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SUMMARY

The genetic diversity and connectivity of reef-building coral populations are key to their survival in warming
oceans. Yet our understanding of corals’ demographic resilience and adaptive potential is complicated by
cryptic species diversity, wide geographic distributions, and complex coral-algal symbioses. To address
these challenges, we investigated the genetic connectivity and diversity of the broadcast-spawning coral
Acropora cf. spathulata and its associated Symbiodiniaceae across 29 reefs spanning the Great Barrier
Reef, the Coral Sea, and New Caledonia, using whole-genome sequencing of 1,088 colonies. We identified
four genetically distinct coral populations that diverged between 0.27 and 0.65 mya, likely due to geographic
isolation across thousands of kilometers. These populations maintained asymmetrical gene flow along major
ocean currents despite demographic isolation and sustained large local effective population sizes (~2,900),
supported by a high dispersal range of ~100 km per generation. In contrast, their Symbiodiniaceae
partners varied over finer spatial scales, with five distinct Cladocopium taxa distributed along latitudinal
and cross-shore gradients, likely driven by local environmental conditions. These results suggest that high
dispersal capacity and large local population size promote demographic resilience within reef systems, while
environment-specific symbioses and long-distance gene flow across reef systems support adaptation and
evolutionary rescue.

INTRODUCTION

Reef-building corals and their microbial symbionts constitute coral
holobionts that are the foundation of biodiverse but threatened
coral reef ecosystems. As tropical corals are declining globally,
itis crucial to better understand the evolutionary, spatial, and envi-
ronmental processes that shape their population dynamics and
resilience.”® However, the widespread presence of cryptic coral
diversity®® and taxonomically overlooked species,®’ along with
vast geographic ranges,® challenges our ability to determine the
size and connectivity of coral populations. In addition, variability
in symbioses between coral hosts and symbiotic microalgae
from the family Symbiodiniaceae can affect holobionts’ capacity
to grow, survive, and adapt under changing conditions.’

Population genomics, which investigates genome-wide
molecular variation, can differentiate coral taxa that are indis-
tinguishable based on morphological criteria'® or traditional
population genetic markers such as microsatellites.’"'? Within
coral species, population genomics can provide a holistic view
of spatial genetic variation patterns in both hosts and symbionts
across their range.'® These analyses are essential for uncovering
the distinct scales at which gene flow, local adaptation, and
co-evolutionary dynamics influence the adaptive responses of
holobionts.

Contemporary gene flow (over tens of generations) is crucial
for coral demographic dynamics, particularly for the recovery
of locally depleted coral populations following perturbations.'*°
To quantify its spatial extent, the isolation-by-distance (IbD)
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theory provides a useful framework by estimating a generational
gene dispersal distance.'®'” Combining the slope of IbD with es-
timates of effective density, one can infer the generational mean
axial dispersal distance (c), over which most dispersal events
occur, and vast differences in ¢ depending on reproductive
modes and taxa have been described.'®" To estimate effective
density, the local effective population size (N,) is estimated and
divided by the area the population occupies. Local N, indicates
the loss rate of genetic variation due to genetic drift at the scale
where most breeding events occur.”” This standing variation, on
which natural selection acts, underpins adaptive potential.23
Jointly estimating ¢ and N, thus provides crucial information
on the extinction risk of local coral populations®* and the spatial
scale of demographic replenishment,?® both of which are essen-
tial for defining conservation units.

Over longer evolutionary timescales, occasional long-distance
dispersal can affect species range and adaptation to global
change.?® However, methods based on high-level genetic differ-
entiation cannot disentangle the effect of migration from genetic
drift and shared ancestry or determine the direction of gene
flow.?”*® Demographic history inference approaches that model
divergence times, variation in migration rates, and long-term
effective population sizes®® offer a complementary strategy to
assess gene flow across a coral species range.'® However,
despite potential for coral connectivity spanning thousands of ki-
lometers,®**" such methods have been primarily applied within
national borders.'83%2:33 This limits the development of coordi-
nated regional conservation strategies that incorporate gene
flow from different regions to assess the evolutionary adaptation
potential of corals.*

Importantly, coral evolution and conservation require consid-
eration of their symbiosis with Symbiodiniaceae microalgae®
that are genetically and physiologically diverse.*® For instance,
the photosynthetic ability of Symbiodiniacae is known to differ
among taxa under heat stress®’; some taxa inhabit warmer envi-
ronments®® or increase in prevalence during thermal stress.®”
Most Symbiodiniaceae are facultative symbionts; therefore,
both macro-environments and host micro-environments will
favor certain taxa or genotypes.’®*? In turn, some symbiont
taxa may facilitate corals’ local adaptation to environmental con-
ditions.** Symbiont diversity has been mostly described using
phylogenetic markers such as the ribosomal internal transcribed
spacer 2 (ITS2)** and the chloroplastic non-coding region of the
psbA gene, i.e., psbA™,* or via multilocus genotyping (e.g., Da-
vies et al.”® and Lewis et al.*’). Yet distinguishing intra- from in-
ter-genomic variants remains challenging, and the dependence
on a few selected marker genes may limit taxonomic resolu-
tion.”® Emerging methods based on genome-wide sequence
composition of hologenome samples,**° or the recovery of
additional mitochondrial and chloroplast markers from these
samples,®**4=°C are uncovering previously hidden phylogenetic
and ecological diversity.

Acropora cf. spathulata is a fast-growing, broadcast spawn-
ing, and widespread species that inhabits shallow reef environ-
ments in the western Pacific, including the Great Barrier Reef
(GBR), the Coral Sea, and New Caledonia (NC). Genetic data
have revealed new insights into the cryptic diversity of Acropora
corals on the GBR, including lineages that are morphologically
indistinguishable or previously overlooked,®'>? their associated
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Symbiodiniaceae®'* and realized connectivity, dominated by

southward migration of coral larvae.®*°® However, such informa-
tion remains scarce in NC, with only one genomic study conduct-
ed to date on Acropora coral hosts®® and few on their symbiont
communities.®’°° In addition, despite being one of the most
studied coral reef ecosystems,®® the GBR’s connectivity with
nearby western Pacific Islands such as NC remains unknown.
Several ocean currents flow westward and eastward between
the GBR and NC (Figure S1A),°" offering potential for periodical
dispersal via stepping-stone migration through Coral Sea atolls,
e.g., the Chesterfield-Bellona (CB) plateau. To our knowledge,
no study in corals has systematically assessed gene flow in
this western Pacific region, aside from pumice-rafting coral
larvae from NC to the GBR,%? and some genetic admixture be-
tween these reef systems and Coral Sea atolls.®**> NC and
the southern GBR are often considered potential climate refugia
with projected stability of coral cover®®®” due to the mild occur-
rence of bleaching until recently.®® Understanding whether these
systems have or still exchange migrants is therefore important
for their regional conservation.

Here, we systematically assess the host and symbiont
population structures and gene flow of the coral Acropora cf.
spathulata, expanding the common research scope of the
GBR®%°"59"1 to the western Pacific. By integrating existing
and innovative genome-scale approaches, we densely sampled,
sequenced, and analyzed whole-genome sequencing data from
1,088 colonies from 29 reefs across the GBR, the Coral Sea, and
NC. Our study represents one of the most geographically
comprehensive efforts to concurrently investigate coral host
and symbiont diversity, as well as contemporary and long-term
connectivity.

RESULTS

Genomic data processing and filtering

We recovered 339,720 single-nucleotide polymorphisms (SNPs)
from 1,088 individual coral colonies of Acropora cf. spathulata,
using a stringent filtering approach (STAR Methods;
Tables S1-S3). This dataset had a mean locus-level sequencing
depth of 13.7 = 1.2 (mean + SD). Following removal of related
individuals and linked SNPs, dataset 1, used for population
structure analyses, comprised 999 individuals and 27,175
SNPs (Table S4). Dataset 2, used to compute genetic differenti-
ation and diversity metrics, consisted of ~2.2 M loci (SNPs and
monomorphic sites). Dataset 3, used for demographic modeling,
consisted of 37,841-61,902 SNPs per population pair, and data-
set 4, used for IbD analyses and N, estimates, consisted of 2,011
SNPs after pruning for physical linkage (Table S4).

Coral host population structure

A. cf. spathulata colonies across the western Pacific were sepa-
rated into four genetically differentiated groups, hereinafter
referred to as populations (Figure 1). A principal-component
analysis (PCA) revealed geographically distinct populations
separated on PC1 and PC2 (1.5% and 0.7% explained variance,
respectively; Figure 1A), corresponding to the central to northern
GBR (i.e., from Davies to Hicks reefs), the southern GBR, the CB
atolls in the Coral Sea, and the west coast of the main island of
NC. PC3 (0.5% explained variance; Figure 1A) separated the
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Figure 1. Population genomic structure and connectivity of Acropora cf. spathulata across reefs from the GBR, CB atolls, and NC

(A) PCA based on 27,175 SNPs showing four genetically and geographically distinct populations across the western Pacific. PC1, PC2, and PC3 are shown with
the proportion of variance explained by each component indicated in percentages.

(B) Ancestry proportions from each individual using ADMIXTURE analysis with the optimal number of ancestral populations found using cross-validation (K = 4).
(C) Map showing ancestry proportion at sampling sites, averaged across colonies (n = 4-60). Arrows indicate average gene flow, in number of migrants per
generation, between populations since their divergence, inferred from demographic modeling in dadi. Solid and dashed lines indicate the primary and secondary
directions of gene flow, respectively. Solid lines are shown in both directions when confidence intervals overlap.

See also Figures S2-54.

CB group from the three other groups. Similarly, ADMIXTURE
and sparse non-negative matrix factorization (sSNMF) analyses
identified a concordant optimal number of K = 4 ancestral pop-
ulations (Figures 1 and S2A-S2D). The separation of individuals
by their ancestry proportion was consistent with PCA results but
revealed low levels of admixture between all populations
(Figure 1B). In particular, 4 of 137 and 19 of 137 colonies from
the southern GBR had >0.5 and >0.25 assignments to the ances-
tral population of the central/northern GBR, respectively. Addi-
tional ADMIXTURE analyses conducted within each major pop-
ulation revealed no evidence of finer-scale population structure
among reefs (Figures S3A-S3D).

Population divergence and genetic diversity

Genetic divergence, estimated using the fixation index, was low
between all four populations (Fs; < 0.030; Table 1) and was
lowest between the two GBR populations (Fs; = 0.014). Pairwise
D,y ranged from 0.010 to 0.011 and was lowest between the NC
and CB populations. This corresponds to an average 1% nucle-
otide difference per base pair between populations (Table 1).
Nucleotide diversity (r) was highest in the NC population (r =
0.0106), followed by the central/northern GBR (x = 0.0103) and
the southern GBR populations (x = 0.0100). The CB population
had the lowest nucleotide diversity (x = 0.0097).

Dispersal and effective population size

No significant IbD occurred within populations. However, the
pattern of IbD was revealed when populations were analyzed
jointly, with the regression of individual Rousset’s genetic
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distance on geographic distance yielding a significant positive
slope (B = 0.00064 + 3.7 x 10~%; median + SD; Figure 2A). The
effective population size at the neighborhood size across this
geographic range was estimated at N, = 2,954 + 1,573 effective
individuals (median + SD; Figure 2B). Combining these esti-
mates, the average dispersal distance between parents and
offspring across generations was 109 + 33 km (mean axial
dispersal distance; c; median + SD; Figure 2C).

Demographic modeling of population divergence and
gene flow

For all population pairs, observed joint allelic frequency spectra
(JAFS) were better explained by demographic models consisting
of divergence with asymmetrical gene flow than models with no
gene flow or only ancestral gene flow (Figure S4). This suggests
that these populations have diverged across the western Pacific
while exchanging larvae over many generations. Demographic
models estimated divergence time between 275 and 651 thou-
sand years ago (kya), depending on population pairs (Table 1),
although these are approximate estimates because germline
mutation rates are lacking for this species. Based on these esti-
mates, the two populations from the GBR appear to have
diverged most recently (275 [230-319] kya; median [5%-
95%]). Modeling results suggest that divergence of NC from
other populations (323-651 kya) is more ancient than that of
CB from GBR populations (354-385 kya). However, large over-
laps in confidence intervals and possible bias introduced by
high migration rates make it difficult to reconstruct their precise
sequential divergence history.



Table 1. Demographic modeling of Acropora cf. spathulata population divergence across the western Pacific

Proportion of migrants per

Number of migrants per

Genetic

Effective population size generation generation Divergence time  differentiation
Population pair Ancestral Nref ~ Current v4 Current vo my2—-1) my1 (1 - 2) Mo (Nem12) Mo (Nemy4) T Dyy Fst
1 central/northern 7.2[4.1,10.6] 63.9 32.5 6.2e-5 2.5e-4 7.9 6.6, 9.6] 16.4 [14.7,18.0] 276 [231, 320] 0.0102 0.014
GBR; 2 southern [51.1, 76.3] [25.9, 42.3] [4.6e-5, 8.7e-5] [2.0e-4, 3.0e-4]
GBR
1 central/northern 9.2[5.1,17.6] 829 25.0 2.1e-5 2.0e-4 3.6 [2.3, 4.7] 9.9 [8.6, 11.0] 323 [218, 379] 0.0107 0.025
GBR; 2 New Caledonia [66.9,118.9] [14.5,33.6] [9.4e-6, 3.5e~5] [1.5e~4, 3.0e-4]
1 central/northern 4.9 [3.7,9.9] 61.9 29.6 5.4e-5 1.2e-4 6.5[5.2, 8.0] 7.1[6.5,7.8] 354 [292, 373] 0.0102 0.028
GBR; 2 Chesterfields- [51.1, 75.8] [21.6,36.6] [3.7e=5, 7.2e=5] [9.2e-5, 1.7e-4]
Bellona
1 southern GBR; 6.5[4.6,10.9] 82.0 32.8 1.7e-5 1.4e-4 2.8[2.2,3.7] 8.8 [8.2, 9.5] 436 [378, 461] 0.0107 0.029
2 New Caledonia [73.6, 87.9] [28.4,39.5] [1.3e-5,2.5e-5] [1.2e-4, 1.5e-4]
1 southern GBR; 2 7.1[4.4,12.3] 658 34.8 5.1e-5 9.3e-5 6.8 [5.1, 8.6] 6.3 [5.1, 7.3] 395 [334, 431] 0.0100 0.026
Chesterfields-Bellona [58.1, 74.5] [28.6, 43.9] [3.5e-5, 7.1e-5] [5.9e-5, 1.2e-4]
1 New Caledonia; 2 7.2[6.6,9.9] 86.5 48.8 6.5e-5 7.0e-5 11.0[9.8,12.1] 6.9[6.2, 7.8] 651 [630, 666] 0.0104 0.026
Chesterfields-Bellona [76.4, 96.7] [385.2,56.1] [5.2e-5, 7.3e-5] [5.6e-5, 1.1e-4]

ABojoig juarin)

For each pair of populations, optimized parameters are presented for the model exhibiting the best fit to the observed joint allelic frequency spectrum (divergence with asymmetrical gene flow). Ny,
v1, and v, are the ancestral and current effective population sizes in thousands of individuals (Figure S4A). m is the proportion of migrants per generation and M is the number of migrants per gen-
eration. T is the estimated divergence time in thousands of years. For each model and parameter, median (bold) and 2.5%-97.5% confidence intervals based on 100 optimized bootstrap replicates
are presented. Genetic differentiation statistics are shown for each pair of populations (fixation index Fs; and absolute divergence D,,).See also Figure S4.
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Figure 2. Generational dispersal and effec-
109 + 33 tive population size in Acropora cf. spathu-
1 lata from the western Pacific
Isolation by distance at multiple appropriate
spatial scales was used to infer the distribution of
(A) slope of genetic distance on geographic dis-
tance regressions, (B) effective population size at
the neighborhood scale, and (C) mean axial
generational dispersal distance. Vertical lines
indicate the median of each distribution, with
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median and standard deviation values indicated
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Migration rates and gene flow rates were asymmetrical for
most population pairs, and this result was consistent across
bootstrap replicates and optimization runs (Table 1). On the
GBR, migration rates were, on average, 5 times higher from
the central/northern population to the southern population
(2.5 x 107 than vice versa (6.2 x 107°), resulting in higher
southward gene flow (Nesm), in line with predominant oceano-
graphic currents (Figures 1C and S1A). Eastward migration rates
from both GBR populations to the CB population (9.3 x 1075
1.2 x 107% were higher than the westward rates (5.4 x 107°-
1.2 x 10~%). However, differences in long-term effective popula-
tion sizes (29,000-66,000 effective individuals) resulted in nearly
symmetrical gene flow between the GBR and these Coral Sea
atolls (6.5-7.1 migrants per generation, Figure 1C). Migration
rates between the CB and NC populations were broadly sym-
metrical (6.5-7.0 x 10~°), but the compounding effect of unequal
population sizes produced a predominance of eastward gene
flow (11.0 [9.8-12.1] migrants per generation; median [5%-
95%]). Gene flow was also directed primarily eastward, from
both GBR populations toward NC (Figure 1C).

Symbiodiniaceae genetic diversity based on molecular
markers

We mapped non-coral reads from our 1,088 hologenomes
to Symbiodiniaceae reference genomes and recovered a
median of 708,000 Symbiodiniaceae reads per sample (range:

Southern GBR

T T
100 150 200

o (km) next to it.

63,540-24,932,887). All colonies harbored symbionts from the
Cladocopium genus, with predominant ITS2 sequence variants
(recovered from hologenome reads in 950 of 1,088 samples) clas-
sified as C50, C3, and Cladocopium sp. (Figure S5A). Hologenome
sequencing results were consistent with amplicon sequencing re-
sults in a subset of 36 samples, although the latter showed greater
taxonomic resolution, separating profiles dominated by C3k, C3k/
C3bo, C50b, and C50c sequences (Figure S6A). Read mapping
against psbA"" sequences revealed classifications of C. vulgare
(C1) or C. sodalum (C3; Figure S5A). The mapping of reads to
psbA™" C1 in samples associated with C50 ITS2 sequences was
presumably due to the lack of reference psbA™" sequences for
Cladocopium C50, limiting the use of this method for finer taxo-
nomic classification. However, our results suggest that the C3
symbionts identified are more closely related to C. sodalum than
other described C3 species (>80% of mapped sequences).’”

Symbiodiniaceae community divergence based on
k-mer profiles

Alignment-free clustering of symbiont genomic reads revealed
five major Symbiodiniaceae genetic clusters across colonies
(Figures S5B and S5C), hereinafter referred to as taxa and
named according to their major ITS2 sequence (Figure S6).
There was some degree of co-clustering between each of the
five main symbiont taxa and the corresponding host populations
(Figure 3). The host population in the central/northern GBR was

Figure 3. Co-clustering of Acropora cf. spa-
thulata coral hosts and associated Symbio-
diniaceae taxa across the western Pacific

The host dendrogram (left) is a simplified 200-leaf

maximum-likelihood tree derived from 27,175
SNPs using RAXML. The node values represent
bootstrap support (>90) from 100 bootstrap rep-
licates and branches are colored based on

ADMIXTURE ancestral populations (Figure 1). The
symbiont dendrogram (right) is obtained through
hierarchical clustering of the D3-derived distance
matrix based on symbiont k-mer profiles, and
branches are colored according to majority ITS2
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sequences for each sample (a complete NJ-tree
for all samples can be found in Figure S5A). Col-
onies from the southern Great Barrier Reef (GBR)
and NC were associated with Symbiodiniaceae
that shared the same dominant ITS2 sequence
(C50b; black rectangle) but were distinguishable
based on their k-mer profiles (Figure S5C).

See also Figures S5 and S6.
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Figure 4. Variation in the symbiont (Sym-
biodiniaceae) communities of Acropora cf.
spathulata across geographic and environ-
mental gradients in the western Pacific

(A) Map showing the proportion of colonies
harboring each of the symbiont clusters at each
sampling site, identified using ordination of DS
distance matrix (Figures S5B and S5C). Symbiont
genetic clusters are colored and labeled based on
their major ITS2 type (Figure S6). Symbionts with
the same dominant C50b ITS2 sequence are de-
picted with different colors in the southern GBR
and NC, as they were found to be genetically
differentiated based on their k-mer profiles
(Figure S5C).

(B) Distance-based redundancy analysis (db-
RDA) ordination of Dg k-mer profiles. Each indi-
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Chesterfield-Bellona). Arrows represent signifi-
cant environmental variables in the model. The
first three axes explaining 87% of the constrained
variance are shown.

See also Figure S1 and Table S5.
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associated predominantly with Cladocopium taxa from C3k and
C50c subclades, with a cross-shore partitioning of these com-
munities. Offshore reefs were associated with C3k, while inshore
reefs were associated with C50c (Figure 4A). At intermediate
reefs (e.g., Moore, North Direction, and Mackay), some colonies
harbored the C50c taxon while others harbored C3k. The host
population in the southern GBR was associated with a symbiont
taxon of the C50b subclade. A few colonies at Lady Musgrave
Island were associated with C3k. Corals in western NC were pre-
dominantly associated with a taxon from the C3k/C3bo sub-
clade. The exception was some colonies on most southern reefs,
which were associated with a distinct symbiont taxon from the
C50b subclade. Based on ITS2 profiles, k-mer profile clustering,
and geographic separation, this symbiont taxon is genetically
differentiated from the C50b taxa found in the southern GBR
(Figures S5 and S6). Coral hosts in the CB atolls were also asso-
ciated with a C3k/C3bo taxon that was indistinguishable from
NC C3k/C3bo based on k-mer profiles, despite being separated
by >400 km (Figure S5C).

Drivers of host and symbiont genetic structure

The redundancy analysis (RDA) indicated that environmental
variables significantly predicted coral host genetic structure
(ANOVA; p < 0.01), explaining 64% of the total variance.
Maximum monthly mean (MMM) sea temperature, the frequency
of mild marine heatwaves (DHW > 4), and distance to coast were
the strongest reef-level environmental predictors of host popula-
tion structure (cumulative adjusted R® = 0.60; Table 2). A global
RDA, including geographic predictors (distance-based Moran’s
Eigenvector maps; dbMEMSs) in addition to significant

01 00 oA
dbRDA? (17.2%)
@®cs Acncer EINC €5SGBR

0.2

environmental variables, explained 70%
of the total variance in host genetic struc-
ture. Due to the spatial sampling design,
several partial RDAs indicated that environmental and
geographic effects were largely confounded (86% of the ex-
plained variance).

Environmental predictors also significantly influenced the
community composition of Cladocopium symbionts (ANOVA;
p < 0.01), explaining 37% of the total variance (Table 2). The
MMM, frequency of mild marine heatwaves (DHW > 4), and
annual range in sea surface temperature (AR) were retained as
significant predictors in the model (p = 0.001). The AR separated
C3 populations, found in more thermally variable environments
at inshore and high-latitude reefs, from C50 populations found
in offshore and low-latitude reefs (Figure 4B). Within the C50 sub-
clade, distinct C50b and C50c populations were separated pri-
marily by the MMM, reflecting both temperature variation across
the latitudinal gradient and cross-shore gradients. Within the C3
subclade, the C3k populations were positively associated with
the MMM, while C3k/C3bo populations were found in reefs
where MMM was lower on average, but where mild marine heat-
waves have been more frequent. Several partial redundancy an-
alyses (pRDAs) indicated that environment was the strongest
driver of symbiont community composition (6.3% of total ex-
plained variance). Geography (1.2%) and host population struc-
ture (1%) were less influential, although the effect of these three
components was also largely confounded (80% of the explained
variance; Table 2).

DISCUSSION

Our results revealed four genetically distinct A. cf. spathulata
populations in the studied western Pacific region, which have
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Table 2. Influence of geography and environmental conditions on coral host genetic structure and associated Symbiodiniaceae

communities

R? (total variance

Proportion of constrained

Partial RDA models Inertia explained) p(>F) variance explained
Host model

Host PC ~ Env + geography 21.38 0.701 0.001™** 1
Host PC ~ geography|Env 1.898 0.06 0.001*** 0.089
Host PC ~ Env|geography 0.987 0.03 0.001*** 0.046
Confounded Env/geography - 0.611 - 0.865
Total unexplained 9.08 0.29 - -
Total inertia 30.46 1 - -
Symbiont model

k-mer ~ Env + geography + 0.174 0.40 0.01* 1
Host_structure|(Nreads)

k-mer ~ Env|(Nreads + Host_structure + 0.027 0.063 0.01* 0.15
geography)

k-mer ~ geography|(Nreads + Env + host 0.005 0.012 0.01* 0.03
structure)

k-mer ~ Host_structure|(Nreads + Env + 0.004 0.01 0.01* 0.02
geography)

Confounded Env/geography/host structure - 0.315 - 0.8
Total unexplained 0.167 0.6 - -
Total inertia 0.435 1 = =

The host model evaluates the influence of geography and environmental conditions on host genetic structure of Acropora cf. spathulata. The symbiont
model evaluates the influence of geography, environmental conditions, and host genetic structure on associated Symbiodiniaceae communities. The
relative influence of each category of predictors was decomposed using partial redundancy analysis (pRDA). Geography was modeled using dboMEMs.
Environmental conditions were represented by predictors encompassing temperature, irradiance, and turbidity. *p < 0.01, **p < 0.001. See also

Figure S1 and Table S5.

diverged due to geographic isolation but maintain gene flow
through major oceanographic currents. These populations
show little genetic structure over distances greater than
500 km, reflecting a generational dispersal distance estimated
at ~100 km. In contrast, coral hosts are associated with distinct
algal symbionts of five Symbiodiniaceae taxa across shorter lat-
itudinal and cross-shelf gradients. This study presents one of the
most extensive datasets for analyzing spatial genetic variation in
both corals and their algal symbionts based on whole-genome
sequences, combining broad geographic coverage and dense
local sampling. These results suggest that large local populations
and dispersal support resilience of a broadcast-spawning coral,
whereas habitat-specific symbionts and long-distance gene flow
could enhance its adaptive potential in changing environments.

Regional spatial genetic variation differs among
holobiont partners

The spatial scale of genetic variation differed markedly between
A. cf. spathulata and its associated Symbiodiniaceae. This coral
species comprised four genetically differentiated populations
distributed in distinct regions separated by ~600-2,200 km.
However, each population was largely genetically homogeneous
based on PCA, ADMIXTURE, and IbD analyses, despite span-
ning up to >300 km for NC and CB and up to >500 km for the
central/northern GBR. Conversely, Symbiodiniaceae community
genetic variation occurred over spatial scales as small as 30 km,
and colonies from the same reef sometimes hosted distinct
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symbiont taxa. These patterns reflect the predominant effect of
distinct evolutionary forces acting on holobiont partners.

Patterns of A. cf. spathulata genetic variation suggest that
extensive gene flow promotes genetic homogenization of popu-
lations, counteracting the effects of drift and local adaptation.”®
This was supported by our estimated ¢ exceeding 100 km.
Across the distant western Pacific populations, reduced gene
flow and increasing environmental contrasts (e.g., A~3°C in
MMM; Figure S1B) drive greater genetic differentiation (D,, =
0.0102-0.0107). However, the relative importance of genetic drift
and local adaptation in this differentiation could not be disen-
tangled due to spatial confounding between environmental and
geographic predictors (Table 2). Future studies integrating
morphological and genomic data (e.g., Rassmussen et al.® and
Bridge et al.”%) across a broader geographic range, including
populations from the A. spathulata holotype locality in the Solo-
mon Islands, will be necessary to determine whether the lineage
described here represents a synonymized species or popula-
tions of the same species.

Patterns of Symbiodiniaceae genetic variation suggest that
environmental filtering is the predominant driver of A. cf. spathu-
lata algal symbioses. Variation in symbiont communities was
likely not strongly influenced by dispersal, as it did not follow
an |IbD pattern. For instance, colonies from Martin and No
Name reefs (30 km apart) hosted different taxa, while those
from No Name and Chicken reefs hosted the same taxa
(500 km apart; Figure 4). In addition, the environment had a larger
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effect on symbioses than host genetic differentiation (although
largely confounded; pRDA; Table 2), as expected from species
that acquire symbionts from their environment after settle-
ment.*®>* Variation in symbioses was particularly pronounced
across shelf and latitudinal gradients, similar to other Acropora
species on the GBR.°%°"°® Notably, A. cf. spathulata and
A. tersa® (a recently named species of the A. hyacinthus species
complex) hosted strikingly similar Symbiodiniaceae commu-
nities, with identical ITS2 types found across comparable envi-
ronmental gradients.®> RDAs suggest that temperature was the
primary driver, although other important factors, such as light
and turbidity,”® were likely excluded due to multicollinearity. It
also remains unclear whether A. cf. spathulata associates with
specific Symbiodiniaceae because these taxa are locally abun-
dant and/or they form the best performing symbioses.*?

The spatial distribution of Symbiodiniaceae suggests that
some taxa may be environmental specialists while others may
be environmental generalists. Similar to Epstein et al.,”® we
found A. cf. spathulata associated with a C3k taxon at cooler
offshore central/northern GBR reefs, and we also revealed a
distinct C50c taxon predominant at warmer turbid inshore cen-
tral/northern reefs. Conversely, C3k/C3bo appears to have a
wide distribution as it was indistinguishable based on genome-
sequence composition between NC and CB. Taxa from the
C50b subclade, found across a 13° longitudinal gradient, might
also be widespread in this region but best performing at high lat-
itudes. Our findings reinforce the idea that niche partitioning can
promote ecological diversification of closely related algal symbi-
onts,””’® as the C50c and C50b populations were found in
warmer and cooler environments, respectively. Importantly,
additional genetic diversity within major Symbiodiniaceae taxa
may result from local adaptation of symbiont populations and/
or genotypes,*® potentially explaining the diversity of ITS2 pro-
files observed within taxa (Figure S6A). Such fine-scale genetic
variation was not detected by the alignment-free approach and
may require tailored methods, including microsatellite ana-
lyses’® or the retrieval of chloroplast SNPs.*®

Broadcast spawners maintain long-distance
asymmetrical gene flow across the western Pacific
Demographic models detected substantial historical gene flow
between western Pacific populations separated by thousands
of kilometers, which likely started to diverge between 0.275
and 0.651 mya. Although this potential connectivity had been
suggested by biophysical models of coral dispersal,®® it re-
mained to be empirically tested, as these approaches can be
biased at coarse spatial resolutions.®’ Although some uncer-
tainty remained in the absolute values of gene flow, the primary
directions of migration rates were consistent across bootstrap
replicates for all population pairs, and these models had stronger
support than divergence without gene flow.

On the GBR, gene flow was primarily southward, consistent
with the predominant East Australian Current (EAC) direction
and other studies on coral broadcast spawners.'83%°° We also
observed admixture between the central/northern and southern
GBR populations, indicating recent southward migration be-
tween these regions (Figure 1). Conversely, gene flow was
largely symmetrical between the GBR and Coral Sea atolls, re-
flecting the region’s complex oceanography, which includes
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westward currents such as the North Caledonia Jet (NCJ) and
the South Caledonia Jet (SCJ),°" as well as the eastward Sub-
tropical Counter Current (STCC).>? Demographic models in-
ferred dominant eastward gene flow from the GBR to NC, and
from CB to NC, which is unexpected given the prevailing west-
ward NCJ and SCJ in the region.®’ These patterns of realized
connectivity may have been influenced by surface circulation
associated with the STCC, while the strong NCJ and SCJ reach
their maximum intensity in deeper layers.®? Observations of plas-
tic debris and Lagrangian dispersal modeling notably suggest
that mesoscale currents can generate eastward drift in the re-
gion despite the dominance of westward zonal jets.?®> Because
gene flow inferred from demographic models reflects an average
across thousands of generations, these estimates could also
have been influenced by temporal changes in ocean circulation.
Together, these results provide novel insights into complex real-
ized connectivity across this region and highlight the value of
such analyses for informing management in contexts of variable
ocean circulation. Beyond uncertainties in the current direction-
ality of gene flow, the models strongly support low but persistent
migration between these western Pacific populations. As such,
they should be treated as distinct management units®* within a
broader regional network that also recognizes the importance
of their connectivity for evolutionary adaptive potential.

Large breeding population and high dispersal may
support demographic resilience
The effective population size of A. cf. spathulata at the neighbor-
hood size was relatively high (Ne = 2,950) despite drastic coral
mortality over past decades.’®® This estimate is particularly
important for conservation, as emphasized in the recent
Kunming-Montreal Global Biodiversity Framework.>* Although
there is no exact rule for how large N, should be, our estimate
suggests that local breeding populations are sufficiently large
to prevent dramatic loss of genetic diversity due to genetic
drift.?? In contrast, brooding species with limited dispersal and
local recruitment tend to have lower N, and higher local extinc-
tion risk.'® 1924

High N; likely reflects substantial census sizes of this common
species densely distributed on reef flats and slopes, combined
with a large generation dispersal estimated at ~100 km per gen-
eration. This estimate contains some level of uncertainty because
IbD theory assumes symmetrical dispersal across a continuous
habitat of constant population density, which does not match
the typical patchiness of coral reefs. Yet this value is consistent
with a pelagic larval duration estimated from lipid reserves at
~100 days, which would allow larvae to be carried across large
distances.?® Estimates from previous studies using similar
methods vary from a few meters in brooding species'®?%?* to
1-52 km in broadcast-spawning species.'®?" Our estimate also
falls at the upper end of broadcast-spawners connectivity pre-
dicted by biophysical models (63% of settlement within
100 km)®° and is comparable to coral trout dispersal on the
GBR.®” These findings suggest that A. cf. spathulata exhibits
one of the highest coral dispersal distances recorded to date.
Importantly, we only estimated a global isotropic ¢ because IbD
was not significant within populations, but this estimate could
vary among regions. Even if ¢ is similar across regions, the demo-
graphic consequences could differ because the GBR is a
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fragmented mosaic of numerous discrete reefs, while NC and CB
contain longer continuous barrier reefs.®® Individual reefs are ex-
pected to be demographically isolated when separated by more
than 2¢,%° and thus connectivity could differ between these reef
systems of contrasting geomorphology.

Large N, and high dispersal may explain the impressive recov-
ery of Acropora communities on many GBR reefs after the 2016-
2017 bleaching-related mortality events®® and will be critical for
demographic recovery under increasingly frequent distur-
bances. ' For example, marine heatwaves and freshwater floods
caused 90%-100% mortality of A. cf. spathulata colonies at
several inshore northern GBR sites sampled in this study in
2024, whereas colonies at offshore reefs were relatively unaf-
fected. Larval dispersal from these populations could thus in
theory supply larvae to degraded reefs. However, a finer assess-
ment of realized dispersal is needed to evaluate the inbound and
outbound connectivity of individual reefs, as it depends on
mesoscale currents and habitat availability. Finally, given the
ongoing impacts to these populations from global warming,
monitoring possible changes in N, will be important for tracking
changes in their vulnerability.®"

Habitat-specific symbioses and long-range dispersal
affect the evolutionary adaptive potential of A. cf.
spathulata

A. cf. spathulata formed distinct symbioses with Symbiodinia-
ceae across distinct thermal conditions, which raises the ques-
tion of whether a shift to more heat-tolerant symbioses could
promote the adaptation of A. cf. spathulata to rapid climate
warming. Acropora corals symbioses with heat-tolerant symbi-
onts—notably from the Durusdinium genus—have been
observed to increase in prevalence during marine heatwaves,
but this response appears to be species specific and has not
yet been reported for A. cf. spathulata.®” The absence of Durus-
dinium in colonies sampled outside major marine heatwaves in
Epstein et al.”® and in our study suggests this association is un-
common in A. cf. spathulata under normal conditions. However,
we observed variable symbioses among colonies at mid-shelf
reefs on the GBR, suggesting that both the C50c and C3k taxa
are found in these environments. Under future climate warming,
symbioses with C50c, typically found in warmer inshore environ-
ments, may become more prevalent on mid-shelf reefs, espe-
cially given that fast-growing Acropora corals can rapidly shift
to better-adapted symbionts within 1-2 years.”®> Whether this
ability varies across regions remains an open question, espe-
cially given that the same C3k/C3bo taxon was found in colonies
both from NC and CB reefs despite drastically different environ-
ments. The absence of other associations may indicate lower
potential for adaptation through shifts in symbioses or, on the
contrary, indicate greater physiological plasticity and resilience
to changing conditions of this symbiont taxon. Further sampling
around bleaching events is thus needed to assess whether this
species can shift symbioses quickly enough to reduce coral mor-
tality over future marine heatwaves.

Another factor that may underlie the evolutionary adaptation of
A. cf. spathulata is the long-distance gene flow between western
Pacific populations, as it could increase genetic variation or intro-
duce heat-tolerant alleles from warmer to cooler regions.®” On the
GBR, dominant southward gene flow may allow this process, as
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observed in other coral taxa, '®*°*° particularly given that admix-

ture suggests recent southward migration. Among other popula-
tions, the effect of gene flow on adaptive genetic variation may
be harder to predict due to more complex patterns. For example,
the southern GBR showed substantial northeastward gene flow
toward CB populations typically found in warmer environments.
Nevertheless, occasional long-distance gene flow will benefit pop-
ulations’ adaptive potential by introducing novel genetic variation
without swamping adaptive local variants.”* We only inferred
broadscale patterns of gene flow among the four regions. Sam-
pling a continuum of reefs in these regions and modeling gene
flow at a finer resolution among reef groups (e.g., Meziere et al.'®
and Matz et al.*®), along with construction of high-resolution bio-
physical models (e.g., Mason et al.®®), would help build finer net-
works of reef connectivity.%®

Within regions, high levels of gene flow will constrain
evolution by preventing strong local adaptation, for instance along
cross-shore gradients. However, it will also facilitate the spread of
standing genetic variation, as evidenced by limited differences in
genetic diversity between reefs and regions. This gene flow will
reduce the risk of inbreeding depression and enable the rapid
spread of novel genetic variants across the population range.”
Future work investigating the distribution of adaptive genetic vari-
ation in this species will help clarify this ambivalent effect.

Conclusions

The genetic structure of the western Pacific coral A. cf. spathulata
reflects opposing forces of geographic isolation and long-dis-
tance dispersal driven by major regional ocean currents. In paral-
lel, variation in associated Cladocopium taxa along latitudinal and
cross-shore environmental gradients suggests environmental
filtering of symbioses. Our results enable the definition of manage-
ment units across the western Pacific and emphasize the impor-
tance of considering coral reefs’ connectivity at the regional scale
beyond national borders—as maintaining gene flow between
distant populations could underlie their evolutionary adaptation.®*
The distinct spatial scales at which evolutionary processes affect
coral hosts and their symbionts are also essential to consider for
many proposed intervention approaches, such as assisted gene
flow, selective breeding, or symbiont manipulations.®” Our find-
ings indicate substantial effective population size and exceptional
dispersal in A. cf. spathulata that may support demographic
rescue following disturbances, provided some locations remain
unaffected. However, this study only offers a snapshot of the de-
mographic status of A. cf. spathulata populations. In light of recent
severe coral mortality events,®® future reassessment of their
vulnerability will be essential for effective conservation.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study sites and sample collection

A. cf. spathulata was sampled from the east coast of Australia to the west coast of New Caledonia and across a 10 ° latitudinal
gradient (Table S1). Colonies were identified in the field based on their morphological similarity to the nominal species, and prior taxo-
nomic work on the Great Barrier Reef (GBR)."?® Field identification focused on colonies with a compact corymbose morphology,
distinctive labellate (scale-like) radial corallites, and thick branches. The latter character was primarily used to distinguish A. cf. spa-
thulata colonies from the closely related A. millepora, which has finer branches.'?® The lack of publicly available genomic data from
A. spathulata topotypes from the Solomon Islands population prevents a genomic-based verification of their taxonomic status as
populations of the same species or currently synonymized species, hence the cf. qualifier used here. The first batch of samples con-
sisted of 831 colonies collected across 15 reefs of the GBR (n = 40-60 per reef; Figure 1) between 28 February and 26 March 2022
(GBRMPA permit G21/45166.1) as described by Denis et al.'*° The second batch comprised 323 colonies collected across 14 reefs
of the western coast of New Caledonia (NC) and atolls of the Chesterfield-Bellona (CB) plateau located in the Coral Sea (n = 4-25 per
reef) between 26 June and 28 September 2023 (New Caledonia Natural Park of the Coral Sea permit 2023-1503/GNC, South Prov-
ince permit 4508- 2022/ARR/DDDT and North Province permit 609011). At each reef, small fragments (< 1 cm®) were collected on
SCUBA from coral colonies originating from one or two sites (covering 50-4200 m?) and immediately stored in 80-100% ethanol
for DNA extraction. Depending on reef site geomorphology, colonies were collected from upper reef slopes, fringing reefs, inner bar-
rier reefs or reef flats at an average depth of 0.6 m (—0.7 m to 5.6 m relative to the lowest astronomical tide, Table S1). Geographic
coordinates were recorded for each colony by carrying a GPS in tow on a surface float (except at NC and CB reefs), and whole colony
photographs and macrophotographs were taken of each colony using an Olympus TG-6. The occurrence of clones was minimized by
avoiding sampling neighboring colonies of similar pigmentation.
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METHOD DETAILS

DNA extraction and sequencing

Coral fragments from 1,154 colonies were used for DNA extraction and 1,144 high quality DNA samples were used for library prep-
aration and whole genome sequencing (Table S2). While extraction and sequencing of the GBR and New Caledonia samples were
conducted at different facilities, similar extraction and library preparation kits and sequencing platforms were used in order to mini-
mize batch effects. In addition, a subset of 23 technical replicates pairs from the GBR was extracted and sequenced alongside both
batches to control for such effects (see STAR Methods, testing for batch effects). In both cases, total DNA was extracted from coral
tissue slurry (tissue and skeleton) using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following manufacturer’s instruc-
tion, including an RNAse digestion step for GBR samples (30 min at room temperature). For GBR samples, sequencing libraries were
prepared using the Lotus DNA Library Prep Kit for NGS (10 ng of input DNA, 8 PCR cycles) and sequenced on the lllumina NovaSeq
6000 platform (200 cycles; 150 bp paired end reads; targeting 10X coverage; Azenta Life Sciences, CSIRO). For New Caledonia sam-
ples, the libraries were prepared using the Truseq Nano DNA kit (200 ng of input DNA, 8 PCR cycles) and sequenced on the lllumina
NovaSeq X platform (300 cycles; 150 bp paired end reads; targeting 10X coverage; Macrogen, Korea).

Genomic data pre-variant processing and filtering

The bioinformatic pipeline used to process, filter, and analyze the genomic data is outlined in Figure S7A. The dataset consisted of the
1,144 sequenced individuals with technical replicates (n = 25; see STAR Methods, testing for batch effects) and Acropora millepora
samples used as outgroups (n = 13). Pre-variant filtering steps are summarized in Table S2. Adapter removal and read quality trim-
ming was conducted using Trimmomatic v0.39'%? with a 4 bp sliding window, a minimum Phred score quality of 20, and a minimum
read length of 50 bp. Leading and trailing low quality bases were removed (LEADING:3, TRAILING:3) and adapter sequences were
removed using the llluminaclip option in ‘palindrome mode’ (2:30:10:4). Sample quality was confirmed using FastQC v0.12.1 (http://
www.bioinformatics.bbsrc.ac.uk/projects/fastqc) and MultiQC v1.21."%° Filtered reads were then aligned to the Acropora millepora
reference genome v3 assembly (unpublished upgrade from GCA_013753865.1_Amil_v2.1; see choice of reference genome ) using
the Burrow-Wheeler Aligner v0.7.17'°* and the MEM algorithm at default settings. SAM files were converted to indexed and sorted
BAM files using Samtools v1.20'°*'%° and PCR duplicates were marked and removed using Picard v3.1.1
(VALIDATION_STRINGENCY=LENIENT; http://broadinstitute.github.io/picard/). After removing samples that failed sequencing
and samples with unexpectedly low percentage of mapped reads (< 80%; possibly indicative of mis-identified taxa) or number of
mapped reads (< 10M), 1,132 BAM files were retained (Figures S7B and S7C). To provide an initial evaluation of population structure
across the study system and pinpoint potential clones and taxa misidentification, this dataset was analyzed alongside outgroup sam-
ples using a genotype likelihood framework in ANGSD v0.940'°° (see STAR Methods, host population genomic using genotype
likelihoods). Four samples from the GBR belonging to A. millepora and 23 samples from a distinct unknown genetic cluster from
NC were removed from further analyses.

Choice of reference genome

Cleaned reads were aligned to Acropora millepora v3 reference genome (unpublished upgrade from GCA_013753865.1_Amil_v2.1).
This reference was chosen as A. millepora is a very close taxa to A. cf. spathulata, both phylogenetically and morphologically'®' and
had a curated chromosome-scale reference genome at the time analyses were performed unlike A. cf. spathulata. Since initial an-
alyses were performed, two A. cf. spathulata reference genomes have become available on NCBI Genbank (one chromosome scale;
GCA_964019555.1 and one contig-scale; GCA_031770025.1). However, alignment of both reference genomes using D-GENIES'?°
revealed a moderate macrosynteny between the two A. cf. spathulata reference genomes and limited microsynteny with less than 5%
of the reference genomes showing > 75% identity. For comparison, these levels of identity or on the same order of magnitude than
between two different species: A. tenuis with A. millepora®® which suggests that better curation of these references might be needed.
In addition, preliminary tests mapping reads from our samples to the contig-scale A. spathulala reference (GCA_031770025.1) and
A. millepora v3 showed only a < 0.3% difference in mapping rates between them. The better quality, curation and assembly scale of
A. millepora v3 reference genome thus made it a preferable choice for our analyses.

SNP calling, clone identification and filtering

Indexed, duplicate-free BAM files were used to call variants and genotypes from a total of 1,105 remaining samples using GATK
v4.5.0.0 ‘Germline short variant discovery best practice’ workflow.'®” Variant calling was first performed per sample, focusing
only on reads mapping to the 14 reference chromosomes, using the HaplotypeCaller tool that performs de novo assembly of hap-
lotypes in active regions. Individual ‘gvcf’ files were then consolidated per chromosome using GenomicDBimport and used for joint
genotyping using GenotypeGVCFs tool. GatherVCFs and SelectVariants tools were used to combine chromosome files in a single
variant call format (VCF) file and separate SNPs from INDELs and monomorphic sites. The SNPs VCF file was preliminarily filtered
using GATK VariantFiltration tool following GATK stringent filtering best practices (QD > 2, FS < 50, MQ > 40, MQRankSum > -
12.5, ReadPosRankSum > -8, SOR < 3, GQ > 20) and 17 individuals with high missingness (> 85%) were discarded (Figure S7D).
Previously identified putative clonal colonies were confirmed and filtered to retain only one colony with the lowest missingness
per clonal group (see STAR Methods, clones and related individuals’ identification, Table S3, and Figures SSE-S3H).
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Testing for batch effects

For logistical and legal reasons, samples collected in Australia and New Caledonia were processed for DNA extraction, library prep-
aration and sequencing at different facilities. While we used similar DNA extraction Kits, library preparation kits and sequencing plat-
form to minimize batch effects in our dataset, a subset of 23 GBR samples were extracted and sequenced separately at both facilities
to validate the absence of strong batch effects. Following the different data processing steps described in above, 17 pairs of samples
passed filtering steps and were used to assess the presence of batch effects using ‘hard called’ variants. First, a relatedness matrix
was generated in vcftools v0.1.17 using the method of Yang et al.’® from these 17 pairs of technical replicates across batches, 2
pairs of technical replicates within the same GBR batch and 100 additional random samples. Each pair of replicates were correctly
grouped together based on relatedness, irrespective of the batch in which they were sequenced (Figure S8A). Second, a PCA was
conducted on 130,344 SNPs (MAF > 0.01, missingness < 20%) from these 17 pairs of technical replicates using the g/Pca function in
R package adegenet v2.1.10,"'° as described in the host population genomics analyses section below. The PCA correctly separated
GBR samples in the two previously described genomic clusters, rather than by batch (Figure S8B). Third, we computed individual
autosomal heterozygosity for these 17 pairs of technical replicates using vcftools v0.1.17 and bcftools v1.20. Autosomal heterozy-
gosity was computed using 0% missing data (2,715 SNPs) following recommendations from Schmidt et al.’*® This was done because
different factors such as different levels of DNA degradation leading to base transition can alter heterozygosity estimates between
batches.”®* A Welch two-sample t-test found no significant differences in heterozygosity between batches (Figure S8C). Overall,
these results confirm the absence of strong batch effects in our dataset. While slight differences between samples extracted and
sequenced separately are to be expected, the genetic patterns described in this study are unlikely to be an artifact of batch effects.

Host population genomic using genotype likelihoods

To get an initial impression of the population structure across our study system we analyzed coral samples genomic data with a ge-
notype likelihood framework in ANGSD v0.940."%° The dataset comprised the 1,132 putative A. cf. spathulata samples and validated
A.millepora (n = 13) samples used as outgroups, processed using the same pipeline. Polymorphic sites were filtered to retain only
those with mapping quality > 30, base quality > 30, coverage > 3 paired-end reads in >95% of individuals, and sites mapping to
14 assembled chromosomes. Genotype likelihoods were inferred using the Samtools model to estimate major and minor alleles fre-
quencies assuming biallelic sites (-doMaf = 2) and considered only polymorphic sites with a likelihood ratio test p-value < 0.000001.

A. cf. spathulata distribution is currently recognized to encompass the GBR. A first subset of the dataset including 864 GBR indi-
viduals was used to pinpoint potential taxon misidentification. To that end, polymorphic sites with minor allele frequency (MAF) > 0.05
were used to compute a covariance matrix and perform a principal component analysis (PCA) in PCAngsd v1.21.'%” Bayesian hier-
archical clustering admixture analyses was also performed in PCAngsd with the ‘admix’ option assuming 2-5 ancestral populations.
Both analyses revealed two major genomic clusters geographically separated between the central/north and south GBR. In both an-
alyses, 4 samples were also detected as being A. millepora colonies that were mis-identified in the field and were discarded in further
analyses (Figure S9A).

A. cf. spathulata has been less often identified and studied in New Caledonia despite being reported to occur in the Western
Lagoon of the main island ‘Grande Terre’."*® Prior work targeting A. millepora has also revealed several genetic clusters that could
actually consist of the two species or other related taxa.“® In the field, colonies most closely matching A. cf. spathulata morphology
from the Great Barrier Reef were targeted. We further assessed how these colonies related to the GBR A. cf. spathulata and A. mil-
lepora by repeating the same PCA and Ancestry analyses using a dataset of 1,041 colonies from the Central/North and South GBR,
New Caledonia as well as A. millepora from the central GBR (Figure S9B). These analyses suggested that colonies collected in New
Caledonia were indeed most closely related to the GBR A. cf. spathulata than the GBR A. millepora. Colonies sampled in the western
coast of New Caledonia (NC) and the Chesterfields-Bellona plateau (CB) formed two genetically distinct groups. In addition, a small
subset of 23 samples from the southern west coast of New Caledonia clustered separately from the rest, presumably originating from
an undersampled genetically distinct group that appears closer to the GBR A. millepora.

Validation of differentiation from A. millepora

To confirm genetic differentiation of previously described groups, an even subset of 11 individuals for each of the 6 groups (GBR A.
millepora, Central/North GBR A. cf. spathulata, South GBR A. cf. spathulata, NC Cluster 1, NC Cluster 2 and CB) was used for SNPs
and variant calling using the same GATK pipeline and filtering steps as described above. The resulting vcf file was used to compute
Pairwise F¢ between each group using the Weir and Cockerham method'°® in vcftools, and used to perform a PCA with the g/iPca
function from R package adegenet v2.1.10."'° These analyses confirmed that all sampled taxa in this study were most closely related
to the GBR A. cf. spathulata (Figures S9C and S9D). The PCA analysis also confirmed the presence of two genetically distinct groups
in the western coast of New Caledonia. Due to its low sample size, the under sampled Cluster 2 was discarded from further analyses
to focus on the predominant Cluster 1.

Clones and related individuals’ identification

Clonemates and related individuals were identified in the dataset using two methods. First, identity-by-state (IBS) matrices were
generated in ANGSD using the -dolBS function from the set of filtered polymorphic sites. Second, relatedness matrices were gener-
ated from hard called variants (20% missingness) in vcftools using the method of Yang et al.’®? In both cases, matrices were
computed and clonemates identified separately for each of the four genetic groups (NC, CB, South GBR and Central/North GBR).
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Colonies’ genetic similarity was compared to the overall background similarity as well as the similarity of technical replicates to infer
pairs or groups of clonemates. Both IBS and relatedness agreed for all pairs or groups of clones. Using a conservative relatedness
threshold of 0.2, there were 11, 17, 3 and 6 groups of clones or related individuals for the Central/North GBR, the South GBR, NC and
CB respectively (Figures S3E-S3H). The number of putative clones and highly related individuals was particularly high in the Southern
GBR but we could not confirm if this was due to higher inbreeding rates at these locations or an artifact of the sampling scheme, as
colonies were sampled randomly by different groups of divers between locations. All related individuals identified using a conserva-
tive threshold were filtered prior to final population structure, demographic and isolation by distance analyses to retain one individual
with the lowest missingness per group.

Host population genomics analyses

To confirm the absence of strong batch effects that could confound population structure, a subset of 23 pairs of technical replicates
was sequenced along both GBR and NC samples (see STAR Methods, testing for batch effects and Figure S8). After exclusion of
natural clones and technical replicates, a final set of 999 individuals was used for host population genetic analyses. A first dataset
of unlinked SNPs was created to investigate population structure and phylogenetic relationship between populations of the Western
Pacific, retaining only bi-allelic SNPs with a minimum mean locus depth of 5 and a maximum of 15, a minor allele frequency
(MAF) > 0.05 and a locus missingness < 20% with vcftools v0.1.17."%% In addition, SNPs in linkage disequilibrium with a pairwise
2 > 0.2 were removed using plink v1.90b7.2'%° (“Dataset 1”, Table S4) because we were interested in identifying neutral population
structure patterns that occur throughout the genome. To identify genetically distinct groups of individuals, we performed a principal
component analysis (PCA) with the g/Pca function from R package adegenet v2.1.10.""° We then estimated individual ancestry pro-
portion using ADMIXTURE v1.3.0.""" The optimal number of ancestral populations (K = 4) was determined using the cross-validation
method implemented in ADMIXTURE (Figure S2A). To complement these analyses, we estimated individual ancestry proportion us-
ing sparse Non-negative Matrix Factorization (SNMF) with the R package LEA v3.14.0."®” The optimal number of ancestral popula-
tions was estimated using the minimum average cross-entropy value over five repetitions with a = 100 (Figure S2C). To investigate
potential fine-scale genetic structure, we repeated the ADMIXTURE analysis within each major population using K = 2 (Figures S3A-
S3D). Following Hemstrom et al.'*® best practices, these analyses were also conducted using variable stringency MAF (MAF > 0.01
and MAF > 0.05) and missingness thresholds (5%, 10%, 20% and 50%).

Finally, we used a subset of individuals with the highest ancestral assignment in ADMIXTURE (200 colonies, 50 colonies per pop-
ulation) and built an individual-based Maximum Likelihood phylogenetic tree using RAXML." " To build the tree, the VCF file was con-
verted to the Phylip format using vcf2phylip.py script (https://github.com/edgardomortiz/vcf2phylip) and raxmIHPC-PTHREADS was
run with a GTRGAMMA model and 100 bootstrap replicates.

Demographic modeling

To investigate the evolutionary history and connectivity of these populations, a subset of Dataset 2 comprising 120 colonies (30 col-
onies per population, showing >95% admixture cluster assignment) was used to conduct demographic modeling analyses in dadi
v2.3.3.%° This dataset was further filtered to retain SNPs with a minimum allele count (MAC) of 3 to minimize the effect of sequencing
errors. SNPs showing a deviation from HWE (p-value < 0.0001) were also removed as we observed an excess in heterozygosity
creating a peak in the SFS at 0.5 haplotype frequency, potentially due to gene duplication, paralogous loci or balancing selection.
Finally, a second round of filtration to ensure < 20% missingness within each population was performed using vcf_minrep_filter.py
script (https://github.com/pimbongaerts/radseq, “Dataset 3”, Table S4). VCF files were created for each population pair (n=6) and
analyzed using a custom workflow to estimate effective population sizes, divergence time and migration rates between populations
(https://github.com/kepra3/kp_dadi).

We computed joint-allelic frequency spectrums (JAFS) for each pair using the subsample method to account for missing data, and
masking singletons and doubletons to minimize the effect of sequencing errors or somatic mutations. We initially tested three sce-
narios: divergence in isolation, divergence with asymmetrical migration and ancestral asymmetrical migration (Figure S4A). We opti-
mized the models’ parameters to best fit the observed JAFS (Figure S4B). To avoid getting stuck in local optima, optimization was
performed by exploring the parameter space in three stages: first with three-fold, then two-fold, and finally one-fold perturbations of
the starting parameters, based on the previously optimized peak values (>100 runs per stage). The final set of parameters was chosen
when appearing several times with 1-fold perturbation from different initial values. To get confidence intervals for these parameters,
100 bootstraps were created for each pair by resampling genomic contigs. Optimization runs (n=50) were performed for each boot-
strap and model, using 1-fold perturbations starting from previously optimized parameters. For each bootstrap replicate, delta-AlC
values were computed between models, and the mean delta-AlC across replicates was used to identify the best-fitting model for
each population pair (Figure S4C). Optimized parameters from the best-fitting model (divergence with asymmetrical migration)
were used to calculate 95% credible intervals, after excluding bootstrap replicates within the lowest 10% likelihood quantile.

Finally, we converted parameter values obtained in 0adi (0, v1gadi, V2dadi> M12dadi» M12dacdi @nd Tgagi) into physical units: divergence
time in years, effective population sizes in number of individuals and gene flow between taxa in number of migrants per generation. To
do so we first calculated the effective sequence length for each pair as:

SNP dadi

L= dd
SNP detected

x N, sites
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where SNPy,qi is the number of SNPs used to construct the JAFS from the specific pair, SNPgetected is the number of SNPs originally
detected before filtration, and N;es is the number of sites obtained from GATK pipeline (including SNPs, INDELs and monomorphic
sites). Next, we computed the ancestral population size (N,er) and the effective population sizes v1 and v, in number of individuals, the
divergence time (T) in years, migration rates in fraction of migrant individuals at each generation (m+»; from Population 2 to Population
1 and myy; from Population 1 to Population 2) and rates of gene flow in number of individuals per generation (M2 and M>1), using the
following formulas:

0
Nt = —2
T AxuxL
T = 2 x Tgen X Nier X Tqaai

V1 = Vigadi X Nier

V2 = Undadi X Nrer

_ Miogagi

myy =
2 x Nref
M21dagi

myy =
2 X Nrer

Miz = mya x vy

Moy = My x vy

We used a mutation rate y of 1.2 x 10" mutations per base per generation, previously estimated for Acropora corals®” and a gen-
eration time Ty, Of 5 years following the assumptions of Matz et al.* on generation times of A. millepora.

Symbiodiniaceae community analyses

We used genomic reads from 1,088 A. cf. spathulata holobionts to characterize symbiont community composition and diversity
across our study area, adopting the approach by Ishida et al.,*° available at https://github.com/hisatakeishida/Symb-SHIN. Genomic
reads not mapping to the host reference genome (i.e. non-coral reads) were first re-aligned to several reference genomes of Sym-
biodiniaceae using the Burrow-Wheeler Aligner v0.7.17"'%* and the MEM algorithm (bwa-mem) at default setting, with one reference
per genus (Symbiodinium microadriaticum CCMP2467,"%° Breviolum minutum Mf1.05b,"“° Cladocopium proliferum SCF055-01,"*
Durusdinium trenchii CCMP2556,"%? Effrenium voratum RCC1521'*® and Fugacium kawagutii CCMP2468'*%).

For the first-pass analysis of the symbiont community composition, we retrieved and classified ITS2 sequences present in the sam-
ples using graftM v0.15.1.""® All ITS2 sequence variants were classified as belonging to genus Cladocopium. To improve intra-spe-
cific taxonomic resolution, we also analysed psbA™" sequences among the samples. We retrieved psbA™" sequences by mapping
reads to a custom psbA"™" reference database using bwa-mem. We then followed Armstrong et al.’“° to retain only reads that aligned
in full length (100% cover) at >90% identity, and used number of uniquely mapped reads as proxy for abundance.

To capture genetic diversity of symbionts directly using whole-genome sequencing data not restricted to selected marker genes,
we adopted a k-mer-based alignment-free approach, following earlier studies.****° The k-mers in each sample were first enumerated
using jellyfish v1.1.12 (https://github.com/gmarcais/Jellyfish) at k = 21, yielding a 21-mer profile following previous studies.'*® Pair-
wise distance between samples was computed from these profiles using d2ssect (https://github.com/bakeronit/d2ssect), based on
D metric."'® Samples containing similar symbiont compositions are expected to share similar k-mer profiles (i.e., short D5 -derived
distance). The Dg—derived distance matrix was used to perform an unconstrained principal coordinate analysis (PCoA)'*” using the
cmdscale function in R, and was used to infer a neighbour-joining tree using R package ape v5.8.1.'%°

To validate the aforementioned methods using a conventional amplicon-based approach, a subset of 36 DNA samples distrib-
uted across host populations were used for ITS2 marker amplification (Herculase Il Fusion DNA Polymerase Nextera XT Index V2
Kit) and lllumina sequencing at Macrogen (Seoul, Korea) using forward primer SYM_VAR_5.8S 5’-GAATTGCAGAACTCCGT
GAACC-3’ and reverse primer SYM_VAR_REV 5’-CGGGTT CWCTTGTYTGACTTCATGC-3'.'°" ITS2 sequence data were submit-
ted to the SymPortal analytical framework (https://symportal.org)** and ITS2 sequence variants and type profiles output by the
pipeline were used to visualize the results. For this subset of 36 individuals, graftM results were checked for consistency with
SymPortal results using a relative abundance barplot of ITS2 sequence variants (Figure S6A). Using the same set of samples,
we also compared the hierarchical clustering of Unifrac distances based on ITS2 ‘defining intragenomic variants’ with that based
on Dg distances, which showed great consistency (Figure S6B) and thus we named each of the D§ clusters according to its cor-
responding major ITS2 sequence. Both dendrograms were aligned to build a tanglegram with R package dendextend and the
stepside method.'?’
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Host and symbiont co-clustering analysis

To visualize how Symbiodiniaceae communities varied across host populations, we performed a hierarchical clustering of samples
using the pairwise distance matrix derived from the Dg metric (@above) using all samples (n = 878) for which > 50 M bp of reads mapped
to the reference Symbiodiniaceae genomes. This dendrogram was pruned to build a tanglegram with the host phylogenetic tree ob-
tained in RAxML using dendextend.

Environmental data acquisition

To assess environmental conditions driving symbiont community composition across coral host populations and our study range, we
retrieved environmental data from several satellite products and model reanalysis (Table S5). These datasets were preferred to more
fine-scale resolution models available in each country for consistency reasons. We focused on variables that are known to affect
Symbiodiniaceae communities structuring and can be accurately estimated in both reef systems. Temperature metrics were
computed from the Coral Watch v3.1 sea surface temperature (SST) satellite product (NOAA; 1985-present; 5km).°° Light intensity
metrics (Cloud fraction and UV radiation) were computed from the ERA5 reanalysis (Copernicus marine service; 2002—present;
0.25°).'°° Water turbidity (Kdsgonm) and chlorophyll content metrics were computed from ESA Globcolour satellite product (2009;
2002-present; 1/24°)."*® Finally, we included spatial descriptors in the analysis such as colony-level depth and the shortest haversine
distance between reefs and the coastline of Australia or New Caledonia.

QUANTIFICATION AND STATISTICAL ANALYSIS

Population statistics

A dataset of linked SNPs was used to compute population genetic differentiation and diversity estimates retaining SNPs with a min-
imum mean locus depth of 5 and a maximum of 50, a minimum allele count (MAC) of 1, a p-value of deviation from HWE test >0.0001
and < 20% missingness (“Dataset 2”, Table S4) following recommendations of Hemstrom et al.’*® To generate unbiased estimates of
population genomic statistics despite missing data, the SNP dataset was concatenated to include invariant sites, filtered with the
same depth and missingness thresholds per above, and used to compute statistics with pixy v1.2.10."'* Following Sopniewski
and Catullo,'*° 10 replicates of 5 randomly selected individuals per population were used to compute the fixation index (F;) using
the Weir and Cockerham method."*° Because F; estimates can be affected by within population diversity, we also computed abso-
lute divergence (D,,) for each replicate, to get more-independent estimates of population differentiation. Finally, we computed nucle-
otide diversity (m) within each population. We reported the median Fg;, D,, and = estimates across replicates.

Isolation by distance analysis and estimating N,

To estimate realized dispersal and effective population sizes, Dataset 2 was further filtered to retain SNPs with <10% missing data
and physically pruned to remove SNPs separated by <20 kb, retaining one SNP selected at random (“Dataset 4”). This was done
because both isolation by distance (IbD) analyses and N, estimation methods require no physical linkage.**

Using this dataset, we estimated ¢ that represents ecologically relevant gene flow averaged across the last 10-15 generations,
following Prata et al.'® with modifications. Multiple IbD regressions were performed in spagedi v1.5""'® using the empirical estimate
of Rousset’s individual genetic distance (3)'°° and the geographic distance between individuals. Geographic distances were calcu-
lated using the Haversine formula, that estimates great-circle distances between latitude-longitude pairs. Regression analyses con-
ducted within each of the four populations (corresponding to geographic regions; Figure 1) revealed no significant IbD. Because we
were interested in a general dispersal estimate across the species range and the Fg; estimates amongst populations were low, we
used the global dataset for conducting the IbD analysis. Different regressions were performed to estimate the slope  for a range
of spatial scales that roughly evenly partitioned the dataset (maximum distance of 50 m to 2,300 km). We queried multiple spatial
scales in order to select a posteriori the appropriate regression distance spanning minimum ¢ and maximum 10-50 o following Hardy
and Vekemans.'®" The dimensionality of the habitat was determined for each regression by the width to area ratio, using a 1D analysis
for aratio <0.1 and a 2D analysis and the log: of geographic distance for a ratio >0.1."” Similarly, for multiple spatial scales, the pop-
ulation density (D¢) was estimated by dividing the effective population size by the habitat area (A) for 2D or length (L) for 1D regres-
sions (see below). Confidence intervals for p were estimated using a jackknifing procedure across individuals and the slope was
deemed significant when the confidence intervals did not span 0. All p and D, estimates were then combined to estimate ¢ at
each spatial scale using the following isolation-by-distance model equation.’®'” In the case of the 2D regression, the corresponding

equation is:
T
® =\ pasD,

The linkage disequilibrium method was used to estimate the effective population size (N,) at the neighborhood extent (radius of 2¢),
which N, represents the effective number of individuals that can easily mate in a continuously distributed population (N).'? Neigh-
borhood N, was estimated using LDN, v2.1'°% with a minimum allele frequency filter (Pcrit) based on the number of samples
(S) following authors recommendations (P = 0.01 if S > 100, Peyt = 0.02 if S > 35, and 1/2S < Py, < 1/S if S < 25).""7 Confidence
intervals were obtained for N, using the jackknifing procedure.
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Finally, we filtered our f, o and N, estimates to ensure that the spatial scales at which the IbD regression was performed matched a
o value ranging from o to 1050 following Hardy and Vekemans.'®! We also removed any instance where N, was not estimated at the
neighborhood area, A or L equating to 476 for two dimensional habitat (or 2,/76? for one dimension) because this is the ideal spatial
scale to estimate N,.'? Upper and lower confidence intervals for filtered estimates were then used to obtain distributions of p and N,
through resampling (n=100). A gamma distribution was used for N and a log-normal distribution for 8. These distributions were then
combined to create a joint ¢ distribution and propagate the error from each separate analysis.

Distance based redundancy analysis

We first investigated the influence of geography and environmental conditions on the global host population structure of A. cf. spa-
thulata across the Western Pacific (n = 999). For this purpose, we retrieved spatial predictors (reef distance to the coast, colony-level
depth), and environmental predictors from several satellite products and models with a focus on variables known to be primary
drivers of coral holobiont community composition (temperature, light and turbidity; see STAR Methods, environmental data
acquisition and Table S5). We modeled spatial relationships among colonies using distance-based Moran’s Eigenvector Maps
(dbMEMSs), which capture multi-scale spatial relationships using principal coordinate analyses.'*” As individual colony-level GPS co-
ordinates were not recorded at NC and CB reefs, randomly jittered coordinates within 300 m around the reef coordinate (recorded
using a GPS during sampling; corresponding to the approximate size of the sampling area) were assigned to each colony at these
reefs. The neighbor matrix for each colony was computed from spatial coordinates using Haversine distance in R package geo-
sphere'?? and used to compute dbMEMs eigenvectors using R package adespatial.'?® The first four eigenvectors associated with
positive eigenvalues were kept in further analyses based on a screeplot of cumulative variance explained (>95%). All predictors
were standardized by subtracting the mean and dividing by the standard deviation to ensure comparable units.

We performed a redundancy analysis (RDA)'** using R package vegan.'?* RDA is an unsupervised, constrained method (i.e., it
makes no prior assumptions about the number of clusters) designed to identify axes that maximize the variance explained by a
set of predictors. The first RDA model was built using the first 10 principal components of the PCA on host SNPs as a dependent
matrix, and all environmental variables as predictors. Collinear predictors were removed successively, starting with the variables
with the highest variance inflation factor (VIF), recomputing the model VIF and repeating this procedure until all predictors had a
VIF < 10. Model significance was tested using an analysis of variance (ANOVA) and individual axes significance was tested using
an ANOVA-like permutation test in package vegan with 500 permutations per axis. Forward selection was used to select predictors
that were statistically significant. We used the framework developed by Capblancq and Forester'°® to assess the relative influence of
geography and environment on host structure. We built a global RDA model using (1) environmental variables previously identified as
significant using forward selection and (2) the first four dbMEM eigenvectors as predictors. Separate partial RDA models were built
setting either environmental variables or spatial eigenvectors as conditional variables (i.e., ‘partialled out’). Model significance was
tested using an ANOVA and models were compared based on inertia, total variance explained, and proportion of constrained vari-
ance explained.

We used a similar approach to investigate the influence of geography, environmental factors and host population structure on the
differentiation of A. cf. spathulata symbiont communities which are horizontally acquired.>* Our preliminary analysis showed that or-
dinations based on k-mer-derived D§ distance were influenced by the number of symbiont reads in each sample. Consequently, all
samples were downsampled at random to 50 M bp using BBMap v35.85 (reformat.sh script) and only samples above this threshold
were retained (90% of samples, n = 878). As a small effect on the ordination remained, we included this variable as a conditional
variable in all models. The first 10 principal coordinates from the PCoA on the k-mer Dg—derived distance matrix (above) were
used as dependent variables in RDA models. As the PCoA did not yield negative eigenvalues indicating the distance matrix was
nearly Euclidean, we did not perform negative eigenvalues correction as routinely applied in dbRDA. The first RDA model was built
using all environmental variables and significant predictors were selected following the same procedure as above. A second global
RDA model was built using (1) environmental variables previously identified as significant using forward selection, (2) the first four
dbMEM eigenvectors and (3) the first three host PCs as predictors (representing the major axes of population structure;
Figure S2E). The marginal effect of each category of predictor was then assessed through separate pRDA models, using the two
other categories as conditional variables. All statistical analysis were conducted using R v4.0.4 and figures created using package
ggplot2.'?®
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