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Documentation of biodiversity and its geographical distribution is necessary to understand the
processes and drivers of evolutionary diversification as well as to guide conservation and management
initiatives. Among the most emblematic patterns of biodiversity in the world’s oceans is the Coral
Triangle (Indo-Australian Archipelago), widely recognized to be the center of species richness for

a variety of marine life forms. The distribution of biodiversity remains incompletely documented,
however, for a majority of reef-associated invertebrate taxa, including the zooxanthellate soft corals
(Octocorallia) that dominate hard substrate on many Indo-Pacific reefs. We used a genetic approach
to document the diversity of Indo-Pacific soft corals, sequencing two single-locus barcoding markers
for> 4400 soft coral specimens and assigning individuals to molecular operational taxonomic units as
proxies of species. We document two centers of species richness for zooxanthellate soft corals, one

in the Indo-Australian Archipelago and a second, equally diverse center in the Western Indian Ocean.
Centers of endemicity for soft corals are coincident with these centers of species richness, although
the peripheral Red Sea and Hawaii also support high proportions of endemic taxa. The patterns
documented here suggest that biogeographic distributions of soft coral families may be driven in part
by larval dispersal potential: taxa with benthic larvae are absent from most oceanic islands of the
central Pacific and are represented by higher proportions of endemic taxa in other geographic regions.
Our findings demonstrate the distinct biogeographic patterns among reef taxa and underscore the
need to document and analyze species distributions of more reef-associated invertebrate groups to
derive a complete picture of reef biogeography.
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As the impacts of anthropogenic activity on the world’s oceans alter the abundance and distribution of species, it
has become more critical than ever to document both regional and global patterns of biodiversity. Recognition
of those patterns is necessary in order to begin to understand the underlying drivers of biodiversity'%, how those
patterns may shift in the future with ongoing environmental change®, and to establish priorities for conservation
and management®. To date, patterns of marine biodiversity and designations of biodiversity hotspots (i.e.
areas where high biodiversity coincides with high anthropogenic threats*) have been established based largely
on studies of a few well-known taxa such as the shallow-water reef-building scleractinian corals”?, coral reef-
associated fish!%-13, some mobile macroinvertebrates*!*!>, and macroalgae!'®!”. For the vast majority (70-90%)
of marine taxa, however, global patterns and the underlying drivers of biodiversity remain unassessed?. Both
lack of sampling and a lack of the taxonomic expertise necessary to identify taxa precisely across all geographic
regions are major impediments to the documentation of marine biodiversity'®°.

Quantifying patterns of biodiversity necessitates discriminating species (ie., independently evolving
lineages®®) and accurately assessing their geographic ranges. With the application of genetic tools to assess
species boundaries it has become clear that many “well known” species assumed to occupy wide geographic
ranges are in fact complexes of species that may or may not be sister lineages, some with far more restricted
ranges than previously believed?!=2%. As a result of these revised understandings of species boundaries and the
accompanying recognition that morphological characters formerly assumed to be species-diagnostic may not
be, historical records of species occurrences are an increasingly unreliable source of information for assessing
species richness and geographic ranges®®. For example, a search for records of the reef-building scleractinian
Acropora tenuis would suggest that this species has a pan-Indo-Pacific distribution from the Red Sea to French
Polynesia*!, whereas a recent revision of the species supported by molecular evidence suggests that A. tenuis is
narrowly restricted to the SW Pacific?. Assessment of biodiversity and biogeography based on the distribution
of genetic lineages in addition to historically recognized morphospecies concepts is therefore necessary to better
our understanding of the coral reef ecosystem.

Octocorals (soft corals, sea fans, whips and sea pens) are among the most common and conspicuous sessile
invertebrate macrofauna in shallow coral reef communities. A majority of the octocoral species that dominate
these communities are zooxanthellate, engaging in photosymbioses with the same clades of symbiodiniacean
dinoflagellates found in scleractinian corals?>?°, therefore playing similar ecological roles and subject to the same
environmental stressors?”-?8. Octocorals may compete for space with scleractinians® while also providing food,
habitat complexity and shelter to numerous other taxa®*-32. Some octocorals engineer massive reef structures or
contribute to reef accretion®**°. There is growing evidence that octocoral-dominated communities may represent
an alternative state to scleractinian-dominated reefs and that shifts to octocoral-dominated communities are
increasing in frequency*3.

On many shallow-water reefs throughout the Indo-Pacific, large, fleshy soft corals (i.e. octocorals that lack
a skeletal axis) are among the most abundant space-occupying taxa, particularly in certain inshore, nutrient-
rich communities®”*. Despite their ubiquity and ecological importance, zooxanthellate soft corals have been
much less well studied than scleractinians, and both their overall diversity and their geographic distribution
are poorly understood®. Species delimitation in these soft coral taxa is especially challenging*®!. They exhibit
environmental plasticity in colony growth form*? little variation in soft tissue characters such as polyp structure;
and do not form a rigid skeleton®. Inadequately or inaccurately illustrated descriptions in the historical
literature, missing type specimens, and the need for taxonomic revisions of most major taxa represent additional
challenges to reliable identification and discrimination of species®*4%43,

Over the past two decades, application of genetic tools to the study of octocorals has changed our understanding
of phylogenetic relationships at all taxonomic levels**. Numerous cryptic species complexes have been identified
within taxa previously considered to have widespread geographic distributions*>~*". Genetic studies have also
revealed the need to synonymize some taxa that have been erroneously split based on unreliable or variable
morphological characters®’. As a result of these advances in our understanding of species boundaries, existing
information on the number and geographic distributions of taxa from morphological identifications alone
requires revision*®. Here, we used a molecular approach to identify genetic lineages (i.e. molecular operational
taxonomic units, or MOTUs) as proxies of nominal species. Using sequences from two DNA barcode markers
(mtMutS, 285 rDNA), we assigned approximately 4400 specimens to MOTUs in order to assess for the first time
the overall biodiversity and biogeographic distribution of shallow-water, zooxanthellate soft corals across the
Indo-Pacific.

Methods

Collections

Soft corals were collected during biodiversity surveys conducted throughout the Indo-Pacific during~1998-
2023 (Supplementary Table S1), using SCUBA to depths of ~30 m. Colonies were collected haphazardly,
without quantifying relative abundance, but attempts were made to sample representatives of all distinguishable
morphospecies. Only reef-dwelling, zooxanthellate soft coral taxa were included in these analyses, i.e. species
belonging to families Capnellidae, Cladiellidae, Lemnaliidae, Sarcophytidae, Sinulariidae, Xeniidae, and the
genus Litophyton (Nephtheidae) (Supplementary Table S2). Whole colonies or colony fragments were preserved
in>70% ethanol; for more recent collections (since ~2005), small subsamples of tissue for DNA analysis were
also preserved separately in>95% ethanol. All collections have been deposited in museums (Supplementary
Table S2); some of the collections and taxa included in our analyses have been the focus of previous regional and
taxonomic publications (Supplementary Table S1).
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DNA barcoding and species delimitation
DNA was extracted from preserved tissues using a Qiagen DNeasy Blood & Tissue kit. Fragments of the
mitochondrial gene mtMutS and nuclear 28S ribosomal DNA—both standard DNA barcodes used for
octocorals—were amplified by polymerase chain reaction (PCR) with previously published primers and
protocols® and sent for Sanger-sequencing (Retrogen Inc., San Diego). Edited contigs were aligned using
MAFFT v.5°° with the FFT-NS-i method. For many specimens, only one of the two barcoding markers was
sequenced successfully. Consequently, alignments for mtMutS and 28S were analyzed separately for each taxon.
Following previous analyses of octocoral biodiversity*®*°, MOTHUR v. 1.48' was used to define molecular
operational taxonomic units (MOTUs) (considered here as proxies of species) based on average genetic distance
thresholds of 0.003 (mtMutS) and 0.005 (28S rDNA). In previous studies, a threshold of 0.003 applied to mtMutS
yielded the highest concordance between MOTUs and morphospecies identifications; for 28S rDNA, a more
conservative threshold of 0.005 yielded comparable concordance and minimized false positives?®. Pairwise
genetic distances (uncorrected p) among sequences were calculated using dist.segs (calc = onegap, countends=F,
cutoff=0.1, output =1t), partitioned into MOTUs using cluster (method = average, precision = 1000), and bin.seqs
was then used to output a fasta file with sequences labeled by MOTU identity.

Species richness and phylogenetic diversity

Collection locations (Fig. 1) were assigned to marine provinces®? for analysis of patterns of biodiversity.
Occupancy matrices were constructed to reflect the numbers and presence or absence of each MOTU in each
province. For each genus or family, we constructed separate matrices for MOTUs defined using mtMutS or 28S
rDNA. All taxa were also combined to generate occupancy matrices reflecting the total number of MOTUs
of all zooxanthellate soft corals recorded in all provinces. The number of MOTUs (i.e. species) detected is a
function of sampling effort™. Because sample sizes differed by as much as two orders of magnitude among
provinces (Table 1, Supplementary Fig. S1), we standardized estimates of species richness using a coverage-based
rarefaction and extrapolation method>® as implemented in iNEXT Online (v. March 2024)3%. Species richness
was standardized by sample coverage (SC) where 1 - SC is the probability that the next individual sampled from
a community will be a species that has not yet been found>. Base sample coverage (i.e., expected SC at 2X the
actual sample size) was estimated for each province, and a combination of rarefaction and extrapolation (R/E)
was used to compare species richness at the lowest base sample coverage value observed among the majority of
provinces (Table 1). Species richness per province was also standardized separately for taxa that brood larvae
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Fig. 1. Map of locations at which zooxanthellate soft corals were sampled. Circles are scaled to indicate the
number of specimens sequenced from each location (see Table 1). Locations are listed in Supplementary Table
S1. Colors and numbers denote different marine provinces®?: 09 - Warm Temperate NW Pacific; 18 - Red

Sea and Gulf of Aden; 19 — Somali/Arabian; 20 - Western Indian Ocean; 25 — South China Sea; 26 — Sunda
Shelf; 27 - Java Transitional; 28 — South Kuroshio; 29 — Tropical NW Pacific; 30 — Western Coral Triangle; 31-
Eastern Coral Triangle; 32 — Sahul Shelf; 33 - NE Australian Shelf; 34 - NW Australian Shelf; 35 — Tropical SW
Pacific; 36 — Lord Howe and Norfolk Islands; 37 - Hawaii; 38 — Marshall, Gilbert and Ellis Islands; 39 — Central
Polynesia; 40 — SE Polynesia. Broken lines delineate marine realms™.
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28S rDNA mtMutS

Province #seqs |#motu |SC |S | %endem | %brood | PSV | #seqs | #motu | SC |S | %endem | % brood | PSV
09-Warm Temperate NW Pacific | 66 23 0.85 |24 |0.22 0.22 0.61 |57 16 097 |14 |0.13 0.57 0.57
18-Red Sea & Gulf of Aden 431 54 0.96 | 30 |0.41 0.24 0.55 | 423 44 097 |24 |0.32 0.29 0.56
19-Somali/Arabian 270 45 0.96 |30 |0.36 0.16 0.55 | 241 28 096 |16 |0.18 0.18 0.52
20-Western Indian Ocean 498 121 091 |99 |0.46 0.50 0.58 | 501 93 095 |63 |0.36 0.40 0.59
25-South China Sea 358 96 0.87 |90 |0.28 0.14 0.47 | 318 65 093 |46 |0.15 0.15 0.48
26-Sunda Shelf 72 21 0.89 |18 |0.14 0.26 0.57 | 60 17 092 |14 |0.00 0.14 0.54
27-Java Transitional 179 52 092 |45 |0.12 0.04 0.47 | 156 46 0.92 |39 |0.09 0.05 0.41
28-South Kuroshio 480 109 091 |81 |0.32 0.35 0.55 | 443 81 094 |57 |0.16 0.28 0.56
29-Tropical NW Pacific 247 77 0.83 |8 [0.33 0.19 0.51 | 246 59 090 |46 |0.17 0.15 0.49
30-Western Coral Triangle 248 88 0.83 |94 |0.32 0.54 0.55 | 285 79 090 |69 |0.24 0.44 0.60
31-Eastern Coral Triangle 81 45 0.69 | 63 |0.20 0.43 0.61 |70 39 0.70 | 51 |0.03 0.28 0.63
32-Sahul Shelf 134 54 0.79 | 65 |0.26 0.45 0.61 | 133 45 0.87 |43 |0.16 0.30 0.61
33-NE Australian Shelf 370 110 0.88 |99 |[0.41 0.41 0.63 | 389 102 091 |84 |0.28 0.33 0.62
34-NW Australian Shelf 81 41 0.75 |49 |0.17 0.16 0.55 |79 31 0.79 |41 |0.10 0.16 0.54
35-Tropical SW Pacific 164 51 0.88 |47 |0.16 0.25 0.55 | 139 50 0.85 |50 |0.20 0.28 0.59
36-Lord Howe & Norfolk Is 10 9 0.22 | 16* | 0.22 0.27 0.64 |9 2 0.67 |2 0.50 0.50 0.75
37-Hawaii 2 2 0.67 |2 0.50 0.50 0.68 |3 1 1.00 | 1 0.00 0.00 na

38-Marshall, Gilbert & Ellis Is 6 5 0.39 | 8 ]0.20 0.00 031 |7 6 0.33 | 10* | 0.00 0.00 0.34
39-Central Polynesia 49 23 0.78 |27 |0.22 0.00 0.38 | 46 22 0.72 | 32* | 0.09 0.00 0.33
40-SE Polynesia 20 5 0.86 | 5 0.00 0.00 0.50 | 15 4 0.81 |5 0.00 0.00 0.29

Table 1. Species richness, endemicity and phylogenetic diversity of zooxanthellate soft corals in the Indo-
Pacific estimated from operational taxonomic units delineated using either 285 rDNA or mtMutS molecular
barcodes. Provinces defined by*2. # seqs, number of sequences obtained; #motu, number of molecular
operational taxonomic units delineated (note that values estimated using mtMutS do not include family
Cladiellidae); SC, estimated sample coverage®®; S, species richness estimated by rarefaction/extrapolation

at sample coverage =0.85; % endem, proportion of MOTUs endemic to a province; % brood, proportion of
MOTUs belonging to taxa that brood larvae; PSV, phylogenetic species variability®’. Uncertainty of S, PSV
reported in Supplementary Fig. S4. *Unable to extrapolate to SC=0.85.

(Capnellidae, Lemnaliidae, Xeniidae, Litophyton) and those that broadcast spawn (Cladiellidae, Sarcophytidae,
Sinulariidae) based on published information®®.

Phylogenetic species variability (PSV), a measure of phylogenetic disparity (or lack of evolutionary
redundancy) among species®’, was calculated for each province using ‘picante®®>. For each barcode marker, a
phylogenetic tree that included a single representative of each MOTU was constructed using maximum likelihood
in IQTREE v. 2.1.2° with an edge-linked partition model® (Supplementary Figs. S1, S2). The optimal model of
evolution for each gene (mtMutS: HKY +F+1+ G4; 28S: GTR + F + R4) was found using MODELFINDER®?.

Compositional betadiversity

To estimate p-diversity among provinces the ‘betapart’ package®®%® was used to calculate pairwise values of
Serensen’s dissimilarity index (B) based on MOTU composition in each province. B-diversity was further
partitioned into components of nestedness (B;) and turnover (B, ,), where nestedness accounts for differences
in species composition resulting from one community having a subset of the same species found in another,
while turnover reflects the occurrence of different species between communities. Pairwise dissimilarities among
provinces (Bgp) were used to create non-metric multidimensional-scaling (nMDS) ordination plots in PRIMER
E v 6% Hierarchical clustering with group average linking was also conducted and the resulting dissimilarity
groupings from the dendrograms were overlaid on the respective nMDS plots.

Results

A total of 3597 mtMutS sequences (~735 bp) and 3765 28S rDNA sequences (~710 bp) were obtained and
analyzed from 4441 specimens (Supplementary Table S2). Numbers of specimens sequenced for each barcode
marker varied greatly among taxa and marine provinces®, reflecting both natural variation in diversity and
abundance as well as differences in collection effort (Fig. 2a,b; Supplementary Table S3). Family Sarcophytidae
(i.e., genera Lobophytum, Sarcophyton, Sclerophytum) was the most sampled, with a total of 2120 mtMutS and
1994 28S sequences, while only 86 mtMutS and 60 28S sequences were obtained for Capnellidae (Capnella).
For Cladiellidae only the 28S marker was sequenced due to the relative invariance of mtMutS among species
within the family®>. Numbers of sequences recovered per marine province ranged from 501 (mtMutS) and
498 (28S) from the Western Indian Ocean (province 20) to only one (mtMutS) and two (28S) sequences from
Hawaii (province 37) (Table 1). In general, sampling effort and number of sequences obtained were lower for
the easternmost Indo-Pacific provinces (37-40), Coral Triangle (provinces 30-31) and SW Pacific (provinces
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Fig. 2. Number of sequences obtained per octocoral family and marine province for (a) 28S rDNA and (b)
mtMutS barcoding markers. Number of molecular operational taxonomic units (MOTUs) delineated per
province based on species delimitation using (c) 28S rDNA or (d) mtMutS. No mtMutS sequences were
obtained for Cladiellidae. (See also Supplementary Fig. S3 for sampling curves relating number of MOTUs

detected to number of sequences obtained.)

35-36) as most specimens came from older collections available in museum repositories (Supplementary Table
S$2). No collections were available for analysis from several provinces in the central and northern Indian Ocean

(provinces 21-24).

Species richness and phylogenetic diversity
Numbers of MOTUs estimated using the two different markers differed, with mtMutS generally yielding more

conservative estimates than 28S rDNA (Fig. 2c,d; Table 1). Total number of MOTUs of all families estimated
with 28S was 471; excluding Cladiellidae, it was 426 using 28S and 295 using mtMutS. Estimates of numbers
of MOTUs per family were highest for Sarcophytidae (mtMutS=159; 285=188) and lowest for Sinulariidae
(mtMutS=8; 285=10) (Fig. 2c, d; Supplementary Table S3). The greatest discrepancy in numbers of MOTUs
estimated using different markers was for Litophyton, for which values ranged from 8 (mtMutS) to 46 (28S).

Species richness per province standardized by rarefaction/extrapolation at a sample coverage of 0.85 ranged
from 2 to 99 (Fig. 3a,f; Table 1; Supplementary Fig. S4). The highest species richness estimated using both 28S
and mtMutS was found in the Western Indian Ocean, NE Australian Shelf and Western Coral Triangle (Fig. 3a,f).
Provinces with significantly lower species richness (based on non-overlapping 95% confidence intervals*®)
included the Red Sea and NW Indian Ocean; Sunda Shelf; and Warm Temperate NW Pacific (Supplementary
Fig. S4). Species richness was lowest in several of the easternmost provinces (Hawaii, SE Polynesia). Estimates
of species richness for Central Polynesia, Lord Howe Is. and the Marshall Islands were also low but could not be
extrapolated to SC=0.85 due to low sample coverage (SC<0.72). As a result, the species richness estimates for
those provinces have high uncertainty (Supplementary Fig. S4) and should be interpreted with caution.

Phylogenetic species variability (PSV)> was also lowest in the easternmost Indo-Pacific (provinces 38-40)
and Java Transitional (PSV <0.5), reflecting the absence of several families from those regions (Fig. 3¢,h; Table
1; Supplementary Fig. S4). PSV was also relatively low in the South China Sea (PSV <0.5) where octocoral
communities tended to be dominated disproportionately by Sarcophytidae (Fig. 2). Among all other provinces,
PSV was uniformly quite high (PSV=0.5-0.750) with overlapping 95% confidence intervals (Supplementary
Fig. S4), reflecting the diversity of families and genera found at most locations.

Low sample coverage for some taxa precluded using rarefaction/extrapolation to compare standardized
species richness of individual families. Observed numbers of MOTUs of each family varied greatly among
provinces, although all families exhibited high richness of MOTUs in the Western Indian Ocean and NE
Australian Shelf (Fig. 2¢,d; Supplementary Table S3). Sarcophytidae was the most species-rich family overall and
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Fig. 3. Distribution of zooxanthellate soft corals by province®. Panels (a-e): MOTUs determined using 28S
rDNA; (f-j) MOTUs determined using mtMutS (a,f) Species richness estimated by rarefaction/extrapolation

to a standard sample coverage of 0.85%; (b,g) Endemicity (proportion of MOTUs recorded in a single
province); (c,h) PSV, phylogenetic species variability®’; standardized species richness of (d,i) brooding and (e,j)
broadcast-spawning clades.

the only family to be sampled in every province. In addition to the Western Indian Ocean and NE Australian Shelf,
many Sarcophytidae MOTUs were sampled in the Tropical NW Pacific, South China Sea, and South Kuroshio
(Fig. 2¢,d). Xeniidae was the next most species-rich family but was not collected from the eastern Indo-Pacific
regions (provinces 38-40). Observed richness of xeniid MOTUs was highest in the Western Indian Ocean, NE
Australian Shelf, Western Coral Triangle, and South Kuroshio. Cladiellidae was sampled in all provinces except
Hawaii and the Marshall Islands, but overall richness was lower than in Sarcophytidae and Xeniidae. The largest
numbers of MOTUs of Cladiellidae were found in the Western Indian Ocean, NE Australian Shelf, South China
Sea, South Kuroshio and Warm Temperate NW Pacific (Fig. 2¢,d). Other clades (Capnellidae, Lemnaliidae,
Sinulariidae, Litophyton) were not found in any of the four easternmost provinces sampled (provinces 37-40).
Lemnaliidae and Litophyton were both most species-rich in the Western Indian Ocean and NE Australian Shelf
but were either absent from or not diverse in most other provinces. Capnellidae and Sinulariidae were the least
diverse families, with just one or no MOTUs found in most provinces. The highest numbers recorded for these
taxa were six MOTUs of Capnellidae in the NE Australian Shelf and five MOTUs of Sinulariidae in the Arabian
Sea (province 19). Neither of those families were sampled from the Red Sea.

The distribution of soft coral diversity across the Indo-Pacific differed strongly between clades that are known
to brood their planula-larvae and those that broadcast spawn®, with the latter extending into more remote
oceanic areas. Species richness of brooders (standardized by R/E) was highest in the Western Indian Ocean,
NE Australian Shelf and Western Coral Triangle (Fig. 3d,i). Brooders were absent (or not sampled) from most
provinces in the eastern Indo-Pacific (38-40) with the exception of a xeniid that is endemic to Hawaii (Table 1).
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Fig. 5. Percent of MOTUs in a family that were endemic (green: sampled in only one province); non-endemic
(dark blue: sampled in 2-9 provinces); or widespread (light blue: sampled in 10 or more provinces). MOTUs
delineated by (a) 285 rDNA or (b) mtMutS barcode. No mtMutS sequences were obtained for Cladiellidae.

Numbers =total number of MOTUs per family.

In addition, the species richness of brooding taxa was relatively low in the northern and eastern Indian Ocean
including the Red Sea (Fig. 3d,i). In contrast, species richness of broadcast spawning taxa was relatively uniform
throughout the Central Indo-Pacific provinces and Western Indian Ocean but with notable peaks in the South
China Sea and Tropical NW Pacific (Fig. 3e,j). Broadcast spawners were found in every province, although their

species richness declined eastward across the Indo-Pacific.

Endemism
Regional endemism of MOTUs was high, with 66.8% of MOTUs found in just one province and 45.3% of
MOTUs represented by a single sequence (Fig. 4). Excluding singletons and considering only those MOTUs

that were sampled more than once, 39.3% were found in just one province. Endemism varied greatly among
clades, ranging from 55% in Sarcophytidae to 89% in Litophyton (MOTUs delineated with 28S rDNA), and
was generally higher in brooding taxa (Xeniidae, Lemnaliidae, Capnellidae and Litophyton) than in broadcast-
spawning families (Fig. 5). Among all clades, only 9.6% of MOTUs were found in more than five provinces

(Fig. 4).
The proportions of MOTUs found within a province that were endemic to that province were 0-50% (Figs.
3b,g, 6; Table 1). Endemism was highest in the Western Indian Ocean (45.5%), NE Australian Shelf (40.9%),

Red Sea (40.7%) and Hawaii (50%) (Fig. 3b,g). Percentages of endemic species were lowest in the Tropical SW
Pacific, SE Polynesia, Sunda Shelf and Java Transitional. Estimates of endemism based on MOTUs delineated

using mtMutS were in general lower than those delineated with 28S (Figs. 5, 6; Table 1). In contrast to 28S,
with mtMutS no endemic taxa were recorded in the Sunda Shelf, Hawaii, the Marshall Islands, or SE Polynesia,
and only one at Lord Howe Island. These provinces with no recorded mtMutS endemics include four of the six

easternmost provinces sampled.
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Fig. 6. Percent of MOTUs in a province that were endemic (green: sampled in only one province); non-
endemic (dark blue: sampled in 2-9 provinces); or widespread (light blue: sampled in 10 or more provinces).
MOTUs delineated by (a) 285 rDNA or (b) mtMutS barcode. No mtMutS sequences were obtained for
Cladiellidae.

Only 16 0of 471 MOTUs (3.4%) were found in 10 or more of the 20 provinces surveyed (18 of 295 (6.1%) based
on mtMutS) (Fig. 4). Ten of these 16 most geographically widespread MOTUs belonged to Sarcophytidae, three
to Cladiellidae, two to Sinulariidae and one to Xeniidae. Fifteen had distributions spanning the Western Indian
Ocean to the eastern Indo-Pacific; one widespread Sclerophytum MOTU was absent from the Western Indian
Ocean. As a percentage of total MOTUs, these geographically widespread taxa accounted for 14-30% of the
richness in most provinces (Fig. 6). They were, however, overrepresented in the easternmost provinces (37-40)
as well as in the Warm Temperate NW Pacific and Sunda Shelf, where they accounted for 35-80% of MOTUs.

Community composition

Betadiversity indices reflected the high levels of regional endemism of MOTUs. Baselgas multiple-site
dissimilarity index”” for all taxa (28§ MOTUs) was B, =0.931 with g, =0.859 suggesting that most of the
dissimilarity in species composition among provinces was due to turnover rather than nestedness (B¢, =0.072)
(Supplementary Table S4). Among the easternmost provinces (37-40), however, the nestedness component of
betadiversity was high: 19 of the 20 highest pairwise comparisons (top 10%, By >0.48) involved those four
provinces (Supplementary Table S5). Conversely, 15 of the 20 lowest pairwise values of the turnover component
of betadiversity (bottom 10%, B;,<0.35) were observed among provinces 37-40. These trends support the
observations that MOTUs with wide geographic distributions were overrepresented and endemics rare in the
relatively species-depauperate oceanic provinces in the eastern Indo-Pacific (Fig. 6). Among families, multiple-
site values of g, and By, calculated for MOTUs delineated by 28S were highest for Xeniidae (B, =0.963,
By =0-911) followed by Sarcophytidae (Byy,=0.910, Bg;,,=0.804), Lemnaliidae (By,,=0.905, Bg;,,=0.828)
and Cladiellidae (Bgn,=0.896, Pg;,,=0.813) (Supplementary Table S4). While pairwise betadiversity values
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Fig. 7. MDS plot of compositional betadiversity (Bq,,) of zooxanthellate soft corals among marine provinces.
MOTUs delineated with (a) 28S rDNA or (b) mtMutS. Solid lines: 80% dissimilarity clusters; dashed lines: 70%
dissimilarity clusters. Red, western Indo-Pacific; blue, central Indo-Pacific; pink, eastern Indo-Pacific; yellow,
Warm Temperate NW Pacific.

for MOTUs delineated using mtMutS were generally lower than those found with 28S, the same trends and
patterns were observed (Supplementary Table S5). Among families, however, multiple-site B, was higher
for Lemnaliidae (g, =0.955, Bg;,,=0.779) than for Xeniidae (Bg,,=0.945, Bg;,,=0.845) and Sarcophytidae
(Bsor=0-900, Bg;,,=0.783), and nestedness (B, ;) values were higher for all taxa (Supplementary Table $4).

MDS plots of dissimilarity (B,.,) suggested that community composition of MOTUs was similar among
most provinces with the notable exceptions of the easternmost provinces (37-40), which formed a distinct
cluster in both 28S and mtMutS plots (70% dissimilarity, Fig. 7), and Lord Howe Is. (36), which was distinct
from all other provinces. In both analyses, provinces in the Western and NW Indian Ocean (18-20) were also
somewhat distinct from those in the Eastern Indian Ocean and central Indo-Pacific.

Discussion

The patterns of biodiversity we document here for genetic lineages (proxies of species) of zooxanthellate soft
corals differed from the two most studied and emblematic groups of Indo-Pacific reef-dwelling organisms, the
reef-building scleractinian corals and coral reef-associated fish. In both of those groups, as well as some other
mobile macroinvertebrates'*!>, species richness is highest in the Indo-Australian Archipelago region of the
central Indo-Pacific and decreases longitudinally to both the east and west*®31112 Centers of endemism for
these taxa are not concordant with centers of species richness, with most studies suggesting that the highest
levels of endemism for both scleractinians and reef fish occur in peripheral areas of relatively lower species
richness such as the SW Indian Ocean, Red Sea, Hawaii, and the easternmost regions of the Indo-Pacific (e.g.
Marquesas, Easter I.)1710:12:13:66.67,

In contrast to these well-documented biogeographic patterns—but concordant with some recent studies of
scleractinians®®°—we find multiple centers of diversity for reef-dwelling zooxanthellate soft corals, with both
richness and phylogenetic diversity of MOTUs in the Western Indian Ocean (WIO) similar to that of the Western
Coral Triangle and NE Australian Shelf. Moreover, centers of endemism for soft corals are coincident with these
areas of high species richness, in particular in the WIO. With the exception of Hawaii, peripheral areas with
low species richness such as the oceanic islands of the eastern Indo-Pacific have proportionately fewer endemic
lineages and an overrepresentation of lineages with pan-Indo-Pacific geographic ranges. As in scleractinians,
reef fish and some mobile macroinvertebrates®’, the marginal Red Sea also supports a very high percentage of
endemic lineages of soft corals despite its lower species richness.

The only previous study of the biogeographic distribution of Indo-Pacific octocorals focused on the speciose
genus Sclerophytum (formerly Sinularia; family Sarcophytidae) and estimated species’ ranges based on records
of species names from the literature derived from classical taxonomic identification methods™. That study
concluded that species richness of Sclerophytum was highest in the WIO and Red Sea but warned that the pattern
could have been an artifact of the relatively greater number of studies that had been conducted in those regions
at the time. Indeed, our results indicate that species richness of Sarcophytidae peaks in the Tropical NW Pacific
and is lower in the WIO and Red Sea. The species richness of zooxanthellate soft corals as a group is, however,
very high in the WIO. That pattern is not driven by the species richness of Sclerophytum, but rather by the
high diversity of families found in the WIO and by the high species richness of some of those families (e.g.,
Lemnaliidae, Xeniidae) that are absent from or not diverse in the easternmost Indo-Pacific provinces.

Sampling bias is also very likely to have influenced the patterns documented here®. Estimates of sample
coverage (a measure of how likely it is that all species have been found®®) were highest in the WIO, NW Pacific
and NE Australia, where multiple octocoral-specific biodiversity surveys have been carried out by taxonomic
specialists. Sample coverage was lower for other areas, in particular the Eastern Coral Triangle and all provinces
in the oceanic eastern Indo-Pacific (37-40). Most of the DNA barcode data for these geographic areas was
obtained from specimens in historical museum collections, often collected by non-specialists during general
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biodiversity surveys. In addition to lower sampling effort for soft corals in these regions, sequencing success
rate was often much lower for older material. Combined, those factors contributed to smaller sample sizes and
lower sample coverage estimates. Increased sampling of the Eastern Coral Triangle province in particular will
likely increase species richness estimates for the Indo-Australian Archipelago region relative to the well-sampled
WIO. Extensive sampling in the central Indian Ocean and Indian subcontinent—regions for which we lack any
genetic data—are also necessary to confirm the possible faunal break between the WIO and central Indo-Pacific
provinces. Despite these limitations, we have now documented for the first time biogeographical patterns that
will facilitate further exploration of the drivers of diversity in this ecologically important group of foundation
species.

The observed distribution of soft coral lineages suggests a strong role for larval dispersal in their biogeography.
As far as is known, all species of the family Xeniidae brood larvae, a mode of reproduction that is generally
assumed to result in lower dispersal capability®®. The very few species of Lemnaliidae, Capnellidae and Litophyton
whose reproductive biology has been studied are also internal or external brooders®. The planula larvae released
by brooding octocorals typically have no pelagic phase and settle to the substrate immediately after release
from the maternal colony’. The near absence of these presumably brooding taxa from the eastern Indo-Pacific
provinces may be explained by the inability of their benthic larvae to disperse across large expanses of open
ocean, limiting their ability to colonize remote islands. In contrast, all members of Sarcophytidae, Cladiellidae
and Sinulariidae that have been studied so far are broadcast spawners that release eggs and sperm into the
water column, necessitating a pelagic embryonic stage with a greater potential for dispersal®®. The diversity of
these broadcast spawning taxa peaks not in the SW Indian Ocean and Coral Triangle, but instead in the South
China Sea and oceanic islands of Micronesia. These families were also found in the remote provinces of the
eastern Indo-Pacific; moreover, the taxa sampled from those provinces disproportionately belonged to lineages
documented to have pan-Indo-Pacific geographic ranges.

Despite what would appear to be similar larval stages and dispersal capabilities, species richness of
zooxanthellate soft corals declines much more steeply across the eastern Indo-Pacific than it does for
scleractinians®®. While numerous taxa of scleractinians have crossed the Pacific, as evidenced by their
occurrence in the Eastern Tropical Pacific, no zooxanthellate soft corals have been documented to occur east of
SE Polynesia (Pitcairn Is., C. McFadden, pers. obs.). As a group, zooxanthellate soft corals are also absent from
the tropical Atlantic Ocean, with the exception of species that have been introduced recently via anthropogenic
activities’>”>. Some taxa of scleractinians, including brooders, exhibit long pelagic larval duration (PLD) that
may facilitate long-distance dispersal’*. We currently lack explicit information on PLD for any octocorals to
support the hypothesis that their larval dispersal capabilities are inherently lower than those of scleractinians.
We have also not yet explored the role of other environmental drivers (i.e. environmental filtering) or geological
history that might contribute to the distribution of biodiversity in zooxanthellate soft corals in Indo-Pacific coral
reef ecosystems’.

Limitations of a single-locus genetic approach to species delimitation

The single-locus molecular markers we have used to delineate lineages (MOTUs) have known limitations that
may introduce biases into the patterns of species richness and endemism documented here. The mitochondrial
genomes of most anthozoan corals evolve very slowly relative to other metazoans’>, with the result that not all
species of octocorals can be discriminated reliably using mitochondrial markers such as mtMutS**. Although
more reliable for species discrimination in some taxa, 285 rDNA shares many of the same limitations*>#. In
Cladiellidae and Nephtheidae in particular, rates of evolution of mitochondrial genes appear to be very slow, and
there is little sequence differentiation among most species®>’%. In other families, however, there is generally good
congruence between the numbers of MOTUs estimated using mMutS and the nuclear 285 rDNA®. Previous
publications have shown that both of these barcode markers recover relationships among these focal genera and
families that are congruent with phylogenomic analyses*!*.

As a result of the limitations of these molecular markers, estimated numbers of MOTUs are likely to be
conservative and true species richness in some families may be higher than these analyses suggest. For example,
neither mtMutS nor 285 rDNA alone discriminate all species of Ovabunda in the Red Sea*® or Sclerophytum in
Dongsha Atoll, South China Sea*!. We have undoubtedly underestimated numbers of species for these taxa. If
recently diverged species with non-overlapping ranges have inadvertently been lumped into a single MOTU in
our analyses, geographic ranges of species will also have been overestimated and endemism underestimated?!?3.
We consider this possibility more likely than the over-splitting of species (and consequent underestimation of
geographic ranges and overestimation of endemism). The limitations of the markers may also bias or obscure
the geographic patterns of endemism documented in the current study. We recorded few endemic lineages in
peripheral provinces, but if species have colonized those regions and diverged only recently, these slowly evolving
markers may not yet distinguish them from ancestral populations. Despite their limitations, the use of single-
locus molecular markers to support and revise morphospecies concepts in octocorals has greatly improved our
understanding of species boundaries**14>-47 and species ranges*®. Use of more sensitive genomic approaches to
delimit species***!, combined with detailed morphological studies, will likely lead to further refinement of those
species boundaries and the biogeographical patterns documented in this study.

Conclusions and future work

Studies of scleractinian corals and other taxa with rich fossil records suggest that contemporary distributions of
biodiversity have largely been driven by historical geological processes rather than by environmental variables or
taxon-specific traits”**””. While most studies have focused on the origin and geological drivers of the present-
day peak of biodiversity in the tectonically active Indo-Australian Archipelago’®, there is growing recognition
of the importance of the Western Indian Ocean as a second peak of marine biodiversity, driven in part by the
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survival of relictual Tethyan lineages in a geologically stable environment®®¢°77. The patterns we document for
zooxanthellate soft corals support the WIO as a center of biodiversity and endemism that may be commensurate
with the TAA. While the lack of a fossil record for soft corals presents challenges to reconstructing historical
patterns of biodiversity, additional sampling of these understudied taxa and regions of the ocean coupled with
integrative approaches to species delimitation will continue to further our understanding of the distribution of
biodiversity in the Indo-Pacific and yield new insights into the history and drivers of diversification.

Data availability

Sequence data that support the findings of this study have been deposited in GenBank. All accession numbers
are listed in Supplementary Table S2. Previously unpublished 28S rDNA sequences have been deposited as a
Targeted Locus Study (TLS), BioProject PRJNA1171007, accession KIWD01000000.
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