0.022 0.052 *
Yealil-I 0.049 0.021 0.003 0.015 —-0.003 0.014 -0.005 0.005 0.026 *
Yealil-O  0.039 0.103 0.099 0.113 0.046 0.105 0.059 0.111 0.075 0.106

Fixation indexes (Fst) between populations of Montipora sp. in Ulithi

with Phred scores of <33 were discarded. The barcodes and ~ retaining loci which aligned in > 80% of individuals (r com-

restriction site residues (6 bp) were removed from the 5” end,
and this resulted in a final sequence length of 80 bp.

RAD analysis—The program STACKS version 2.2
(Catchen et al. 2011, 2013) was used to identify ortholo-
gous sequences among individuals. In order to optimize the
STACKS protocol, we followed published guidelines (Roch-
ette and Catchen 2017). Briefly, we first identified 20 indi-
viduals with the highest sequencing coverage and created
a catalog of loci based on these samples (using the ustacks
and cstacks components of STACKS). In addition, we opti-
mized the values of the parameters M and n (M and n values
were kept identical), by varying them from 1 to 9 as recom-
mended. We found that the optimal value for M and n was
3. We then included the remaining samples using ustacks.

Analysis of population structure—Using the population
component in STACKS, we further filtered the dataset by

@ Springer

mand, -r 0.8) in every population. In order to remove paral-
ogs, we used the minor alleles function of STACKS follow-
ing recommendations (min_mav 0.05). We then generated
genepop files using the populations component in STACKS
with the write_single_snp option (a single SNP was kept
for each locus), which were converted afterward using the
program PGDSpider V.2.1.0.3 (Lischer and Excoffier 2012).
As will be described below, seven samples turned out to be
a different species. We therefore repeated the analyses using
141 samples.

In order to ensure that clones (individuals resulting from
asexual reproduction) were not sampled multiple times,
kinship was assessed using GENODIVE (Meirmans 2020).
Genetic diversity and population genetic metrics were also
computed using GENODIVE. We examined genetic struc-
ture at neutral loci and outlier loci, separately, to investigate
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the possibility that different factors have shaped population
divergence in unique patterns. Population structure was ana-
lyzed using STRUCTURE, PCA, and DAPC approaches.
First, structure files from the STACKS populations output
were analyzed using a Bayesian approach in STRUCTURE
version 2.3.4 (Pritchard et al. 2000). Ten replicate runs were
performed for a range of K from one to seven, with 10,000
iterations as the burn-in parameter and 100,000 iterations
under the admixture model. The highest likelihood for K was
estimated according to the Evanno method (Evanno et al.
2005) implemented in Structure Harvester (Earl and von-
Holdt 2012). Second, we performed a principal component
(PCA) and a discriminant analysis of principal components
(DAPC) analysis (Jombart et al. 2010), which combines the
benefits of discriminant and principal component analyses
and is particularly useful to study differences between clus-
ters (i.e., sites or populations) as it utilizes a multivariate
approach to explore the entire variation in the data while
minimizing that within clusters. This analysis was performed
using the ADEGENET package in R (Jombart 2008) using
the vcf file produced by the STACKS populations output
used as an input file. The algorithm find.clusters identified
the plausible number of clusters by comparing Bayesian
information criterion (BIC) values, and the cross-validation
tool xvalDapc determined the number of principal compo-
nents that were retained.

Outlier loci—Although working with outliers might
incorporate a series of shortfalls (Bierne et al. 2011, 2013;
Lotterhos and Whitlock 2015), in particular on expanding
populations (Lotterhos and Whitlock 2015), they are used to
identify the potential diverging effects of selection between
populations (Gaither et al. 2015; Longo and Bernardi 2015;
Bernardi et al. 2016; Stockwell et al. 2016). Outlier loci were
identified using PCADAPT, a method that is particularly
robust when applied to expanding populations (Privé et al.
2020). Loci identifiers were then placed in “blacklists” and
“whitelists,” which were used to run population scripts again
for neutral and outlier analyses, respectively.

In order to determine if the ecological ‘weedy’ behav-
ior of Montipora sp. on disturbed habitats might be associ-
ated with natural selection, we used a subset of the sam-
ples where two ecological situations are most clear. On one
hand, we considered outside reefs that have a natural (low)
abundance of Montipora (Songh, Piglelei) and compared
them with lagoonal reefs that are overgrown by Montipora
(Mogmog, Soghlei, Asor). We pooled those individuals (67
individuals) in two separate populations (i.e., without dis-
tinguishing sampling localities within these two areas). We
then used PCADAPT to identify outlier loci. This resulted
in a set of 86 loci that are potentially under selection (out-
lier loci). PCADAPT, however, does not distinguish between
loci that are under balancing selection (very low Phi st—
®st) and those under directional selection (very high ®st),

which is the type of selection this study is most interested
in. We therefore used a stringent filter, where only those loci
with ®st values higher than 0.1 were kept (67 loci). We then
used those loci to analyze our entire dataset of individuals
(137 samples).

Genome Fst scans—A Genome-Wide Fst scan analysis
was carried out in order to gain insight into how the RAD-
seq loci were distributed across the genome and whether
outlier loci showed genomic patterns of colocalization
(usually due to genomic rearrangements) or a more random
distribution. Taking advantage of the inter-chromosomal
synteny in corals, we scaffolded the Ulithi Montipora sp.1
aff. capitata genome (NCBI GenBank assembly accession:
PRINAS812941, see Supplementary Materials for the genome
assembly) into chromosome-scale pseudomolecules (CSPs)
using the chromosome-level Montipora capitata v2 (avail-
able at: http://cyanophora.rutgers.edu/montipora) assembly
as a reference. CSPs were obtained using RagTag (Alonge
et al. 2019, 2021), a tool to order and orient draft assem-
bly sequences to a reference assembly. We increased -i, the
minimum grouping confidence score for localization, from
the default of 0.2 to 0.5 to prevent low confidence contigs
from localizing to CSPs. RADseq loci generated from the
STACKS catalog were then aligned to the Montipora sp CSP
assembly using BOWTIE2 v2.4.1 (Langmead et al. 2009)
with the very-sensitive-local parameter. Locus-specific Fst
values were generated with HIERFSTAT package in R using
two populations.

Functional analyses—All outlier loci were compared to
GenBank entries with BLAST, where E-values of 0.001 and
below were kept and recorded (probability of obtaining the
same result by chance <0.001). When protein coding match-
ing sequences were found, their function was classified using
KEGG (Kyoto Encyclopedia of Genes and Genomes) assign-
ments (Kanehisa et al. 2007).

Results

Loci and Polymorphism Statistics—We used 148 individuals
to create a STACKS catalog of loci. Following optimiza-
tion of the genotyping catalog in STACKS (Rochette and
Catchen 2017), 6582 loci were kept, and of those, 3240 were
polymorphic loci that passed all filtering criteria.

Cryptic species—Population structure analyses identi-
fied seven individuals as being genetically different than
the rest of the samples (Fig. 3). While samples could not
be morphologically distinguished, we found that six out
of nine samples from Yealil-Outside, and one out of 17
samples collected at Federai landing, belonged to this rela-
tively uncommon species (Fig. 3, blue barred individu-
als). The fixation index between the two genetic groups
was consistent with the presence of two putative cryptic

@ Springer
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Fig. 3 Structure plot of all samples based on all SNPs (6582 loci,
only one SNP was used for each locus). Two genetic clusters (K=2)
are shown; sample locations are labeled below the figure

species (Fst=0.788) (Wu et al. 2018; Christmas et al.
2021). The most common species therefore included the
majority of samples (141 individuals).

Kinship analyses—Kinship analyses were performed on
141 Montipora sp.1 aff. capitata individuals to ascertain
that collected individuals were not genetically identical
due to biased sampling of individuals issued from asexual
reproduction. For this analysis, 6919 loci were identified,
and of those, 3422 were polymorphic. We found that two
individuals collected next to each other were genetically
identical (population Yealil-Inside, samples 12 and 13), we
therefore removed sample 13 and kept sample 12. All other
individuals were genetically unique and were included in
subsequent analyses.

Genetic diversity in Ulithi Atoll—The remainder of the
analysis was done on 137 Ulithi samples belonging to a
single species, Montipora sp.1 aff. capitata. From the orig-
inal 148 sample file, we removed seven individuals that
belonged to Montipora sp.2 aff. capitata, one individual
sampled twice (YEI 13) and three individuals collected
outside of Ulithi (Fiji, Woleai, and Yap). With this final
dataset, we obtained 6918 loci that passed all filtering cri-
teria, and of those, 3422 were polymorphic.

There were no major differences between the genetic
characteristics of the different sampling locations in Ulithi.
While genetic diversity © (pi) values were very similar
among locations (Table 1; average 0.23, st.dev 0.03),
observed heterozygosity was particularly low in Falalop
(0.096). Sample size there is low; only five individuals
were sampled; however, other locations with small sample
sizes, such as Yealil-outside (three samples) and Laam
(five samples), did not show such low heterozygosity
(0.183 and 0.223, respectively). The number of private
alleles was very different among localities, the highest
being found at Yealil-outside, where 514 private alleles
were observed, but based on only three samples.

@ Springer

Population structure analyses—While the sample num-
bers varied between collection localities, they did not sig-
nificantly correlate with the number of usable loci, aver-
age number of alleles (i.e., levels of polymorphism), and
observed heterozygosity (Table 1) for each location, suggest-
ing that performing a comparison between locations with
different sample sizes is appropriate.

Neutral loci—As mentioned above, out of 6918 loci, 3422
were found to be polymorphic. Of those, 86 were identified
as outliers (see below); thus, we used the remaining 3336
polymorphic neutral loci for this portion of the analysis. As
expected, gene flow among locations was very high (aver-
age pairwise Fst=0.025; average pairwise ®st=0.029).
Pairwise Fst’s were slightly elevated when comparing each
of Falalop and Federai South to other sampling localities.
(Average pairwise Fst’s with other sampling localities were
0.054 and 0.039, respectively.)

STRUCTURE HARVESTER suggests that our data reach
the highest likelihood when clustered in two (K =2) genetic
groups (Fig. 4, upper panel). STRUCTURE results reflect
the Fst values described above, where sampling localities
do not show a clear genetic clustering trend. This is also
reflected in the PCA analysis (Fig. 4, lower left panel).
The DAPC analysis, however, showed a slight separation
of Songh and Federai South from the rest of the samples
(Fig. 4, lower right panel).

Outlier loci— PCADAPT was used on pooled individuals
(67 individuals) in two separate populations that represented
‘pristine’ and ‘weedy’ areas of the reef (see Supplemen-
tary Figure S1 for the PCA analysis results). Keeping only
loci with high ®st values (potential directional selection)
retained 67 loci. Those loci were then used to analyze the
entire dataset of individuals (137 samples).

As expected, the population differentiation was higher for
outlier loci (pairwise average Fst: 0.058, F’st=0.086). The
values were higher when comparing populations in ‘pris-
tine’ vs ‘phase-shifted” areas (pairwise average Fst: 0.092,
F’st=0.138), and more so when only comparing those origi-
nal 67 individuals used to identify outlier loci (Fst=0.153;
F’st=0.231).

This pattern was again mirrored by STRUCTURE, PCA,
and DAPC analyses. Indeed, the STRUCTURE analysis
(Fig. 5, upper panel) based on 67 outlier loci showed that
genetic clusters more clearly partitioned sampling sites
compared to the analysis based on neutral loci (Fig. 4,
upper panel). The STRUCTURE analysis shows a partition
between northern sites (Falalop, Asor, Soghlei, Mogmog)
and the southern sites (Songh, Piglelei, Federai and Yealil),
with Laam looking like an intermediate, transitional site.
Indeed, the northern site individuals display an average
70.00% of the orange genetic cluster (30.00% blue), while
the southern individuals comprise 35.24% of the orange
genetic cluster (64.76% blue). The most extreme locality is
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Fig. 4 Analyses of Montipora sp.1 aff. capitata from Ulithi Atoll
based on 3336 neutral loci. Structure plot, principal components
analysis (PCA), and discriminant analysis of principal components

Songh, with individuals comprising an average 88.48% blue
genetic cluster (11.52% orange), while individuals from the
transition locality Laam comprise a more moderate 39.00%
and 61.00% orange and blue clusters, respectively.

The PCA analysis (Fig. 5, lower left panel) does not show
any particular population trend, while the DAPC analysis
again showed a separation of Songh from the rest of the
samples (Fig. 5, lower right panel).

Genome-Fst scans — The goal of the Fst scan analysis
was to determine if outlier loci are either clustered in a
specific region of the genome, or if there are areas of the
genome with structural variants. This analysis showed that
loci under selection did not cluster on a particular region of
the genome (chromosome), as the highest GenBank matches
were found across all 14 Montipora capitata chromosomal
regions (Fig. 6).

Functional analyses—When comparing outlier loci
with GenBank, we found that out of 67 outlier sequences,
61 had GenBank highest matches with all 14 Montipora

(DAPC) cluster plots are shown in the top, left bottom, and right bot-
tom panels, respectively

capitata chromosomal regions (Table S1). A single outlier
was found in each of chromosomes 6 and 13, while 12
outliers matched regions of chromosome 5 of Montipora
capitata. Nevertheless, outlier loci were matched with
regions found in each of the 14 Montipora capitata chro-
mosomes, indicating that outliers are widespread through
the genome. This result is consistent with the Fst genome
scan results discussed above (Fig. 6). There were, how-
ever, very few protein coding genes that were identified
by our searches. Indeed, only three genes matched outlier
loci: serine/threonine kinase (identified by KEGG as an
environmental information processing protein), ankyrin,
and amidase, which are metabolic genes). The fact that
only three genes were identified is in part due to the fact
that RADseq markers represent a very small percentage
of the genome, and also likely due to the fact that coral
genomes are still poorly known and annotations remain
difficult.
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Discussion

In the past few decades, several coral reefs in Ulithi Atoll
have experienced a phase shift from a diverse assemblage
of corals to a predominantly Montipora dominated state
(Crane et al. 2017). These reefs are mostly found inside
the lagoon, and often (but not always) at disturbed sites.
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On the outer reef slopes, Montipora is present but at low
density, as is commonly seen in other typical Indo-Pacific
reefs (Franklin et al. 2013). The goal of this study was
to determine if outer reef slope, ‘outside,” and lagoonal,
‘inside,” individuals were genetically different, and if natu-
ral selection played a role in the weedy nature of lagoonal
colonies.
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Presence of multiple species—Due to the complex logis-
tics of working in remote atolls, our study was done free-
diving, at shallow depths (up to 5 M). We found that our
samples comprised two cryptic species. The less common
species is mostly found at the leeward Yealil-Outside site,
which is facing the open ocean on a steep outer slope. While
poorly represented in our samples, it is possible that the less
common species is abundant in deeper water, where we did
not collect samples, but would more likely be prevalent in a
site such as Yealil-Outside.

A STRUCTURE analysis shows that some genetic mate-
rial may be shared between the two species. (Individuals
contain colors from both genetic clusters, Fig. 2.) This may
be due to some low level of introgression via gene flow
between species, or some remnants of unsorted loci. The
one sample from Fiji does contain some genetic material
from the blue cluster (Fig. 2) and is unlikely to have experi-
enced recent gene flow with Ulithi individuals. It is therefore
more likely that the small amount of genetic material from
alternative genetic clusters, as seen in a few individuals, is
the result of unsorted ancestral shared loci.

Genetic diversity—Genetic diversity analysis did not
provide strong evidence for any particular trends. In recent
years, Montipora has quickly expanded into the island of
Falalop, that is at the northeastern edge of the Ulithi Atoll
(Fig. 1). The lowest levels of Observed heterozygosity at
that location (0.096, Table 1) may reflect that ecological
transition, but the low sample size indicates that these data
should be interpreted cautiously.

Population structure trends—In general, small geo-
graphic scales, particularly in marine environments, do not
lend themselves to strong population structure. The fact that
only two individuals out of 138 were genetically identical
suggests that sexual reproduction is likely to be a dominant
feature of Montipora sp.1 aff. capitata in Ulithi. This is
counter to the common local belief that Montipora propa-
gated quickly among Ulithi locations due to human move-
ment between islands and unintentional fragmentation due to
anchoring activities. This also offers an opportunity for pop-
ulation structure to be observed if propagules do not settle
randomly, or if selection hinders or favors given genotypes.

Results presented here show that little genetic structure
was observed using neutral loci. This result is consistent
with extensive mixing of propagules. In contrast, genetic
partitioning was observed for the dataset based on outlier
loci, suggesting that some propagules may undergo natu-
ral selection. Outlier loci were identified using a subset of
samples restricted to outer ‘natural’ reefs and phase-shifted
reefs. Yet, when those loci were tested using samples col-
lected at all locations, northern and southern locations
partitioned in two genetic clusters (Fig. 5, upper panel), as
opposed to just outer ‘pristine’ reefs and phase-shifted reefs.
This may suggest that phase-shifted reefs are the result of

specific genotypes that are not just restricted to reefs where
Montipora-dominated “breakouts” have occurred. Since
neutral loci do not show structure, it is likely that propagules
disperse extensively around the Atoll. Yet only a subset of
them, which carries outlier loci, may survive in specific con-
ditions. Most shifted reefs are within the lagoon and in front
of villages. It may be the case that water conditions (high
temperatures and nutrients, limited mixing) are the limiting
factors that select specific genotypes, allowing Montipora
sp. to thrive, while weakening other species of corals, thus
shifting the balance among species. Importantly, the type of
reef (pristine vs phase-shifted) and localities are correlated,
because most phase-shifted reefs happen to be in the north
of the Atoll. It is therefore impossible to definitively tease
out the potential effects of selection and locality.

Natural selection and local adaptation—Recent develop-
ments in genomic approaches provide enhanced power to
identify genes under selection and their genomic locations.
Yet, seldom do we know the actual function of a given gene.
This is even more true when dealing with organisms poorly
characterized at the genomic level such as corals. Here,
we identified 67 loci that are potentially under directional
selection, but only 3 were potentially associated with protein
coding genes. It would be instructive to study each gene
separately and rank them according to their level of fixation,
paying closer attention to those genes that are nearly fixed,
a potential indication of stronger selection levels. For exam-
ple, the two genes that display the highest fixation indexes
between outer reefs and phase shifted reefs are the ankyrin-3
and the serine/threonine-protein kinase 36. These are genes
that are likely to play an important role in this context, yet
little is known about their function in corals.

Conclusion

Phase shifts on coral reefs have been hailed as an important
consequence of the global degradation of marine tropical
environments. These phase shifts can have consequences
to the ecological integrity of reefs and to the people who
rely on them (Hoegh-Guldberg et al. 2019; Hughes 2022).
Healthy stony corals to macrophyte phase shifts are well
known and have been studied extensively (Bruno et al. 2009;
Hughes 2022). Yet phase shifts to monospecific coral assem-
blages have been less well documented. Here, we studied an
unusual shift, from a diverse stony coral system, to a system
where a single stony coral becomes predominant and vastly
modifies the overall ecology of the reef as a result (Crane
et al. 2017). It is possible that current abiotic factors (warm-
ing and acidification) may favor some corals over others and
that this type of shift might become more common in future.
Understanding the nature of these shifts, and the potential
consequences to ecosystem function, is therefore imperative
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to our collective understanding of the future of coral reefs,
and communities that rely on them.

The use of corals that thrive in changed environments has
been seen both as a window to what future reefs will look
like, and as potential candidates for reef restoration (Van
Oppen et al. 2015; Hughes et al. 2017; Camp et al. 2018;
Morikawa and Palumbi 2019; Schmidt-Roach et al. 2020).
This study shows that selection and adaptation may be con-
tributing to the success of a stony coral (e.g., phase shift),
which may be leading to ecosystem degradation. While a
stony coral may be successful in a disturbed environment,
it does not necessarily provide the type of habitat that is
conducive to high fish biomass and coral diversity. These
results serve as a cautionary tale for restoration efforts that
focus on single species coral resilience rather than ecosys-
tem function.
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