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Abstract The application of DNA barcoding to antho-

zoan cnidarians has been hindered by their slow rates of

mitochondrial gene evolution and the failure to identify

alternative molecular markers that distinguish species

reliably. Among octocorals, however, multilocus barcodes

can distinguish up to 70 % of morphospecies, thereby

facilitating the identification of species that are ecologi-

cally important but still very poorly known taxonomically.

We tested the ability of these imperfect DNA barcodes to

estimate species richness in a biodiversity survey of the

shallow-water octocoral fauna of Palau using multilocus

(COI, mtMutS, 28S rDNA) sequences obtained from 305

specimens representing 38 genera of octocorals. Numbers

and identities of species were estimated independently (1)

by a taxonomic expert using morphological criteria and (2)

by assigning sequences to molecular operational taxonomic

units (MOTUs) using predefined genetic distance thresh-

olds. Estimated numbers of MOTUs ranged from 73 to 128

depending on the barcode and distance threshold applied,

bracketing the estimated number of 118 morphospecies.

Concordance between morphospecies identifications and

MOTUs ranged from 71 to 75 % and differed little among

barcodes. For the speciose and ecologically dominant

genus Sinularia, however, we were able to identify 95 % of

specimens correctly simply by comparing mtMutS

sequences and in situ photographs of colonies to an exist-

ing vouchered database. Because we lack a clear under-

standing of species boundaries in most of these taxa,

numbers of morphospecies and MOTUs are both estimates

of the true species diversity, and we cannot currently

determine which is more accurate. Our results suggest,

however, that the two methods provide comparable esti-

mates of species richness for shallow-water Indo-Pacific

octocorals. Use of molecular barcodes in biodiversity sur-

veys will facilitate comparisons of species richness and

composition among localities and over time, data that do

not currently exist for any octocoral community.

Keywords Soft coral � Gorgonian � mtMutS � COI � 28S
rDNA � Sinularia

Introduction

Current estimates of the number of species inhabiting

earth’s marine environments span three orders of magni-

tude (Reaka-Kundla 1997; Bouchet 2006; Mora et al. 2011;

Costello et al. 2012), a range that emphasizes how little we

know of the organisms that populate even well-studied

shallow-water ecosystems. Although our understanding of

the diversity of coral reef-inhabiting fish and scleractinian

corals is relatively complete, the numbers and identities of

other invertebrate taxa living on reefs, including conspic-

uous and ecologically important macrofauna, remain

poorly known (Reaka-Kundla 1997). Recent advances in

biodiversity studies include the use of molecular proxies to

estimate species diversity, an approach that is particularly
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well established for studying microbial communities (So-

gin et al. 2006; Amaral-Zettler et al. 2010). Among coral

reef macrofauna, molecular approaches are also beginning

to yield increased understanding of the biodiversity of

difficult and understudied groups (Knowlton et al. 2010).

For example, DNA barcoding of cryptic crustaceans col-

lected from coral heads has revealed unexpectedly high

levels of biodiversity including hundreds of previously

undetected species (Plaisance et al. 2009, 2011). Molecular

barcoding has also revealed unrecognized cryptic diversity

in groups that have been thought to be well known taxo-

nomically (e.g., Keshavmurthy et al. 2013). Such studies

support the value of using molecular data to increase our

knowledge of the biodiversity, geographical distributions

and taxonomy of marine species.

Octocorallia is a prime example of a group of conspic-

uous and ecologically important macrofauna whose diver-

sity and species boundaries remain very poorly known.

This subclass of anthozoan cnidarians includes an esti-

mated 3,400? species of soft corals, gorgonians and sea

pens found in marine habitats worldwide (Daly et al. 2007;

Williams and Cairns 2013). Their highest diversity is in the

deep sea (below 50 m depth; Cairns 2007), where they

serve as critical structural species, generating complex

three-dimensional habitats that support many other species

(Krieger and Wing 2002; Stone 2006; Buhl-Mortensen

et al. 2010). On shallow tropical coral reefs, octocorals are

often dominant space-occupiers and competitors of scle-

ractinian corals (Benayahu and Loya 1981; Tursch and

Tursch 1982; Dinesen 1983; Fabricius 1997). These

dynamics may be shifting as a result of coral bleaching,

disease and other sources of mortality associated with

ongoing climate change and anthropogenic impacts on

reefs. In the Indo-Pacific, there is evidence that dominant

space-occupiers such as the alcyoniid soft coral genera

Sinularia, Sarcophyton and Lobophytum experience very

high levels of mortality following bleaching (Fabricius

1999; Bruno et al. 2001; Loya et al. 2001) and that their

recovery from such disturbances may be slow (Fabricius

1995; Cornish and DiDonato 2004). In contrast, other soft

corals appear to recruit rapidly following disturbances and

may opportunistically monopolize hard substrata, poten-

tially inhibiting the recovery of scleractinians and other

slow-growing species (Fabricius 1998; Fox et al. 2003;

Stobart et al. 2005; Tilot et al. 2008). In the Caribbean,

gorgonians may be relatively resistant to bleaching (Prada

et al. 2010), and there is some evidence that their popula-

tions have been increasing as scleractinians have declined

(Ruzicka et al. 2010). Few studies anywhere, however,

have tracked long-term changes in octocoral populations,

making it difficult to predict whether observed short-term

responses to disturbance indicate permanent changes in

community structure.

While there is a pressing need to better understand the

ecological dynamics of octocoral populations and their

responses to a changing environment, ecological studies

are hampered by our poor understanding of octocoral tax-

onomy and the practical difficulties of discriminating

and identifying species in most genera (Fabricius and

Alderslade 2001). Identification of octocorals is time-

consuming, requires a high level of taxonomic expertise,

and there are few taxonomists actively working on the

group (Cairns 2007). Large numbers of undescribed species

and the need for taxonomic revisions of many genera mean

it is often not possible to put species names on specimens

with any confidence (Fabricius and De’ath 2008). As a

result, most biodiversity surveys identify the majority of

octocorals to genus only and do not attempt to quantify

diversity at the species level (e.g., Stone 2006; Fabricius

et al. 2007; Fabricius and De’ath 2008; Chanmethakul et al.

2010; Bridge et al. 2012). Others simply discriminate

apparent morphospecies alphanumerically (e.g., van Oppen

et al. 2005). Although the latter approach may allow species

diversity to be estimated at a particular location, it does not

enable comparisons of species composition across loca-

tions, as there is often no way to correlate the alphanumeric

morphospecies identities used in one study or by one tax-

onomist with those of another. Establishment of a reference

database of species-specific molecular barcodes linked to

vouchered specimens would facilitate comparisons of fau-

nal composition across locations and allow broad-scale

patterns of distribution and long-term changes in octocoral

biodiversity to be better assessed.

The development of molecular markers that reliably

discriminate species has been a challenge in all groups of

anthozoan cnidarians. Mitochondrial genes evolve

10–100X slower than nuclear genes in anthozoans (Hell-

berg 2006; Chen et al. 2009), as a result of which the

‘‘universal’’ animal COI barcode and other mitochondrial

markers are frequently invariant within and among genera

(Huang et al. 2008; Shearer and Coffroth 2008). In oc-

tocorals, an extended mitochondrial barcode of COI plus

the octocoral-specific mitochondrial gene mtMutS has,

however, been shown to discriminate approximately 70 %

of the species that comprise the taxonomically well-known

fauna of the northern Red Sea (McFadden et al. 2011).

Although this barcode marker does not discriminate all

species unequivocally, it is usually diagnostic at the genus

level and typically allows species identifications to be

narrowed to a small number of candidate sister taxa

(McFadden et al. 2011).

Compared to the relatively well-studied and only mod-

erately biodiverse Red Sea, the octocorals of the tropical

western Pacific are both extremely diverse and poorly

known taxonomically (Bayer 1981). The octocoral fauna of

the Republic of Palau is, however, somewhat better known
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Table 1 Species richness of octocorals in Palau estimated from the combined mta ? 28S molecular barcode and morphological criteria

Family Genus N H K2p0.1 % K2p0.3 % K2p0.5 % S SF

Acanthogorgiidae Acanthogorgia 3 3 3 2 2 3 1

Alcyoniidae Cladiella 1 1 1 1 1 1 4

Alcyoniidae Klyxum 10 6 4 2 2 3 3

Alcyoniidae Lobophytum 14 8 9 8 7 7 3

Alcyoniidae Paraminabea 4 3 1 1 1 1 1

Alcyoniidae Sarcophyton 51 25 15 12 10 9 [9

Alcyoniidae Sinularia 52 34 27 20 16 26 38c

Briareidae Briareum 5 3 2 1 1 2 2

Chrysogorgiidae Stephanogorgia 2 1 1 1 1 1 1

Clavulariidae Carijoa 1 1 1 1 1 1 1

Clavulariidae Clavularia 5 2 1 1 1 1 1

Ellisellidae Dichotellab 1 1 0 0 0 1 1

Ellisellidae Ellisella 8 2 1 1 1 2 1

Ellisellidae Junceella 3 2 3 2 1 2 3

Gorgoniidae Hicksonellab 1 1 0 0 0 1 1

Gorgoniidae Pinnigorgia 1 1 1 1 1 1 3

Gorgoniidae Rumphella 6 2 1 1 1 1–2 1

Melithaeidae Melithaea 11 7 6 6 6 4 5

Nephtheidae Dendronephthya 11 9 5 5 3 6 6

Nephtheidae Lemnalia 12 5 5 4 4 7 2

Nephtheidae Nephthea 2 2 2 1 1 2 2

Nephtheidae Paralemnalia 8 4 3 1 1 1 5

Nephtheidae Scleronephthya 3 3 2 2 1 2 4

Nephtheidae Stereonephthya 8 2 3 1 1 3 1

Nidaliidae Chironephthya 15 9 6 4 4 4 3

Nidaliidae Nidalia 2 1 1 1 1 1–2 1

Nidaliidae Siphonogorgia 16 7 4 3 3 5 2

Parasphaerascleridae Parasphaerasclera 2 2 2 1 1 2 4

Plexauridae Astrogorgia 12 10 7 7 5 6 1

Plexauridae Bebryce 4 3 2 1 1 1 1

Plexauridae Euplexaura 4 1 1 1 1 3 2

Plexauridae Villogorgia 1 1 1 1 1 1 1

Subergorgiidae Annella 3 2 2 1 1 2 2

Subergorgiidae Subergorgia 6 3 2 2 2 2 1

Tubiporidae Tubipora 2 1 1 1 1 1 1

Xeniidae Asterospicularia 2 1 1 1 1 1 1

Xeniidae Heteroxenia 4 1 1 1 1 1 1

Xeniidae Sympodium 1 1 1 1 1 1 0

Total 305 171 128 100 87 118 120

N = number of specimens sequenced for at least 2 of 3 loci; H = number of unique 3-locus genotypes; K2p0.1 = number of MOTUs differing

by average Kimura 2-parameter genetic distance[0.1 %; K2p0.3 = number of MOTUs differing by[0.3 %; K2p0.5 = number of MOTUs

differing by[0.5 %; S = estimated number of morphospecies, this study; SF = number of morphospecies estimated by Fabricius et al. (2007)
a mt = mtMutS ? igr1 ? COI (McFadden et al. 2011)
b Genera not distinguished as MOTUs
c Estimate from van Ofwegen (2008)
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than that of most other regions of the western Pacific and

has been summarized in several recent papers (Fabricius

et al. 2007; van Ofwegen 2008). Excluding those species

that are only known from deep water ([60 m), *144

morphospecies of octocorals belonging to 63 genera have

been recorded. Only half of those species have been

assigned to known taxa, however, and the others have

simply been identified to genus (Fabricius et al. 2007). In

the absence of species names or other unique identifiers

(e.g., molecular barcodes) for half of the octocoral fauna, it

is currently not possible to compare the species composi-

tion of Palau to that of any other location. Here, we test

further the ability of molecular barcodes to distinguish

morphospecies of octocorals for the purposes of (1) esti-

mating the species richness of a region and (2) identifying

species by comparison to an established database of bar-

code sequences and in situ photographs.

Materials and methods

Collections

A total of 391 specimens representing 38 genera of oc-

tocorals (Table 1) were collected during 8 d of field work

in the Republic of Palau from 19–26 May 2010. Dives were

made at 13 sites in shallow-reef environments (to 30 m

depth) spanning a 115 km transect from the barrier reefs

NW of Babeldaob (7�50.0870N) to the southern end of

Pelelieu (6�58.6120N) (Fig. 1). Two genera of soft corals,

Sinularia and Sarcophyton, were sampled extensively for

ongoing chemical ecology projects (n = 161 specimens).

In addition, we collected representatives of all other spe-

cies of octocorals that we encountered at each site; col-

lections were made haphazardly without attempting to

quantify relative abundance of species or to search areas

systematically for new species. Specimen vouchers were

preserved in 70 % EtOH or frozen at -20 �C for chemical

analyses; small subsamples of tissue to be used for DNA

analysis were stored in 95 % EtOH. Voucher material for

all species has been deposited at Naturalis Biodiversity

Center [formerly Rijksmuseum van Natuurlijke Historie,

Leiden (RMNH)]; specimens of Heteroxenia, Klyxum and

Cladiella have also been deposited at the Zoological

Museum, University of Tel Aviv (ZMTAU) and California

Academy of Sciences (CAS).

Taxonomic identifications

All specimens were initially identified to genus using

established morphological criteria (Fabricius and Alders-

lade 2001). Independently and without knowledge of the

molecular results, a taxonomic expert (LPvO) estimated

numbers of morphospecies collected per genus based on

assessment of traditionally used morphological characters.

Tissue samples from different anatomical regions of a

colony were dissolved in bleach to extract sclerites that
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Fig. 1 Map of the main islands (shaded areas) and surrounding

shallow-reef habitat (dotted outlines) of the Republic of Palau.

Octocorals were collected at 13 sites (numbered squares) spanning a

N–S distance of approximately 115 km. 1 NW barrier reef,

7�50.0870N, 134�31.1320E; 2 NW barrier reef, 7�41.8880N,
134�33.8330E; 3 West Channel, 7�32.4960N, 134�28.3470E; 4 Pin-

chers, 7�20.4020N, 134�25.6820E; 5 Ngerikuul Gap, 7�19.2540N,
134�29.7510E; 6 KB Channel, 7�18.5920N, 134�31.4850E; 7 Short

Drop-Off, inner wall, 7�16.4700N, 134�31.5230E; 8 Short Drop-Off,

outer slope, 7�15.5330N, 134�31.4360E; 9 Siaes Tunnel, 7�18.6860N,
134�13.5960E; 10 Wonder Channel, 7�10.8690N, 134�21.6120E; 11

Neco Channel, 7�12.3160N, 134�22.6460E; 12 Turtle Cove,

7�05.0780N, 134�15.7300E; 13 Pelelieu wall, 6�58.6120N,
134�13.3300E
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were examined using light microscopy. For the majority of

genera, morphospecies were merely discriminated as sp. A,

sp. B, etc., and no attempt was made to identify specimens

to known species.

DNA sequencing and analysis

Extraction of DNA from ethanol-preserved tissue samples,

amplification by PCR, and sequencing of the mtMutS

(msh1) and COI genes followed the protocols published in

McFadden et al. (2011). In addition, we sequenced an

approximately 765-nt fragment of the 28S nuclear ribo-

somal gene using primers 28S-Far,with either 28S-Rar or

28S-Rab (McFadden and van Ofwegen 2013), and the

same PCR protocol used for COI. Sequences were aligned

using the L-INS-i method in MAFFT v. 6 (Katoh and Toh

2008), and pairwise genetic distances (Kimura 2-parame-

ter) among specimens were calculated using the DNADist

program in PHYLIP v. 3.69 (Felsenstein 2005). MOTHUR

v. 1.29 (Schloss et al. 2009) was used to cluster sequences

into MOTUs (molecular operational taxonomic units;

Floyd et al. 2002) based on average neighbor distance

thresholds of 0.1, 0.3 and 0.5 % (see below). MOTUs were

defined separately for four different barcode combinations:

(1) mtMutS alone; (2) 28S rDNA alone; (3) the mito-

chondrial (mt) barcode of mtMutS ? igr1 ? COI (McF-

adden et al. 2011); and (4) a combined multilocus barcode

of mt ? 28S rDNA. For each barcode and distance

threshold, we calculated species richness accuracy (SA) as

the number of MOTUs detected divided by the estimated

number of morphospecies sequenced. The concordance of

species identifications was estimated as the percentage of

specimens for which molecular and morphospecies classi-

fications were in agreement. For example, if a MOTU

included three specimens of morphospecies A and one

specimen of morphospecies B, it would be counted as three

concordant identifications and one non-concordant identi-

fication for a total concordance of 0.75. If a fourth indi-

vidual of morphospecies A belonged to a different MOTU,

it would also be counted as a non-concordant identification,

for an overall concordance of 0.60 among the five

specimens.

Determination of average neighbor thresholds to define

MOTUs

Because taxonomic boundaries and intraspecific variation

have been so little studied in octocorals, when two different

morphospecies share identical barcode markers, we cannot

often discriminate between two possible interpretations: (1)

the molecular marker failed to distinguish species or (2)

our interpretation of species boundaries based on mor-

phology is incorrect. For this reason, we have restricted

testing of the discriminatory abilities of barcode markers to

a test group of Alcyonium, a genus within which species

boundaries have been assessed previously using allozymes

and reproductive differences (McFadden 1999; McFadden

et al. 2001). A subset of the same specimens that were used

in a previous study to estimate average intra- and inter-

specific genetic distances for mtMutS and the mt barcode

(mtMutS ? igr1 ? COI; McFadden et al. 2011) were

sequenced for 28S rDNA. Pairwise genetic distances

(Kimura 2-parameter) within and among species were

calculated, and means and ranges of values were compared

among the four barcode markers used here (mtMutS, 28S,

mt and combined mt ? 28S). In addition, mean and max-

imum coalescent depths were calculated for each barcode,

where coalescent depth is the maximum pairwise distance

observed among individuals of the same species (e.g.,

Meyer and Paulay 2005). MOTHUR was used to cluster

specimens into MOTUs to determine the average neighbor

distance at which concordance of species identification was

highest (i.e., MOTUs most closely reflected actual species).

Identification of Sinularia species

mtMutS sequences for Sinularia were aligned to an existing

reference database of sequences for 80 species of that

genus, including 36 of 38 species recorded previously from

Palau (McFadden et al. 2009). A specimen was considered

to be identified to species if its mtMutS haplotype exactly

matched that of a species in the reference set, provided the

reference sequence was unique. In cases where a haplotype

was similar to but not a direct match to any species in the

reference alignment, or, conversely, was shared with two or

more species in the database (i.e., the reference sequence

was not unique), species identifications were narrowed

further by (1) restricting comparisons to reference

sequences of species known to have been recorded previ-

ously in Palau (van Ofwegen 2008) and (2) comparing

in situ photographs of colony morphology to reference

photographs available in a curated online repository (http://

science.naturalis.nl/research/people/cv/ofwegen/sinularia-

images). All species identifications were subsequently

confirmed or corrected based on microscopic examination

of sclerites by a taxonomic expert.

Results

Average neighbor distance thresholds for species

discrimination

28S rDNA sequences (*765 bp) were obtained for 5–10

individuals of each of 10 species of Alcyonium for which
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pairwise genetic distances and pure characteristic attributes

(sensu Rach et al. 2008) had been assessed previously for

mtMutS and the mt barcode (McFadden et al. 2011).

Pairwise genetic distances (Kimura 2-parameter) among

28S sequences ranged from 0 to 0.8 % among individuals

of the same species, and 0–6.4 % among congeneric spe-

cies. Mean coalescent depth (0.15 %) and mean interspe-

cific genetic distance (3.38 %) were both slightly greater

for 28S than for the mt barcode (values of 0.12 and 2.62 %

respectively, Table 2). When 28S was combined with mt

for a multilocus barcode of 2,413 bp, the mean coalescent

depth was 0.15 %, with a maximum observed coalescent

depth of 0.49 % and a mean interspecific distance of

2.79 %. Two species pairs (A. glomeratum-A. palmatum, A.

digitatum-A. sp. A) shared identical 28S genotypes (inter-

specific distance = 0); when 28S was combined with mt,

however, only one species pair (A. glomeratum-A. palma-

tum) shared identical genotypes and could not be distin-

guished on the basis of pure characteristic attributes.

Single-nucleotide polymorphisms in the 28S sequences

also identified several individuals within the A. coralloides

clade that are likely of hybrid origin, consistent with pre-

vious evidence for reticulate evolution within this clade

(McFadden and Hutchinson 2004).

Species of Alcyonium were considered to have been

discriminated correctly (concordance = 1) when all

sequences from a species were assigned to the same

MOTU and that MOTU included sequences from only one

species. The average neighbor distance threshold that

maximized the number of correct species identifications

and minimized the number of false positives ranged from

0.3 % for the mt and combined mt ? 28S barcodes to 0.5

and 0.7 % for mtMutS and 28S, respectively. At thresholds

below 0.3 %, no additional species were identified cor-

rectly, but false positives (i.e., intraspecific variants clas-

sified as different MOTUs) were common. The maximum

number of species discriminated correctly using average

genetic distance thresholds was 6 of 10 using both 28S and

the combined mt ? 28S barcodes; 5 species were identified

correctly using either mtMutS or mt. For all barcodes

except mtMutS, the number of species that could be dis-

criminated correctly was greater when MOTUs were

defined using pure characteristic attributes rather than

genetic distance thresholds (Table 2).

Based on these results, we selected 0.1 and 0.5 % as

minimum and maximum average neighbor distance

thresholds to use for detecting MOTUs among octocoral

specimens from Palau. These values approximate the mean

(0.15 %) and maximum (0.49 %) coalescent depths

observed among Alcyonium species for the mt ? 28S

barcode (Table 2). Although no barcode gap was observed

in Alcyonium (i.e., intraspecific and interspecific distances

overlapped one another) only 20 % of interspecific com-

parisons had genetic distance values \0.5 and 10 % had

values\0.1 %. We selected 0.3 % as an additional, inter-

mediate threshold value to use for species discrimination;

among Alcyonium species, an average distance threshold of

0.3 % minimized false positive assignment of MOTUs

while simultaneously maximizing correct species identifi-

cations, thereby yielding the highest concordance.

Palau biodiversity estimates

We obtained mtMutS sequences (834 nt) for a total of 339

specimens, igr1 ? COI (977 nt) for 319 and 28S (864 nt)

for 273 (of the 109 specimens of Sarcophyton collected,

only 61 and 34 were sequenced for igr1 ? COI and 28S,

respectively) (Table 3). All sequences have been deposited

in GenBank (Electronic Supplemental Material, ESM S1).

Complete mt ? 28S barcodes were obtained for 231

specimens, and two-locus barcodes were obtained for an

additional 89. Among all specimens that were sequenced, a

total of 171 unique mt ? 28S barcode sequences were

detected; specimens for which only 1 or 2 loci were

sequenced were considered to be unique only if they had an

allele that was not detected in any specimens for which

complete barcodes were obtained (Table 1). The largest

numbers of unique barcode sequences were found for

Table 2 Genetic distance values (Kimura 2-parameter) within and between 10 North Atlantic and Mediterranean species of Alcyonium assessed

using different molecular barcodes

Gene

region (s)

nt Mean coalescent

depth (±S.D.)

Max. coalescent

depth Observed

Mean interspecific

distance (±S.D.)

Min. interspecific

distance

SA

(K2p)

SA

(PCA)

mtMutS 735 0.0018 (±0.0024) 0.0070 0.0367 (±0.0246) 0 0.5(0.5 %) 0.5

mta 1,648 0.0012 (±0.0012) 0.0035 0.0262 (±0.0170) 0 0.5(0.3 %) 0.6

28S rDNA 765 0.0015 (±0.0025) 0.0080 0.0338 (±0.0185) 0 0.6(0.7 %) 0.8

mt ? 28S 2,413 0.0015 (±0.0016) 0.0049 0.0279 (±0.0173) 0 0.6(0.3 %) 0.9

nt = total length (nucleotides) of aligned sequence; coalescent depth = maximum intraspecific distance within a species; SA(K2p) = species

richness accuracy (#MOTU/#species) at K2p threshold that minimized false positives; SA(PCA) = species richness accuracy (#MOTU/#spe-

cies) based on assigning MOTUs using pure characteristic attributes
a (mtMutS ? igr1 ?COI)
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Sinularia (n = 34), Sarcophyton (n = 25) and Astrogorgia

(n = 10), while in 13 genera, only a single barcode

sequence was detected. Identical barcode sequences were

shared between genera in three cases: Rumphella sp. A

with Hicksonella sp. A, Dichotella gemmacea with

Junceella juncea, and Paralemnalia digitiformis with

Lemnalia sp. C.

The total number of morphospecies collected was esti-

mated to be S = 118, based on a taxonomic expert’s

assessment of the morphological characters traditionally

used for octocoral taxonomy (Table 1, Suppl. S1, S2).

Estimates of the number of MOTUs ranged from a low of

73 using mtMutS only (0.5 % threshold) to 128 using the

combined mt ? 28S barcode (0.1 % threshold) (Table 3).

For most genera, the range of MOTUs estimated using

different threshold values was equal to or bracketed the

number of morphospecies (Table 1). Numbers of MOTUs

slightly exceeded morphospecies estimates for Sarcophy-

ton (S = 9, MOTU = 10–15) and Melithaea (S = 4,

MOTU = 6), but underestimated numbers of morphospe-

cies in Lemnalia (S = 7, MOTU = 4–5), Dendronephthya

(S = 6, MOTU = 3–5), and Siphonogorgia (S = 5,

MOTU = 3–4). There were also several genera for which

up to three morphospecies were distinguished, but only a

single MOTU was found, e.g., Nephthea and Euplexaura.

For all four barcodes, species richness accuracy (SA)

was greatest (i.e., closest to 1.0) at an average genetic

distance threshold of 0.1 % and declined when higher

thresholds were used to define MOTUs (Table 3). In con-

trast, concordance of identifications was highest at a dis-

tance threshold of 0.3 % for all barcodes except mt. The

difference in concordance between the 0.1 and 0.3 %

thresholds was, however, less than 1 % for all barcodes; for

all barcodes except 28S, concordance dropped by 2–8 %

when a threshold of 0.5 % was used (Table 3).

Sinularia species identification

mtMutS sequences were obtained for 49 of 52 Sinularia

specimens (ESM S2); igr1 ? COI and 28S sequences were

obtained for 52 and 47 specimens, respectively. The

greatest number of unique sequences was detected for

mtMutS (n = 29), followed by 28S (n = 24), and

igr1 ? COI (n = 23). Thirty-four unique barcode

sequences were found among the 49 specimens for which

two loci were sequenced, and 34 of the 45 specimens for

which all three loci were sequenced had unique mt ? 28S

barcodes (Table 1).

The actual number of Sinularia species collected as

determined by morphological criteria was S = 26. The mt

and combined mt ? 28S barcodes yielded the highest

species richness accuracy; the number of MOTUs esti-

mated using the mt barcode (0.1 % threshold) was 25

(SA = 0.961) and using mt ? 28S (0.1 % threshold) it was

27 (SA = 1.039). Concordance was, however, higher with

mt (76.9 %) than with mt ? 28S (73.1 %). Consistent with

the results for all octocoral species, mtMutS alone (0.1 %

threshold) yielded the highest concordance (77.6 %) for

Sinularia, but a lower species richness accuracy (21 MO-

TUs; SA = 0.808) than either multilocus barcode.

Forty-two of 52 Sinularia specimens (81 %) were

identified correctly to species based on matching mtMutS

haplotypes to species in the reference database, and, in

cases where molecular identifications were ambiguous (i.e.,

no direct match or direct matches to [1 species), by

comparisons of colony morphology as judged from in situ

Table 3 Summary of MOTUs

estimated using different

barcode markers and detection

thresholds

S = morphospecies richness;

species richness accuracy

(SA) = MOTUs/S.

Concordance = fraction of

specimens for which MOTU

and morphospecies assignments

are in agreement (see text).

Boldface: highest accuracy
a mt = mtMutS ? igr1 ? COI
b 44 of 105 Sarcophyton

specimens sequenced for

mtMutS only

Molecular barcode

mtMutS 28S mta mta ? 28S

No. of specimens sequenced (N) 339b 273 284 231

No. of morphospecies sequenced (S) 110 113 118 118

Distance threshold = 0.1 %

No. MOTUs 96 121 117 128

Species richness accuracy (SA) 0.873 1.071 0.992 1.085

Concordance 0.749 0.715 0.729 0.737

Distance threshold = 0.3 %

No. MOTUs 85 101 87 101

Species richness accuracy (SA) 0.773 0.894 0.737 0.847

Concordance 0.753 0.726 0.721 0.740

Distance threshold = 0.5 %

No. MOTUs 73 95 68 87

Species richness accuracy (SA) 0.664 0.841 0.576 0.737

Concordance 0.711 0.726 0.643 0.719
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photographs (ESM S2). Five specimens with combinations

of mtMutS haplotypes and colony morphologies that did

not match any species in our reference set could also not be

identified based on sclerite morphology and may represent

undescribed species. Three additional specimens matched

sequences in the reference set but were identified incor-

rectly because the reference taxon had been misidentified.

Two specimens were simply identified incorrectly: one

specimen of S. tumulosa was misidentified as S. bab-

eldaobensis and a specimen of S. humilis was left

unidentified. Both of these specimens had unique mtMutS

haplotypes and belonged to clades within which a number

of species share identical or very similar haplotypes. If we

consider the five specimens that could not be matched

genetically and also could not be identified morphologi-

cally to represent correct identifications of undescribed

species, our success rate at identifying Sinularia species

using a combination of mtMutS haplotypes and in situ

colony morphology was 50/52 (96 %). Among the mor-

phospecies we identified correctly using the mtMutS bar-

code were three that had not previously been recorded from

Palau (S. humesi, S. polydactyla, S. verseveldti).

Discussion

Our estimates of total species richness using MOTUs

defined by average genetic distances were very similar to

the estimates made by a taxonomist based on assessment of

morphological characters. The number of species detected

by both methods also agreed well with previous estimates

of octocoral species richness in Palau (Fabricius et al.

2007; Table 1). This result suggests that total numbers of

species present among a sample of octocorals can be esti-

mated reasonably well using molecular proxies (MOTUs),

without the need to discriminate species morphologically.

The molecular methods employed require no taxonomic

expertise, and their use could greatly accelerate compari-

sons of biodiversity over space and time, information that

we currently lack for octocoral populations in most parts of

the world. Although the haphazard sampling method we

employed was not intended to estimate either the total

species richness of octocorals in Palau or relative abun-

dance-based measures of species diversity (e.g., Plaisance

et al. 2011), our results suggest that molecular methods of

species discrimination would facilitate such studies.

Although both molecular and morphological methods

yielded comparable estimates of the total number of spe-

cies present in our sample, identification of specimens to

species level remains a much more complex problem in

octocorals. The concordance between molecular and mor-

phospecies identifications was 70–75 %, similar to the

identification success rate that was estimated in a previous

survey of octocoral biodiversity in the Red Sea (McFadden

et al. 2011). Our understanding of species boundaries in

Octocorallia, however, is still very poor for the majority of

genera recorded in the Indo-Pacific (Fabricius and Al-

derslade 2001). Many species remain undescribed, and

taxonomic revisions of most genera will be required before

species names can reliably be assigned to specimens. For

this reason, it is in most cases impossible to know whether

an observed lack of concordance between a MOTU and

morphospecies assignment is due to a failure of the

molecular barcode to discriminate valid species or to

flawed taxonomic interpretations of morphological varia-

tion. Few studies of intraspecific morphological variation

or environmental plasticity exist for octocorals (West et al.

1993; West 1997; Skoufas 2006), and only a handful have

examined both genetic and morphological variation (Kim

et al. 2004; Prada et al. 2008; Gutiérrez-Rodrı́guez et al.

2009; Bilewitch et al. 2010). In some cases, genetic dif-

ferentiation has been concordant with observed morpho-

logical variation, suggesting that distinct ecotypes

represent different species (Prada et al. 2008). In other

studies, observed morphological differences among popu-

lations have not correlated with genetic differences,

implying that colony growth forms or sclerites may vary

within species (Gutiérrez-Rodrı́guez et al. 2009; Bilewitch

et al. 2010). Determining whether morphological variants

have been inappropriately lumped as a single species (e.g.,

Prada et al. 2008) or inappropriately split into separate

species (e.g., Bilewitch et al. 2010) requires time-con-

suming case-by-case studies. Approaches such as the one

we have taken here, however, offer a first step toward

identifying taxa that exhibit a lack of concordance between

morphological species concepts and MOTUs.

For some of the genera we collected in Palau, the

observed lack of concordance between molecular and

morphospecies identifications can almost certainly be

attributed to our lack of understanding of the taxonomic

significance of morphological variation rather than to

deficiencies in the molecular barcode used. Among the

genera we sampled, the agreement between MOTU and

morphospecies assignments was particularly poor for Sar-

cophyton, with only 45.7 % of specimens exhibiting con-

cordance (mtMutS, 0.3 % threshold). Previous molecular

phylogenetic work on this genus has demonstrated, how-

ever, that the commonly encountered species Sarcophyton

glaucum represents a cryptic species complex of six or

more phylogenetically distinct lineages that cannot reliably

be distinguished morphologically (McFadden et al. 2006).

Applying the most conservative barcode and genetic dis-

tance threshold we used for species identification (mt,

0.5 % threshold; Table 3), the 19 specimens in our col-

lection that were identified morphologically as S. glaucum

belonged to 5 different MOTUs. In this case, the number of
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MOTUs is undoubtedly a more realistic estimate of species

richness than the morphospecies identification. Likewise,

we collected two distinct growth forms of Sinularia bras-

sica that were once classified as different species, but have

subsequently been synonymized based on the similarity of

their sclerites (Benayahu et al. 1998). At distance thresh-

olds\0.5 % all barcodes divided these two morphotypes

among two different MOTUs, each concordant with a

different colony growth form. This result suggests that the

original taxonomic interpretation of the different growth

forms as two different species is likely to be correct.

In the two examples cited above, the number of MOTUs

exceeded the estimated number of morphospecies, sug-

gesting the existence of morphologically cryptic species. In

other genera we collected, however, the estimated number

of morphospecies exceeded the number of MOTUs

observed. For example, three morphospecies of Euplexaura

were distinguished, but all specimens of that genus had

identical barcode sequences. In this poorly known genus,

we are currently unable to interpret the discrepancies

between morphospecies classification and MOTUs. Are the

barcode sequences employed in our study insufficiently

variable to detect interspecific differences in Euplexaura

and other genera, or is our interpretation of morphological

variation incorrect? As a first step to answer such ques-

tions, we require larger sample sizes of barcoded speci-

mens collected across a range of ecological situations and

geographic locations in order to determine whether dif-

ferent morphotypes are (1) discrete or continuous, and (2)

associated with any environmental parameters (e.g., depth,

water movement, light). In short, integrated taxonomic

approaches are needed to further test species boundaries in

groups in which morphological differentiation is not

accompanied by genetic differences in the barcode mark-

ers. Reciprocal transplantation experiments can also shed

light on the genetic versus environmental control of mor-

phology when ecotypic morphological variation is

observed (e.g., Prada et al. 2008).

Barcoding and taxonomic revision

Although the primary purpose of this study was to estimate

species richness rather than to explore phylogenetic rela-

tionships among taxa, sequence data obtained for the former

purposemay also generate insights into the latter, motivating

and informing subsequent taxonomic revisions. The results

of our barcoding efforts in Palau highlight several groups

within which observed phylogenetic relationships among

taxa conflict with morphological definitions of genera. In

three cases, morphospecies considered to belong to different

genera nonetheless shared identical multilocus barcode

sequences. Ellisellid specimens identified as Dichotella

gemmacea and Junceella juncea were genetically identical.

The similarity between these two species has been noted

previously (Grasshoff 1999); they share identical sclerite

forms, and the genera are distinguished by colony growth

form alone (dichotomously branched vs. unbranched).

Likewise, specimens of the gorgoniid genera Rumphella and

Hicksonella shared identical barcodes. The primary mor-

phological distinction between these two genera is the pre-

sence in Hicksonella of small numbers of long rod-like

sclerites in the coenenchyme, a variable character of ques-

tionable value for generic distinction (Alderslade 1986).

Although the majority of morphospecies belonging to the

nephtheid genera Lemnalia and Paralemnalia were well

separated, a specimen identified as Paralemnalia digitifor-

miswas genetically identical to three specimens ofLemnalia.

The generic affiliation of P. digitiformis has also been

questioned previously and its similarity to certain species of

Lemnalia noted (Fabricius and Alderslade 2001). Finally,

although no morphospecies of Chironephthya shared an

identical barcode sequence with a morphospecies of Si-

phonogorgia, these two nidaliid genera exhibited a para-

phyletic relationship, with no evidence of a clear

phylogenetic distinction between them (Fig. 2). Moreover,

at average distance thresholds[0.1 %, one MOTU included

two specimens identified as Siphonogorgia cf. godeffroyi

plus two specimens of Chironephthya. These two genera,

distinguished primarily by differences in the structure and

prominence of the calyces, have been widely confused in the

literature (Fabricius and Alderslade 2001), and are clearly in

need of revision. In each of the four cases illustrated above,

the molecular data obtained in the course of this biodiversity

survey provide insights into the phylogenetic relationships

among genera and a springboard for future revisionary work.

Molecular barcodes for octocorals

Slow rates of mitochondrial gene evolution (Shearer et al.

2002; Huang et al. 2008) have hindered the search for

molecular barcodes that reliably discriminate species of

octocorals and other anthozoan cnidarians. Testing of can-

didate barcodes for octocorals has been further confounded

by the uncertainty of our definitions of species boundaries in

most groups, as discussed above. Previous tests comparing

the mitochondrial protein-coding genes COI and mtMutS as

barcodes concluded that species discrimination within the

genus Alcyonium—one of the few octocoral genera in which

species boundaries have been assessed using the criterion of

reproductive isolation—was highest using a combined mt

barcode of mtMutS ? igr1 ? COI (McFadden et al. 2011).

In the present study, use of 28S rDNA or the three-locus

combination of 28S ? mt yielded slightly higher species

richness accuracy among the Alcyonium species than either

mt or mtMutS alone (Table 2). The expense and time

required to barcode specimens increases with the number of
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different loci included in a barcode, however, making a

single-locus barcode a more economical option if relatively

little is to be gained by sequencing additional loci. In our

Palau biodiversity survey results, species richness accuracy

(the agreement between numbers of species estimated using

MOTUs vs. morphospecies concepts) varied considerably

(from 0.576 to 1.085) depending on the barcode and genetic

distance threshold employed, but was generally higher when

28S was used, either alone or in combination with the mt

barcode. Concordance betweenMOTUs and morphospecies

identifications, however, varied relatively little among bar-

codes (71–75 % at 0.1 and 0.3 % thresholds), and the highest

concordance was obtained using a single-locus barcode

(mtMutS). A high percentage of Sinularia species could also

be identified to species correctly using just mtMutS sequen-

ces and gross colony morphology. Until we gain a better

understanding of species boundaries in particular groups of

octocorals, a single-locus barcode is likely to be adequate for

comparative biodiversity studies that encompass a wide

range of taxa. Among the three barcode loci examined here,

mtMutS has been the most widely sequenced to date and has

the most comparative data available across a wide range of

octocoral taxa (McFadden et al. 2010).

Tests with Alcyonium have indicated that character-based

methods of species discrimination yield higher rates of

species identification than distance-based methods

(Table 1). For example, using the combined mt ? 28S

barcode, character-based methods discriminated 9 MOTUs

among the 10 species of Alcyonium; only one pair of species

could not be distinguished. In contrast, distance-based

methods only discriminated 6 MOTUs, lumping three spe-

cies each into two MOTUs and two into another. Character-

based (diagnostic) methods have been shown to outperform

distance-based methods when a barcoding gap between

intraspecific and interspecific divergence is absent (Kelly

et al. 2007; Reid et al. 2011; van Velzen et al. 2012). The

application of such methods, however, requires a priori

knowledge of intraspecific sequence variation that can only

be assessed by sequencing multiple individuals that have

been assigned with confidence to the same species. At this

time, we have not adequately sampled intraspecific variation

in enough species to be able to apply this approach to oc-

tocorals and are instead constrained to define MOTUs based

on genetic distance thresholds. Once a sufficient database of

vouchered barcode sequences exists for octocorals, how-

ever, it may be possible to use character-based methods to

Chironephthya sp. B Coel. 40898

Chironephthya sp. C Coel. 40899
Chironephthya sp. B Coel. 40901
Chironephthya sp. B Coel. 40896

Chironephthya sp. C Coel. 40890

Chironephthya sp. D Coel. 40891
Chironephthya sp. C Coel. 40895

Chironephthya sp. D Coel. 40897
Chironephthya sp. D Coel. 40900
Chironephthya sp. B Coel. 40889

Chironephthya sp. A Coel. 40902
Chironephthya sp. A Coel. 40892
Chironephthya sp. A Coel. 40893
Chironephthya sp. A Coel. 40888
Chironephthya sp. A Coel. 40894

Siphonogorgia sp. A Coel. 41044
Siphonogorgia sp. A Coel. 41045
Siphonogorgia sp. A Coel. 41048
Siphonogorgia sp. A Coel. 41053

Siphonogorgia sp. A Coel. 41041
Siphonogorgia sp. A Coel. 41051

Siphonogorgia sp. C Coel. 41047

Siphonogorgia sp. B Coel. 41043
Siphonogorgia sp. D Coel. 41054

Siphonogorgia sp. B Coel. 41052

Siphonogorgia sp. B Coel. 41046
Siphonogorgia sp. B Coel. 41042

Siphonogorgia sp. B Coel. 41050

Siphonogorgia sp. B Coel. 41049

Siphonogorgia cf. godeffroyi Coel. 41055
Siphonogorgia cf. godeffroyi Coel. 408330.04

Outgroups

Fig. 2 Maximum likelihood phylogenetic reconstruction of species

of Chironephthya and Siphonogorgia from Palau [partitioned analysis

of concatenated mt ? 28S barcode alignment with 100 bootstrap

replicates run using Garli 2.0 (Zwickl 2006)]. Solid circles on nodes:

bootstrap support [90 %; open circles bootstrap support [70 %.

Outgroup includes genera Nidalia, Sinularia, Sarcophyton and

Lobophytum
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assign unknown specimens to known morphospecies, with

the attendant prospect of increased identification rates.
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