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Abstract :
Aim

Convergence, stasis and plasticity can frequently confound our understanding of species distributions in
the seas. Yet delimiting species and understanding population connectivity across marine environments
is mandatory for establishing appropriate management of coral reefs, which are experiencing critical
declines. We test whether morphospecies from Pocillopora corals found on outer reef slopes are unique
species or species complexes, in order to correctly define their respective distributions and consequently
to accurately assess their population connectivity.

Location

Archipelagos and islands of the Western Indian Ocean and the Southern Pacific (New Caledonia, Tonga,
French Polynesia).

Taxon

Pocillopora eydouxi/meandrina and Pocillopora verrucosa morphospecies (Scleractinia).

Methods

We analysed the 13-microsatellite genotypes of 4837 colonies from six understudied ecoregions in the
southern part of the genus distribution, to first explore the genetic partitioning within morphospecies. We
then characterized the spatial distribution of each delimited species and analysed patterns of genetic
diversity and connectivity for each species separately.

Results

Both morphospecies are complexes of species, each found almost exclusively in the Indian or the Pacific

Oceans. Moreover, some of these cryptic species are found in sympatry over their whole distribution,
which sometimes was very restricted. However, within each species, genetic diversity and connectivity
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were relatively high, although some populations were found differentiated for some species, while not for
others.

Main conclusions

A weak connectivity was found between the Indian and Pacific Oceans, but high connectivity within both
oceans, supporting the existence of a barrier impeding gene flow between both ocean basins in
Pacillopora. Although constrained by the same geography and current patterns, some sympatric species
present different connectivity patterns, demonstrating the importance of multi-species connectivity models
to set up appropriate management plans.

Keywords : Bayesian assignments, cryptic diversity, genetic connectivity, Indo-Pacific, microsatellites,
Pacillopora, scleractinians, species hypotheses
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SIGNIFICANCE STATEMENT

Pocillopora corals are widely distributed through the Indo-Pacific and play crucial roles in reef
ecosystems functioning. Yet, some species remain understudied in terms of genetic connectivity.
Here, based on 13-microsatellite genotypes, we first delimited the species within Pocillopora
morphospecies found on outer reef slopes, to then assess the population connectivity in the Western
Indian Ocean and the Southern Pacific. We revealed a weak connectivity between, but not within,
both regions, with different patterns among species even in sympatry.
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INTRODUCTION

Genetic connectivity, the process linking habitat patches and populations through the exchange of
organisms, and, ultimately, gene flow across the marine environment, is a key driver of population
dynamics, genetic structure and diversification processes of marine organisms (€.g. Bowen, Rocha,
Toonen, & Karl, 2013; Cowen, Gawarkiewicz, Pineda, Thorrold, & Werner, 2007). Knowledge of
seascape and population connectivity ideally forms the basis for the definition of management and
conservation units (Cowen et al., 2007). However, studying population genetic connectivity is first a
matter of knowing what we work on, i.e. accurately delimiting evolutionary units (e.g. Sheets,
Warner, & Palumbi, 2018). Indeed, the populations among which we want to assess exchanges of
alleles must be comprised of individuals that belong to a unique and same species, in order to estimate
genetic distances among comparable entities (i.e. the units of connectivity). In other words,
incorrectly delimiting species and misidentifying these units of connectivity make us missing the
point from an ecological and evolutionary point of view, as connectivity is hidden by the differences
in species proportions at each location.

Accurately estimating population genetic connectivity is particularly relevant for coral reefs.
Indeed, as coral reefs face multiple threats (e.g. global warming, habitat destruction, overfishing,
ocean acidification; reviewed in Wilkinson, 1999), some international initiatives were set up in order
to estimate health of coral reef ecosystems and to get a better knowledge of reef functioning for their
conservation and management [e.g. International Coral Reef Initiative (ICRI), Global Coral Reef
Monitoring Network (GCRMN)]. Often, data at the basis of such conservation and management plans
are list of species and estimation of connectivity (via population genetics, otolithometry or dispersal
modelling) with the ultimate goal of creating networks of Marine Protected Areas (MPAS).

One of the key components of Indo-Pacific reefs are the corals from Pocillopora genus as its
branching colonies are abundantly distributed in the whole Indo-Pacific and the Red Sea, making it
the main bio-constructor in some places (e.g. Benzoni, Bianchi, & Morri, 2003). Although playing a
crucial role and being the object of numerous ecological studies, a complete taxonomic revision of
the genus found that under some species names (exclusively defined by morphological characteristics
of the colony, i.e. morphospecies), are grouped different divergent lineages (Gélin, Postaire, Fauvelot,
& Magalon, 2017; Schmidt-Roach, Miller, Lundgren, & Andreakis, 2014). For example, for
P. damicornis, five lineages have been described and some of them can be found in sympatry at the
reef scale, without being distinguishable morphologically at first glance in the field. Thus, genetic
and ecological studies dealing with P. damicornis prior to this revision may be examined with caution.
Using genetic species delimitation methods (independently of morphology), Gélin et al. (2017)
defined within the Pocillopora genus 16 Primary Species Hypotheses (PSHs sensu Pante et al., 2015)
and a few of these PSHs were partitioned into several Secondary Species Hypotheses (SSHs sensu
Pante et al., 2015). Furthermore, some PSHs, and even more some SSHs, were found to be
geographically restricted, while the corresponding morphospecies were thought to be widely
distributed over the whole distribution range of the genus (Veron, 2000). For example, the
morphospecies P. eydouxi/meandrina (sensu Schmidt-Roach et al., 2014 and corresponding to
Pocillopora PSHO09 in Gélin et al., 2017) is sub-divided in three SSHs: one is restricted to the Indian
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Ocean, while the two others to the Pacific, and in sympatry at the reef scale (Gélin, Fauvelot, Bigot,
Baly, & Magalon, 2018). Examining the genetic diversity of each SSH more deeply revealed that
each SSH is subdivided into highly differentiated clusters, also found in sympatry at the reef scale
(Gélin, Fauvelot, et al., 2018). These clusters could represent distinct species, or distinct genetic
lineages engaged in a speciation process, but an integrative taxonomic study is needed to fully
conclude where to put species boundaries. Thus, distinguishing SSHs, and even less clusters, on
corallum macromorphology (i.e. on macromorphological characters such as the overall growth form
of the colonies, or the branches shape and thickness) seems not possible, making sampling in the field
quite tricky for studies that wish to work on the same species (e.g. Brener-Raffalli et al., 2018). It
seems crucial to identify Pocillopora colonies molecularly prior to experiments or analyses to know
what we are working on, if we want to be more precise than the genus level. Thus, this nested
partitioning (PSH > SSH > Cluster), reminding of Russian dolls, obliges to think about the unit on
which connectivity should be assessed. Whatever the causes facing this fine partitioning, the matter
is not how to estimate connectivity but on what. Meanwhile, we considered both SSHs and clusters
as our reference units and assessed genetic differentiation among populations at both levels of
partitioning to not miss the true image of connectivity.

Moreover, with exception of P. damicornis sensu lato that is found often in shallow water and
thus easily accessible by snorkeling, some species from Pocillopora genus remained underexplored
in terms of genetic connectivity as they are found in outer reef slopes (i.e. in deeper water implying
scuba-diving to be sampled), despite their undeniable role in reef ecosystems over the Indian and
Pacific Oceans. This is particularly true for the P. eydouxi/meandrina species complex (PSH09), for
which almost no data is available (this was only addressed superficially in Gélin, Fauvelot, et al.,
2018), for P. verrucosa (PSH13) with few studies available (e.g. Ridgway, Riginos, Davis, & Hoegh-
Guldberg, 2008; Souter, Henriksson, Olsson, & Grahn, 2009), and for some recently delimited PSHs
found in restricted area (e.g. PSH14 in French Polynesia and called P. meandrina in Magalon,
Adjeroud, & Veuille, 2005). In front of such a lack of knowledge, we explored the genetic diversity
of colonies from these three PSHSs, sampled in three marine provinces located at the southern part of
the genus distribution range, which are largely understudied: the Western Indian Ocean, the Tropical
Southwestern Pacific and the South-East Polynesia, using 13 microsatellite loci. Our aim was first to
explore the genetic partitioning within PSH13 and PSH14, as was realized for PSH09 (Gélin,
Fauvelot, et al., 2018), in order to define the connectivity units (i.e. the SSHs and the clusters) and to
characterize their distribution range. Then, once these units were defined, the genetic structure and
connectivity among populations were assessed for each unit separately, at different spatial scales
(site < island < ecoregion < province) and partitioning levels (SSH and cluster), in both oceans. The
resulting connectivity patterns were then compared among them.

MATERIALS AND METHODS

Sampling

Colonies of Pocillopora were sampled [branch tip + photographs except for Tromelin Island and the
Society Islands], independently of their corallum macromorphology (a non-discriminant character in
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this genus; Gélin et al., 2017; Pinzon et al., 2013; Schmidt-Roach et al., 2014), from March 2001 to
October 2016, in three marine provinces: the Western Indian Ocean (WIO), the Tropical
Southwestern Pacific (TSP) and the South-East Polynesia (SEP), extended over six ecoregions
(Spalding et al., 2007). The sampling followed a hierarchical scheme with several islands within a
province and several sites within an island (province > ecoregion > island > site; Fig. 1; see
Appendix S1, Table S1.1 in Supporting Information). It represented a total of 16 islands (including
large islands: Madagascar and New Caledonia), a hundred sampling sites, and over 9,000 Pocillopora
colonies. For a given site, colonies were usually sampled at the same depth, during one single dive,
so that the range of sampling for each site did not exceed some hundreds of square meters and the
distance between two colonies within a site varied from few centimeters to few meters, depending on
the density of Pocillopora colonies.

DNA extraction, microsatellite genotyping and PSH identification

From the sampled colonies, DNA was extracted using DNeasy Blood & Tissue kit (Qiagen™).
Colonies were genotyped using 13 microsatellite loci as in Gélin et al. (2017). Then, to identify
colonies belonging to the three PSHs studied here (PSHO09, PSH13 and PSH14), all colonies were
assigned to one of the PSHs delimited in Gélin et al. (2017), using Bayesian assignment tests
performed with STRUCTURE 2.3.4 (Pritchard, Stephens, & Donnelly, 2000) and considering an
assignment probability P > 0.75, as in Gélin, Fauvelot, et al. (2018): over the ~ 9,000 sampled
colonies, 2,507 were assigned to PSH09, 2,162 to PSH13 and 168 to PSH14 (i.e. a total of 4,837
colonies; see Appendix S1, Table S1.1).

Identifying SSHs and clusters within PSH13 and PSH14

As for PSH09 (see Gélin, Fauvelot, et al., 2018), we used and compared the results of assignment
tests [STRUCTURE (Pritchard et al., 2000) and DAPC (Jombart, Devillard, & Balloux, 2010)],
Minimum Spanning Trees (MST; EDENETWORKS 2.18; Kiveld, Arnaud-Haond, & Saramaki, 2015)
and Fst (Weir & Cockerham, 1984) to confirm or infirm the existence of the three SSHs previously
described for PSH13 (SSH13a, SSH13b and SSH13c; Gélin et al., 2017), and to explore the genetic
partitioning within PSH14. Then, each confirmed SSH was analyzed separately to determine the
number of clusters within each of them, as in Gélin, Fauvelot, et al. (2018).

As said, all further analyses were led both at the SSH and the cluster levels. A population was
thus defined as all the colonies assigned to a given SSH or a given cluster with an assignment
probability P > 0.75, sampled at the same site and the same date. Therefore, for PSHQ9, the admixed
colonies (i.e. with an assignment probability P to any cluster < 0.75) found in the previous analyses
from Gélin, Fauvelot, et al. (2018) were removed for further analyses at the cluster level, differing
slightly the number of colonies for each confirmed cluster.

Genetic diversity and population structure within each SSH and each cluster
First, considering the whole dataset (i.e. the 4,837 colonies from PSH09, PSH13 and PSH14),
identical Multi-Locus Genotypes (MLGs) were identified using the package ‘RClone’ (Bailleul,
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Stoeckel, & Arnaud-Haond, 2016) from the software R 3.1.1 (R Core Team, 2016), to check for
clonal propagation.

For further analyses, only the populations with a number of colonies N > 10 were considered.
Linkage Disequilibrium (LD) was tested using ARLEQUIN 3.5 (Excoffier, Laval, & Schneider, 2005)
among all pairs of loci within each population with 10° permutation tests. Null allele frequencies and
other potential technical biases were assessed with MICRO-CHECKER 2.2.3 (van Oosterhout,
Hutchinson, Wills, & Shipley, 2004). The mean numbers of alleles and private alleles per locus and
per population (Na and Np, respectively) were estimated using the R package ‘poppr’ (Kamvar,
Tabima, & Griinwald, 2013). Observed (Ho) and expected (He) heterozygosities and tests for Hardy-
Weinberg equilibrium were computed using ARLEQUIN within all populations and over all loci.

Then differentiation indices between pairs of populations [Fst (Weir & Cockerham, 1984) and
Dest (Jost, 2008)] were estimated with FSTAT 2.9.3 (Goudet, 2001) and the R package ‘diveRsity’
(Keenan, McGinnity, Cross, Crozier, & Proddhl, 2013), respectively.

Mantel tests (Mantel, 1967) were performed using R (R Core Team, 2016) to evaluate the

correlation between the linearized genetic differentiation [Slatkin (1995)’s distance: %] and the In
—Ist

of the geographic distance among populations. Barrier analyses were also performed with the
BARRIER 2.2 program (Manni, Guérard, & Heyer, 2004), to highlight the geographic areas with
pronounced genetic discontinuity between populations within each connectivity unit. The
geographical coordinates and genetic distances [Nei (1978)’s standard genetic distances] were thus
connected by Delauney triangulation such that each connection had an associated distance, and
barriers were identified using a Monmonier (1973) maximum distance algorithm. Barriers support
was assessed through 1,000 distance matrices bootstrapped over loci with MICROSATELLITE
ANALYZER 4.05 (MSA; Dieringer & Schlétterer, 2003).

Finally, for each SSH and each cluster, a population-based network using the Fst distance was
built with EDENETWORKS 2.18 (Kivela et al., 2015). The percolation threshold (Dpe; i.e. the Fsr
threshold below which the network is fragmented; Rozenfeld et al., 2007) was calculated for each
network, but all networks were built at the same threshold (defined arbitrary at 0.10) to allow their
comparison.

RESULTS

SSH and cluster identification and geographical distribution range

PSH13

Concerning PSH13, the assignment tests and the MST performed with 2,162 individuals confirmed
the existence of the three SSHs previously found on a lower number of colonies (N psH1z = 297 in
Gélin et al., 2017): 1,351 colonies were assigned to SSH13a, 195 to SSH13b and 616 to SSH13c
(Fig. 2; see Appendix S2 for more details). Fst between pairs of SSHs varied from 0.148*** to
0.275*** (mean Fst = 0.213; see Appendix S2, Table S2.4). To ease reading, when speaking of all
the SSHs of a given PSH, we will designate them by SSHXXs (e.g. SSH13s for all the SSHs of
PSH13).
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For SSH13a and SSH13b, both restricted to the WIO, STRUCTURE and DAPC did not indicate
congruent results whatever the K value considered (see Appendix S2, Fig. S2.3). Thus, both SSHs
were considered to be composed of one unique cluster each. They were often found in sympatry at
the reef scale (30 sites over 39), but SSH13a was the most abundant, with 32 populations presenting
N > 10 (N varying from 1 to 90), while only four populations showed N > 10 for SSH13b (N varying
from 1 to 41; Table 1; Fig. 3b; see Appendix S1, Table S1.1).

On the contrary, SSH13c was mostly found in the TSP, within 32 populations with N varying
from 1 to 54 (17 populations with N > 10; Table 1; see Appendix S1, Table S1.1). For this SSH,
STRUCTURE and DAPC showed congruent results at K = 2, but not at higher K values (see
Appendix S2, Fig. S2.3), while the MST did not retrieve them obviously (see Appendix S2, Fig. S2.4).
The Fsr between both groups was 0.141***. Thus, SSH13c was partitioned into two clusters,
SSH13c-1 and SSH13c-2 (P > 0.75; N ssHizc1 = 206; N ssHize-2 = 189; Fig. 2a). Both clusters were
often found in sympatry in the TSP (18 sites over 25). Over 25 and 21 populations respectively,
SSH13c-1 presented eight populations with N > 10, while SSH13c-2, 11 populations (both clusters:
N varying from 1 to 27; Table 1; Fig. 3e; see Appendix S1, Table S1.1).

PSH14

For PSH14 (N psH14 = 168), STRUCTURE and DAPC did not indicate congruent results whatever the
K value considered, and STRUCTURE assigned all colonies to each genetic group in similar
proportions, suggesting no further genetic partitioning (see Appendix S3). Therefore, PSH14 was
comprised of a unique SSH, so called SSH14, without any further partitioning, found exclusively
within the six sampled sites from the SEP (N varying from 17 to 29; Table 1; see Appendix S1,
Table S1.1).

PSHO09
As already shown in Gélin, Fauvelot, et al. (2018), PSHQ9 is divided into three SSHs: SSH09a,
SSHO09b and SSHO9c.

SSHO09a, which is exclusively found in the WIO (N sshosa = 1,403), is divided into three
divergent clusters (mean Fst = 0.103; see Appendix S4, Table S4.5), found in sympatry in all sites
that were explored (Fig. 3a; see Appendix S1, Table S1.1). However, they differed consistently in
their abundance, SSH09a-2 being far less abundant than the two others (N ssHosa-t = 600;
N ssHoga-2 = 237; N ssHosa-3 = 473). Over 38 populations (N varying from 1 to 33), SSH09a-1 and
SSHO09a-3 presented 30 and 25 populations with N > 10 while SSH09a-2 only six populations
(Table 1; see Appendix S1, Table S1.1). Considering the whole SSH, 37 populations had N > 10 (N
varying from 9 to 68; Table 1; see Appendix S1, Table S1.1).

Concerning SSH0O9b (N ssHogn = 323), 13 populations over 27 had N > 10 (N varying from 1 to
43; Table 1; see Appendix S1, Table S1.1). This SSH is divided into two clusters (SSH09b-1 and
SSHO09b-2; Fst = 0.128***), both found exclusively in the TSP [except some colonies of SSH09b-1
found in the WIO (12 over 244) and in the SEP (10 over 244)]. SSH09b-2 was always found in
sympatry with SSHO9b-1, this latter presenting a larger distribution, even in TSP (Chesterfield
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Islands), and being the most abundant (N ssrogb-1 = 244; N ssHoob-2 = 62) with 10 populations with
N> 10 over 27 (vs. 1 over 14 for SSH09b-2; N varying from 1 to 36 for both clusters; Table 1; Fig. 3c;
see Appendix S1, Table S1.1).

For SSHO9c¢ (N ssHoge = 781), divided into three clusters (mean Fst = 0.127; see Appendix S4,
Table S4.6), SSH09c-3 presented the largest distribution (WIO and TSP), while SSH09¢-1 was only
found in Chesterfield Islands (TSP) and SSH09c-2, the most abundant cluster (N ssHoge-1 = 273;
N ssHoac-2 = 302; N ssHoge-3 = 181), only in New Caledonia and Loyalty Islands (TSP). These two latter
were found in sympatry with the former. Ten populations over 11, 14 and 25 were found with N > 10
for SSHO09c-1, SSH09c-2 and SSHO9c¢-3, respectively (N varying from 1 to 50 for the three clusters;
Table 1; Fig. 3d; see Appendix S1, Table S1.1), while 22 populations over 37 had N > 10 for SSH09c
(N varying from 1 to 56; Table 1; see Appendix S1, Table S1.1).



271  Table 1 Pocillopora PSH09, PSH13 and PSH14 summary statistics for each Secondary Species Hypothesis (SSH) and each cluster.
PSH
SSH Ntot N  Npop Npopio Na Np Ho He Fis
Cluster min max min max min max min max min max
PSH09
SSHO09a 1,403 9-68 38 37 4.18+0.69 838+1.19 0.00+0.00 0.38+0.18 0.31+0.08 0.43+0.10 0.48+0.09 0.65+0.08 0.183\S 0.524***
SSH09a-1 600 2-33 38 30 3.00+0.59 6.85+0.85 0.00+0.00 0.31+0.17 0.33+0.06 0.43+0.07 0.44+0.08 0.61+0.08 0.043S 0.459**
SSH09a-2 237 1-14 37 6 3.75+0.64 515+0.73 0.00+0.00 0.33+0.19 0.33+0.09 0.46+0.10 0.49+0.09 0.60+0.08 0.113\S 0.340**
SSH09a-3 473 2-24 38 25 3.09+0.61 6.15+1.07 0.00+0.00 0.18+0.12 0.31+0.09 0.46+0.09 0.36+0.08 0.61+0.08 0.029NS 0.410***
SSHO9b 323 143 27 13  4.08+0.42 7.00+124 0.00+0.00 0.23+0.17 0.38+0.07 0.51+0.07 0.57+0.09 0.70+0.06 0.231** 0.402**
SSHO9b-1 244 1-36 27 10 4.08+0.42 658+1.12 0.00+0.00 0.25+0.13 0.38+0.07 0.53+0.07 0.59+0.07 0.72+0.08 0.195* 0.406**
SSHO9b-2 62 1-22 14 1 4.77+£0.61 0.85+0.25 0.41 +0.07 0.57 +0.07 0.317**
SSH09c 781 1-56 37 22 367+0.80 6.38+0.63 0.00+0.00 0.38+0.14 0.23+0.07 0.34+0.07 0.40+0.07 0.54+0.08 0.301NS 0.520***
SSHO09c-1 273 1-38 11 10 4.31+0.63 554+0.79 0.00+0.00 0.31+0.17 0.23+0.07 0.32+0.07 0.39+0.08 0.49+0.08 0.231* 0.418**
SSH09c-2 302 2-50 14 10 3.67+0.80 6.38+0.63 0.08+0.08 0.85+0.27 0.24+0.07 0.34+0.07 0.44+0.11 0.51+0.08 0.242* 0.520***
SSH09c-3 181 1-21 25 10  3.42+0.66 4.92+0.62 0.00+0.00 0.31+0.13 0.24+0.08 0.36+0.08 0.39+0.09 0.55+0.07 0.250NS 0.436**
PSH13
SSH13a 1,351 1-90 38 32 5.08+0.57 862+0.63 0.00+0.00 0.38+0.24 0.39+0.06 0.55+0.09 0.62+0.05 0.72+0.06 0.195* 0.365**
SSH13b 195 141 31 4 391+053 577+0.81 0.09+0.08 0.46+0.18 0.31+0.07 0.36+0.07 0.52+0.08 0.56+0.08 0.333** 0.384**
SSH13c 616 1-54 32 17  4.00+055 7.00+0.58 0.00+0.00 0.31+0.24 0.34+0.06 0.46+0.06 0.57+0.07 0.70+0.04 0.167* 0.477***
SSH13c-1 206 1-27 25 8 3.92+042 508+054 0.00+0.00 0.31+0.13 0.35+0.07 0.45+0.07 0.53+0.08 0.66+0.05 0.179NS 0.464***
SSH13c-2 189 1-21 21 11  3.83+0.32 5.38+0.55 0.00+0.00 0.38+0.18 0.38+0.05 0.48+0.06 0.56+0.07 0.64+0.05 0.188* 0.364**
PSH14
SSH14 168 17-34 6 6 454+058 585+0.71 0.00+0.00 0.62+0.27 0.36+0.08 0.44+0.09 0.51+0.09 0.61+0.08 0.203\S 0.279**
272
273  Statistics are summarized (minimum and maximum values) for the populations with at least 10 colonies (N > 10). See Appendix S1 for more details.
274  Ntot: total number of colonies, N: number of colonies per population, Npop: total number of populations, Npop1o: number of populations with N > 10,
275 Na and Np: mean numbers (x SE) of alleles and private alleles, respectively, Ho and He: mean (x SE) observed and expected heterozygosities,
276  respectively, and Fis: mean inbreeding coefficient [NS: non-significant (P > 0.05); *: 0.01 < P < 0.05; **: 0.001 < P < 0.01; ***: P < 0.001].
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Genetic connectivity among populations
Analyses of genetic structure and connectivity among populations were performed separately at the
SSH level (seven SSHs: three in PSH09, three in PSH13 and one in PSH14) and at the cluster level
within each SSH (13 clusters: eight within SSH09s, four within SSH13s and one within SSH14).
All MLGs were unique. Within each population, no significant LD among loci was detected
over 78 tests, nor scoring errors or null alleles. At the SSH level, the number of alleles per locus and
per population (Na) was high, varying from 3.67 + 0.80 to 8.38 £ 1.19 for SSH09s, from 3.91 + 0.53
t0 8.62 = 0.63 for SSH13s, and from 4.54 + 0.58 to 5.85 + 0.71 for SSH14, but was slightly lower at
the cluster level (SSH09s: 3.00 £ 0.59 < Na < 6.85 + 0.85; SSH13s: 3.83 + 0.32 < Na < 8.62 + 0.63;
SSH14: 4.54 £ 0.58 < Na < 5.85 + 0.71). Nonetheless, the number of private alleles per locus and per
population (Np) was relatively low within each SSH or each cluster (0.00 + 0.00 < Np < 0.85+ 0.27,
Table 1; see Appendix S1, Tables S1.2 & S1.3). At both the SSH and cluster levels, the observed
heterozygosity (Ho) was between 0.23 £ 0.07 and 0.53 + 0.07 within PSH09, between 0.31 + 0.07
and 0.55 £ 0.09 within PSH13 and between 0.36 £ 0.08 and 0.44 £ 0.09 within PSH14, while the
expected heterozygosity (He) was between 0.36 £ 0.08 and 0.72 £ 0.08 within PSHQ9, between
0.52 = 0.08 and 0.72 £ 0.06 within PSH13 and between 0.51 £+ 0.09 and 0.61 + 0.08 within PSH14
(Table 1; see Appendix S1, Tables S1.2 & S1.3). Almost all Fs estimations were significantly positive
(0.03NS < Fis < 0.52***), except for 6 populations over 72 within all SSH09s, 21 over 102 within
SSHO9 clusters, 1 over 53 within all SSH13s, 6 over 55 within SSH13 clusters and 1 over 6 within
SSH14 that were not significantly different from zero (see Appendix S1, Tables S1.2 & S1.3).

Analysing genetic differentiation at the higher structuring level (i.e. the SSH level), different
patterns were found: for SSH13b and SSH14, Fst and Dest were low (0.000NS < Fsr < 0.085S;
0.000MS < Degt < 0.025***) and not significantly different from zero (except for one Dest value between
MOR4 and TAHL1 in PSH14), suggesting no particular pattern of differentiation (see Appendix S5).
On the contrary, for the other SSHs, Fst and Des estimations were high (0.000N° < Fsr < 0.267";
0.000NS < Dest < 0.186™**; see Appendix S5), and often significantly different from zero. In particular,
for SSHO09a and SSH13a, both restricted to the WIO, some populations appeared differentiated from
the others (REU5 and TRO1/2 for SSH09a; MADO5 and ROD2 for SSH13a). However, for the SSHs
from the TSP (SSH09b, SSH09¢ and SSH13c), the obtained patterns of differentiation were difficult
to interpret as many populations were differentiated. For SSHO9b and SSH13c, populations seem
relatively grouped per island or region, while for SSH09c, the observed pattern corresponded to the
cluster partitioning: Chesterfield and Loyalty Islands (SSH09c-1 and SSHO09c-3) vs. Grande Terre
(SSHO9c-2; see Appendix S5).

At the cluster level (except for SSHO9b-2 removed of this analysis as only one population
presented N > 10), different patterns were also found: for SSH09a-2 and SSH13c-2, Fst and Dest were
low (0.000NS < Fst < 0.038N5; 0.000NS < Dest < 0.026M5) and always not significantly different from
zero (see Appendix S5). On the contrary, for the other clusters, Fst were higher
(0.000N° < Fsr < 0.194***), such as Dest (0.000NS < Dest < 0.153***; see Appendix S5), and some
populations appeared differentiated from the others: REU5 for SSH09a-1, TRO2 for SSH09a-3,
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MOR4 for SSH09b-1, CHEO02 for SSHO09c-1, NCA04 and NCAO05 for SSH09c-2, LOY4 for
SSHO09c-3, and LOY4 and LOYS5 for SSH13c-1 (Fig. 3; see Appendix S5). Except these populations,
no particular pattern of differentiation was observed (see Appendix S5).

Mantel tests revealed IBD for four SSHs (SSH09a, SSH09b, SSH13a and SSH13c) and three
clusters (SSH09a-1, SSHO09b-1 and SSH09c-3) but R? was found high for only two of them
(SSHO09¢-3: n = 45; R? = 0.386; P = 5.18.10° SSH13c: n = 136; R?> = 0.359; P = 7.70.10%; see
Appendix S6, Fig. S6.6). Similarly, barrier analyses identified different barriers, depending on the
SSH or the cluster, but significant barriers (i.e. supported by at least 75% of the bootstrapped
matrices) were found in only seven groups: three in the WIO (SSH09a, SSH09a-2 and SSH13b), three
in the TSP (SSH09c, SSHO09c¢-1 and SSH13c-2) and one in the SEP (SSH14). In the WIO, for SSH09a,
the barrier tends to isolate Tromelin Island, consistent with genetic differentiation indices, but for
SSH09a-2 and SSH13b, as for SSH14 in the SEP, significant barriers are possibly due to the small
number of populations with N > 10 (six, four and six, respectively). In the TSP, the barrier isolated
the northernmost Chesterfield populations (CHEO2 and CHE11) for SSHO09c-1, while it tends to
isolate Loyalty Islands populations in SSHO09c and SSH13c-2 (see Appendix S7, Fig. S7.7 & S7.8).

Finally, population-based networks were built for each SSH and each cluster independently.
The Dpe values were weak, varying from 0.02 for SSH09c-1 to 0.15 for SSH13c-2, except for SSH14
(Dpe =0.31), and populations appeared relatively connected (see Appendix S8, Fig. S8.9 & S8.10).

DISCUSSION

Our results confirm that Pocillopora PSH13 splits into two SSHs in the W10 (SSH13a and SSH13b)
and one SSH in the Pacific (SSH13c), while Pocillopora PSH14 appears as a single genetic entity
(SSH14). Contrary to Pocillopora PSHQ09 for which each of the three SSHs was split into several
differentiated, but sympatric, clusters, only one out of the three SSHs of PSH13 (SSH13c) was split
into two clusters (SSH13c-1 and SSH13c-2). For each PSH, we did not identify any clone, implying
that clonal propagation, notably through fragmentation, might be extremely rare in these taxa
presenting robust corallum macromorphology. Moreover, for each cluster, we revealed a general
genetic homogeneity among populations, suggesting high connectivity within the distribution range
of the clusters, restricted to each ocean basin. Nevertheless, some populations were found
differentiated for some clusters, while not for others.

1. Lack of connectivity across the Indo-Pacific

In this study, as in previous ones (Geélin et al., 2017; Gelin, Fauvelot, et al., 2018), Pocillopora PSH09
and PSH13 were found divided into three SSHs, each restricted to the ocean basin, reminding the
genetic partitioning found in the Indo-Pacific for P. damicornis type g (now renamed P. acuta)
species complex (PSHO05). This latter was disentangled in four SSHs, two being restricted to the
Pacific Ocean, while the two others to the Indian Ocean (Gélin, Pirog, Fauvelot, & Magalon, 2018).
As for SSH14, it is restricted to the Pacific. Therefore, each of the four Pocillopora morphospecies
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described to be distributed over the widest range in the Indo-Pacific (i.e. damicornis sensu lato,
eydouxi, meandrina and verrucosa; cf. maps in Veron, 2000) are actually divided in divergent
lineages between both ocean basins. This contributes to question the existence of Indo-Pacific corals
[as in Porites lobata (Forsman, Wellington, Fox, & Toonen, 2015) or Stylophora pistillata
(Keshavmurthy et al., 2013)] and more widely of Indo-Pacific species [even more of cosmopolitan
ones, with the exception of introduced species; as in tropical algae (reviewed in Sherwood &
Zuccarello, 2016) or Pontohedyle sea slugs (Jorger, Norenburg, Wilson, & Schrddl, 2012)].

This suggests also a lack of connectivity between both oceans. Few studies found genetically
continuous populations between the Indian and the Pacific Oceans [e.g. among East Indian and West
Pacific populations of the starfish Linckia laevigata using seven allozymes (Williams & Benzie,
1996) or among WIO and Pacific populations of the reef fishes Lutjanus kasmira and Lutjanus fulvus
(Gaither, Toonen, Robertson, Planes, & Bowen, 2010) using mitochondrial cytb]. Genetic
discontinuity is more often described [e.qg. in the sea cucumber Holothuria nobilis (Uthicke & Benzie,
2003) and the parrotfish Chlorurus sordidus (Bay, Choat, van Herwerden, & Robertson, 2004) with
COl, in the starfish Acanthaster planci using nine allozymes (Benzie, 1999) or in the black tiger
prawn Penaeus monodon with EFla gene (Duda Jr & Palumbi, 1999)]. However, results based on
different species with various dispersal abilities and using different molecular markers presenting
different modes of transmission and evolution, should be taken with caution. Indeed, in the bullshark
Carcharhinus leucas, the mitochondrial genes used supported an Indo-Pacific barrier to gene flow
between both ocean basins while microsatellites do not. Integrating information from both types of
markers and using Bayesian computation with a random forest procedure (ABC-RF), this discordance
was found to be due to a complete lack of contemporary gene flow (Pirog et al., 2019). Consequently,
it appears necessary to achieve multi-specific connectivity models with many markers distributed
over the whole genome to accurately estimate gene flow, and genomics seems promising for this.

2. High connectivity within the Indian Ocean

In this study, three SSHs (SSH09a, SSH13a and SSH13Db) and the five resulted clusters (SSH09a-1,
SSHO09a-2, SSH09a-3, SSH13a and SSH13b) were found almost restricted to the WI0O. Whichever
the way the units of connectivity are defined (i.e. at the SSH or the cluster level), for each of these
SSHs and clusters, from a global point of view, a weak genetic structure was identified, suggesting
high genetic connectivity within the WIO. Moreover, no isolation-by-distance was found. A previous
study in the WIO showed weak genetic structure among populations of P. verrucosa sensu lato [we
were not able to identify the studied lineage(s) with the data available] using allozymes (Ridgway,
Hoegh-Guldberg, & Ayre, 2001), while weak connectivity was revealed between Mozambique and
South Africa using microsatellites (Ridgway et al., 2008). These contradictory results were in
accordance with a wider study on the East coast of Africa, in which P. verrucosa (ORF39, PSH13
sensu Gélin et al., 2017) populations, using microsatellites, appeared panmictic over large scales
(> 600 km), but differentiated over smaller scales (~ 1 km; Souter et al., 2009). This latter study
suggested that this pattern could be attributed to localized recruitment due to short dispersal distances
of brooded larvae, or site-specific selection, which may not be equally apparent when groups of
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populations are compared over larger distances. Nevertheless, our results remained consistent with
studies performed on other organisms [e.g. in the fish Lutjanus fulviflamma using 191 AFLP loci
(Dorenbosch et al., 2006) or in the swordfish Xiphias gladius using 11 microsatellites and
mitochondrial CR (Muths, Grewe, Jean, & Bourjea, 2009)].

However, for some other organisms, weak connectivity was detected in the WIO [e.g. in the
shrimp Penaeus monodon using intron variability (Duda Jr & Palumbi, 1999), in the fish Epinephelus
merra (Muths, Tessier, & Bourjea, 2015) with cytb and microsatellites, or in the hydrozoans
Macrorhynchia phoenicea (Postaire, Gélin, Bruggemann, Pratlong, & Magalon, 2017) and
Lytocarpia brevirostris o (Postaire, Gélin, Bruggemann, & Magalon, 2017) using microsatellites]. In
these previous studies, currents, geographic distances between populations or expanses of deep ocean
waters have been proposed as barrier to dispersal. Besides short-distance exchanges of gametes, larval
brooding and restricted movements of larvae may also explain the observed patterns.

Although the studied lineages are closely related and sympatric or neighbor, some populations
were found differentiated for some SSHs or clusters (REU5 for SSH09a and SSH09a-1, TRO2 for
SSH09a and SSH09a-3 and MADO5 and ROD?2 for SSH13a; Fig. 3; see Appendix S5), while not for
others. Similarly, barriers were different among clusters within the same SSH. If this differential
structure is not an artifact of unequal population sizes among lineages (due to the lack of diagnostic
characters to identify species in the field), it means that either SSHs and clusters do not all respond
in the same way to environmental and/or geographical barriers, or they are not subject to the same
constraints (i.e. they differ in their distribution at the microhabitat scale and are not strictly sympatric).
For example, depth has already been suggested as a structuring factor in coral populations [e.g. in
Seriatopora hystrix (van Oppen, Bongaerts, Underwood, Peplow, & Cooper, 2011) and in
P. damicornis sensu stricto (van Oppen et al., 2018)]. In our study, colonies sampled on the same site
were usually at the same depth, rejecting the depth hypothesis, but a differential microhabitat
distribution (driven by species relationships for example) could be involved. Unfortunately, our
sampling does not allow to test this hypothesis.

3. Structuring between, but not within, TSP and SEP?
Four SSHs (SSHO09b, SSH09c, SSH13c and SSH14) were almost restricted to the Pacific Ocean, and
mostly to the TSP (except SSH14). Only a handful of individuals sampled in Moorea (French
Polynesia, SEP) were assigned to SSH09b and appeared highly differentiated from the others from
the TSP, while the majority of the colonies were assigned to SSH14, restricted to this marine province.
This suggests restricted gene flow between the TSP and the SEP in Pocillopora, as already
highlighted in Forsman, Johnston, Brooks, Adam, and Toonen, (2013), where, using the
mitochondrial ORF, several clades of Pocillopora were found unique to Moorea. This low
connectivity might be due to distance acting as a barrier similar to the Eastern Pacific Barrier [i.e. the
5,000 km open ocean barrier separating the Tropical Eastern Pacific (Clipperton Atoll) from the
Central Pacific (Hawaii); Combosch, Guzman, Schuhmacher, & Vollmer, 2008].

Looking deeper within the TSP, we observed different patterns of structure among SSHs and
clusters. First, for the three SSHs (SSH09b, SSH09c and SSH13c), the structuring tended to group
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populations by region or islands, but this signal was lost when considering the clusters. Indeed, for
two clusters (SSH09b-1 and SSH13c-2), no particular pattern of differentiation among populations
was found, suggesting high connectivity among the TSP populations for these clusters, as in one
gastropod and four squat lobster-like species from New Caledonia (COIl; Samadi, Bottan,
Macpherson, De Forges, & Boisselier, 2006). Conversely, for the other clusters restricted to the TSP,
we found some genetic structure among populations. First, within SSH09c-1, almost restricted to
Chesterfield Islands, one population (CHEO2; North of Bampton Islands; Fig. 3d) was differentiated
from all others. This population was sampled between 25 m and 10 m depth, i.e. deeper than nearby
populations, possibly restricting gene flow [as in P. damicornis sensu stricto (van Oppen et al.,
2018)]. Second, within SSH09c-2, we found a population (NCAOQ5; East coast of Grande Terre, New
Caledonia) differentiated from the others, but not from the South-East coast of Grande Terre (NCA06
and NCAOQ7; Fig. 3d). Within SSH09c-3 and SSH13c-1, two populations from Loyalty Islands [LOY4
(Lifou) and LOY5 (Ouvea)] were also found differentiated (Fig. 3d & 3e). Considering these clusters
alone, population differentiations could be explained by currents. Indeed, New Caledonia ecoregion
is dominated by an East-West current, resulting from southeastern trade winds (Vega, Marchesiello,
& Lefévre, 2006). This current isolates Loyalty Islands from Grande Terre and from each other, and
mainly bypasses Grande Terre from South, along the eastern barrier reef. Thus, it could transport
NCAO5 larvae to southern populations (NCA06 and NCAOQ7; Fig. 3d & 3e). However, such a
connectivity pattern should have been found in all clusters, especially since they are related genetic
lineages. As in the WIO, differentiated populations could arise from a lack of power due to unequal
population sizes, but a similar pattern of differentiation of Loyalty Islands populations was already
found in P. damicornis sensu stricto (PSHO04; Oury, Gélin, & Magalon, 2020) and in the hydrozoan
Macrorhynchia phoenicea (Postaire, Gélin, Bruggemann, Pratlong, et al., 2017). Dispersal to adjacent
populations along the reef over multiple generations (stepping-stone dispersal), currents, and
expanses of open ocean were evoked to explain this pattern. Consequently, from an ecological point
of view, these populations that are differentiated only within some clusters indicated different
responses to a same, or relatively same, environment, having high implications in conservation.

In the same way, considering all the colonies belonging to SSH14 in French Polynesia, high
connectivity was observed among the Society Islands, confirming the results from the first study
using these colonies with four microsatellites (two are common with this study; Magalon et al., 2005).
The same pattern was found in P. damicornis sensu lato with five microsatellites (same sites as herein;
Adjeroud et al., 2014) and in the starfish Acanthaster planci with 16 microsatellites and the
mitochondrial CR (same sites as herein; Yasuda, Taquet, Nagai, Yoshida, & Adjeroud, 2015).
Interestingly, in the very first study (Magalon et al., 2005), the colonies were assigned to
P. meandrina morphospecies while colonies from another study (Mayfield, Bruckner, Chen, & Chen,
2015) presenting the same ORF haplotype, sampled in French Polynesia and Cook Islands, were
assigned to P. verrucosa morphospecies. This underlines one more time the need of a complete
taxonomic revision of Pocillopora genus in view of the genetic data.
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In conclusion, this study confirmed the three SSHs previously found in Gélin et al. (2017) under
the P. verrucosa morphospecies (PSH13) in the Indian and Pacific Oceans. Moreover, this genetic
partitioning of several morphospecies in distinct SSHs, and then in distinct clusters, each restricted
to the ocean basin, (1) questioned the existence of Indo-Pacific species in Pocillopora and (2) lighted
up the problem of sampling a sufficient number of colonies in such “completely cryptic species” that
shared similar macromorphologies and at least a part of their mitochondrial DNA and that can only
be revealed using nuclear markers. Such issues must be taken into account in biodiversity inventories
using list of species and in ecological studies that wish to work on the same species to compare
processes in different oceans (e.g. Brener-Raffalli et al., 2018), and even on a smaller scale (e.g.
transplant experiments), as well as in connectivity studies to accurately assess gene flow. To
circumvent these issues, one recommendation would be to identify colonies molecularly, prior to
experiments. Finally, through comparisons of the connectivity patterns obtained within clusters, this
study suggests that despite being relatively close genetically, and constrained by the same
geographical and environmental patterns, not all clusters respond in the same way. This should be
kept in mind when setting up management plans.
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FIGURE LEDENDS

Figure 1 Sampling locations of Pocillopora colonies (dark and light greys indicate lands and coral
reefs, respectively). Populations are numerically identified from the island code.

MAY: Mayotte, GLO: Glorioso Islands, JDN: Juan de Nova Island, BAS: Bassas da India, EUR:
Europa Island, MAD: Madagascar, REU: Reunion Island, ROD: Rodrigues Island, TRO: Tromelin
Island, CHE: Chesterfield Islands, NCA: Grande Terre (New Caledonia), LOY: Loyalty Islands (New
Caledonia), TON: Tonga archipelago, BOR: Bora-Bora, MOR: Moorea and TAH: Tahiti.

Figure 2 Pocillopora PSH13 Secondary Species Hypotheses (SSHs) and clusters. (a) STRUCTURE
plots at K = 3 for all colonies and at K = 2 for SSH13c, (b) DAPC assignments at K = 3 for all colonies
and (c) Minimum Spanning Tree for all colonies. Colonies are coloured according to the SSHs
identified with STRUCTURE at K = 3 (individual assignment probability P > 0.75).

WIO: Western Indian Ocean (MAY': Mayotte, GLO: Glorioso Islands, JDN: Juan de Nova Island,
EUR: Europa Island, MAD: Madagascar, REU: Reunion Island, ROD: Rodrigues Island), TSP:
Tropical Southwestern Pacific [CHE: Chesterfield Islands, NCA: Grande Terre (New Caledonia),
LOY: Loyalty Islands (New Caledonia), TON: Tonga archipelago].
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Figure 3 Per site cluster distribution for each Secondary Species Hypothesis (SSH) of Pocillopora
PSHO09 and PSH13 in the Western Indian Ocean: a) SSH09a, b) SSH13a and SSH13b, and in the
Southern Pacific: ¢) SSH09b, d) SSH09c and e) SSH13c. Arrows indicate the main currents [width
proportional to speed; sources: IFREMER (https://wwz.ifremer.fr/; Western Indian Ocean); Vega et
al., 2006 (New Caledonia)] and asterisks report populations differentiated from the others of the same
cluster (the color of the asterisk refers to the cluster).

MAY: Mayotte, GLO: Glorioso Islands, JDN: Juan de Nova Island, BAS: Bassas da India, EUR:
Europa Island, MAD: Madagascar, REU: Reunion Island, ROD: Rodrigues Island, TRO: Tromelin
Island, CHE: Chesterfield Islands, NCA: Grande Terre (New Caledonia) and LOY: Loyalty Islands
(New Caledonia), TON: Tonga archipelago and MOR: Moorea.
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Figure 1 Sampling locations of Pocillopora colonies (dark and light greys indicate lands and coral
reefs, respectively). Populations are numerically identified from the island code.

MAY: Mayotte, GLO: Glorioso Islands, JDN: Juan de Nova Island, BAS: Bassas da India, EUR:
Europa Island, MAD: Madagascar, REU: Reunion Island, ROD: Rodrigues Island, TRO: Tromelin
Island, CHE: Chesterfield Islands, NCA: Grande Terre (New Caledonia), LOY: Loyalty Islands (New
Caledonia), TON: Tonga archipelago, BOR: Bora-Bora, MOR: Moorea and TAH: Tahiti.
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Figure 2 Pocillopora PSH13 Secondary Species Hypotheses (SSHs) and clusters. (a) STRUCTURE
plots at K = 3 for all colonies and at K = 2 for SSH13c, (b) DAPC assignments at K = 3 for all colonies
and (c) Minimum Spanning Tree for all colonies. Colonies are coloured according to the SSHs
identified with STRUCTURE at K = 3 (individual assignment probability P > 0.75).

WIO: Western Indian Ocean (MAY: Mayotte, GLO: Glorioso Islands, JDN: Juan de Nova Island,
EUR: Europa Island, MAD: Madagascar, REU: Reunion Island, ROD: Rodrigues Island), TSP:
Tropical Southwestern Pacific [CHE: Chesterfield Islands, NCA: Grande Terre (New Caledonia),
LOY: Loyalty Islands (New Caledonia), TON: Tonga archipelago].
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Figure 3 Per site cluster distribution for each Secondary Species Hypothesis (SSH) of Pocillopora
PSHO9 and PSH13 in the Western Indian Ocean: a) SSH09a, b) SSH13a and SSH13b, and in the
Southern Pacific: ¢) SSH09b, d) SSHO09c and e) SSH13c. Arrows indicate the main currents [width
proportional to speed; sources: IFREMER (https://wwz.ifremer.fr/; Western Indian Ocean); Vega et
al., 2006 (New Caledonia)] and asterisks report populations differentiated from the others of the same
cluster (the color of the asterisk refers to the cluster).

MAY: Mayotte, GLO: Glorioso Islands, JDN: Juan de Nova Island, BAS: Bassas da India, EUR:
Europa Island, MAD: Madagascar, REU: Reunion Island, ROD: Rodrigues Island, TRO: Tromelin
Island, CHE: Chesterfield Islands, NCA: Grande Terre (New Caledonia), LOY: Loyalty Islands (New
Caledonia), TON: Tonga archipelago and MOR: Moorea.
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