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ABSTRACT: For octocorals, sexual reproductive processes are fundamental to maintaining popu-
lations and influencing macroevolutionary processes. While ecological data on octocorals have
lagged behind their scleractinian counterparts, the proliferation of reproductive studies in recent
years now enables comparisons between these important anthozoan taxa. Here we review the
systematic and biogeographic patterns of reproductive biology within Octocorallia from 182 spe-
cies across 25 families and 79 genera. As in scleractinians, sexuality in octocorals appears to be
highly conserved. However, gonochorism (89%) in octocorals predominates, and hermaphro-
ditism is relatively rare, in stark contrast to scleractinians. Mode of reproduction is relatively plas-
tic and evenly split between broadcast spawning (49 %) and the 2 forms of brooding (internal 40 %
and external 11 %). External surface brooding which appears to be absent in scleractinians may
represent an intermediate strategy to broadcast spawning and internal brooding and may be
enabled by chemical defenses. Octocorals tend to have large oocytes, but size bears no statistically
significant relationship to sexuality, mode of reproduction, or polyp fecundity. Oocyte size is sig-
nificantly associated with subclade suggesting evolutionary conservatism, and zooxanthellate
species have significantly larger oocytes than azooxanthellate species. Based on biogeographic
patterns, reef scleractinians appear to disperse longer distances over ecological timescales com-
pared to reef octocorals. However, differences in reproductive characteristics between the 2 taxa
do not offer an obvious explanation for these different biogeographic patterns.
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INTRODUCTION

Octocorals are a diverse and widespread group
of marine organisms ranging across all latitudes
and across depths from the intertidal zone to
abyssal plains (Bayer 1981). The class Octocorallia
has ~310 genera distributed among 3 orders: Helio-
poracea, Alcyonacea, and Pennatulacea (Bayer
1981). However, based on molecular data, McFad-
den et al. (2006) suggested that the orders are poly-
phyletic and that most octocoral taxa are members
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of 2 clades with a few taxa belonging to a much
smaller third clade. Approximately 274 of the
genera belong to the most speciose order, Alcy-
onacea, and some genera are very speciose includ-
ing the Indo-Pacific coral reef genus Sinularia
which has over 150 species (McFadden et al. 2009).
Species of Alcyonacea include forms commonly
known as soft corals, sea fans, and sea whips, and
this order generally corresponds to the Alcyoniina/
Holoxonia clade hypothesized by McFadden et al.
(2006).
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In many coral reef ecosystems, particularly in the
Caribbean and some Indo-West Pacific reefs, shallow-
water octocorals are a major, sometimes dominant,
faunistic component (Bayer 1981, Benayahu & Loya
1981, Dinesen 1983, Sammarco & Coll 1992, Spalding
et al. 2001). Among reef octocorals, the majority of
species are zooxanthellate, possessing endosymbiotic
microalgae in their tissues. However, many Indo-
Pacific and some Caribbean reef species are azooxan-
thellate (Fabricius & Alderslade 2001). In deep-water
ecosystems, octocorals are important structure-form-
ing organisms that colonize substrata in dense aggre-
gations and create critical habitat for associated fauna
(Lumsden et al. 2007, Messing et al. 2008).

Like many species of Anthozoa, octocorals are
almost exclusively modular colonial marine inverte-
brates that reproduce both sexually and asexually.
As in all modular organisms, colony growth is a mode
of asexual reproduction via budding of polyps. In
addition, octocorals exhibit a diversity of mechanisms
of vegetative propagation including simple fission,
fission by partial mortality, fragmentation, polyp
detachment, budding, branching growth, and sto-
lonal growth (Lasker 1988). For some species, asex-
ual, vegetative propagation can support high popula-
tion growth rates (Lasker 1988). All octocorals that
have been studied in detail reproduce sexually. The
dual modes of reproduction allow species to follow
multiple ecological strategies (Jackson 1985). How-
ever, sexual reproduction remains the dominant
mode of population growth for most species. Sexual
reproduction and the dispersal of the resultant larval
stage control the connectivity of populations and
maintains the genetic diversity in octocorals as in all
benthic invertebrates (Jackson 1986).

Until the early 1970s, most of the knowledge on
the reproduction of octocorals had been based on
studies of a small number of species. Some of the
earliest studies characterized reproduction in the
widespread boreal species Alcyonium digitatum
(e.g. de Lacaze-Duthiers 1864, Hickson 1895, 1901,
Hill & Oxon 1905, Matthews 1917). The pioneering
study of Kowalewsky & Marion (1883) examined the
embryogenesis of Clavularia crassa, C. petricola
and Sympodium coralloides and depicted detailed
images of planula-development. Gohar (1940a,b)
and Gohar & Roushdy (1961) provided valuable
information on reproduction of the Red Sea soft
corals from the family Xeniidae.

A growing number of reproductive studies of octo-
corals have been undertaken in recent years, but the
reproductive patterns of octocorals have never been
comprehensively reviewed. In contrast, the repro-

ductive patterns of stony corals (Scleractinia) have
been the center of intense study in recent decades
(Fadlallah 1983, Szmant 1986, Harrison & Wallace
1990, Richmond & Hunter 1990, Richmond 1997,
Shlesinger et al. 1998, Baird et al. 2009, Harrison
2011). Given the abundance of both scleractinians
and octocorals in tropical reef ecosystems and the
ecological similarities between them, a thorough
compilation of the available octocoral data and com-
parison of their reproductive strategies with those of
scleractinians can indicate whether reproductive
strategies in the 2 groups have paralleled each other.

METHODS

The octocoral reproductive traits considered in the
analyses are listed in Table 1. Data were gathered
through an exhaustive search of the literature, com-
munication with other researchers, and our own
unpublished data. However, as apparent from Table
S1 (see electronic supplement, available at www.int-
res.com/articles/suppl/m443p265_supp.pdf, obtaining
complete information for many of the species was not
possible. However, basic information such as sexual-
ity and the modes of larval development were avail-
able for the vast majority of species.

Systematics

Among octocorals, morphological characters have
been traditionally used to distinguish between taxa.
These particularly include colony growth form, axial
structure, and the size, shape, micro-architecture, and
arrangement of sclerites (e.g. Bayer 1961, Berntson et
al. 2001, Alderslade 2001, Fabricius & Alderslade
2001). Attempts to understand their phylogenetic re-
lationships have been hampered by a paucity of
useful morphological characters and consequently led
to molecular phylogenetic analysis of this group. Mc-
Fadden et al. (2006) presented mitochondrial DNA
(mtDNA) analyses that convincingly argued that most
of the currently recognized families and suborders in
the Octocorallia are polyphyletic. However, a revision
of the higher taxa has not yet been made. In our treat-
ment we continue to refer to the traditionally recog-
nized families since most readers are familiar with
them (see also Fabricius & Alderslade 2001). Although
there are some important inconsistencies, they do
have a general congruence to the patterns reported in
McFadden et al. (2006). However, in our statistical
analyses we use Clades 1, 2 and 3 as recognized by
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Table 1. Reproductive traits and other factors considered for each octocoral species in this study

Characteristic Description

Reproductive traits

Sexuality Species are classified as either gonochoric; gonochoric with rare (<1 %) hermaphroditism;
mixed sexuality with a regular incidence (>1 %) of male, female, and hermaphroditic colonies;
hermaphroditic; or parthenogenic

Sex ratio For gonochoric species, the ratio of female to male colonies

Mode of reproduction Species are classified as either a broadcast spawner; internal brooder; or an external surface
brooder

Maximum oocyte size The maximum oocyte size in terms of diameter, measured in pm

Length of oogenic cycle Number of months required for completion of 1 oogenic cycle. Species with multiple concur-
rent oogenic cycles and where length of a single cycle cannot be determined are classified

accordingly

Polyp fecundity Average number of mature oocytes per polyp

Breeding period Number of months when spawning or brooding occurs per year

Other factors

Clade/Subclade Based on McFadden et al. (2006). See manuscript text for explanation

Subcladegng Modified from McFadden et al. (2006). See manuscript text for explanation

Symbiont status Species are classified as either zooxanthellate or azooxanthellate

Latitude Latitude of sampling locations used in reproductive study or studies. Where sampling locations
span a range of latitudes, the midpoint was selected

Climate/Habitat Species are classified according to the primary location where the reproductive data origi-

nated: tropical where annual mean sea surface temperature (SST) >25°C (trop); subtropical
where annual mean SST = 22-25°C (subtrop); temperate where annual mean SST <22°C and
annual max SST >15°C; and cold or deep where annual maximum in situ temperature <15°C.
These groups were further aggregated as warm (tropical and subtropical) and cool (temperate

and cold/deep) for certain analyses

McFadden et al. (2006). We also divided the taxa into
subclades based on the parsimony analysis presented
in Fig. 1 in McFadden et al. (2006) and those desig-
nations are listed in Table S1. Although there are
some differences, those subclades are generally con-
cordant with those inferred from either the Bayesian
or maximum likelihood analyses that McFadden et al.
(2006) also conducted (their Figs. 1 & 2). Subclade as-
signments were made twice: the assignments in Table
S1, and a somewhat more conservative classification
(Subclade qns) in which genera not included in the
McFadden et al. (2006) study were dropped from the
analysis. With only minor exception the 2 systems
generated the same results and only the original sub-
clade analysis is presented. Given the need for
greater taxonomic coverage and more molecular
markers, future refinement of these phylogenetic hy-
potheses is likely. The use of the phylogenetic hypoth-
esis proposed by McFadden et al. (2006) is important
in considerations of the evolution of traits within the
Octocorallia. In considering transitions between char-
acter states, we mapped traits on the McFadden et al.
(2006) phylogram, assuming that none of the genera
are polyphyletic.

Statistical analyses

Patterns in the data were tested using log-linear
analyses (SPSS, version 17.0) in which the indepen-
dence of taxonomic group, climate or habitat, pres-
ence or absence of zooxanthellae, sexuality and
mode of gamete or larva release were determined.
In general, large multi-way log-linear tests provide
the means to separate the effects of correlations
among character states. Given the large number of
characters and character states, a complete test of
independence led to a matrix with many cells hav-
ing predicted values of <5, which dramatically
reduces the power of the analysis. In order to mini-
mize that effect, categories were often pooled or
dropped from the analysis. Pooled categories for
subclade are indicated in Table 2. Mode of repro-
duction was reduced to broadcast spawning, and
brooding and climate was reduced by pooling
deep/cold with temperate and subtropical with trop-
ical. Even with pooled categories expected values
when more than 2 factors were considered were
often below 5, and many of the results were further
tested with 2-way tests of independence based on y?2
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Table 2. Distribution of studies and reproductive data across (A) groups, fami-

lies and climate and (B) clades, subclades and climate

(A) Group Family Climate Total
Deep or Tem- Sub-  Tro-
cold perate tropical pical
Alcyoniina Alcyoniidae 2 15 11 32 60
Nephtheidae 3 6 6 0 15
Xeniidae 0 0 24 7 31
Calcaxonia Chrysogorgiidae 1 0 0 0 1
Ellisellidae 0 0 1 2 3
Isididae 4 0 0 0 4
Primnoidae 12 0 0 0 12
Helioporacea  Helioporidae 0 0 0 2 2
Holaxonia Gorgoniidae 0 0 2 6 8
Plexauridae 1 6 1 12 20
Pennatulacea  Anthoptilidae 1 0 0 0 1
Funiculinidae 1 0 0 0 1
Kophobelemnidae 1 0 0 0 1
Pennatulidae 1 3 0 1 5
Renillidae 0 2 0 0 2
Umbellulidae 2 0 0 0 2
Veretillidae 0 0 3 1 4
Virgulariidae 0 1 0 1 2
Scleraxonia Anthothelidae 0 1 0 0 1
Briareidae 0 0 0 4 4
Coralliidae 2 1 0 0 3
Melithaeidae 0 0 3 0 3
Subergorgiidae 0 0 0 2 2
Stolonifera Clavulariidae 0 1 0 5 6
Cornulariidae 0 0 2 0 2
(B) Clade Subclade Climate Total
Deep or Tem- Sub-  Tro-
cold perate tropical pical
1 la 0 4 0 8 12
1b 0 0 25 8 33
1c 0 6 5 2 13
1d 0 0 1 6 7
le 1 3 0 2 6
1f 0 0 2 6 8
1g 0 0 8 26 34
1h 2 13 0 0 15
1i 0 0 3 0 3
1j 0 0 0 3 3
Clade 1 total 3 26 44 61 134
2 2a 14 1 1 5 21
2b 7 5 3 2 17
Clade 2 total 21 6 4 7 38
3 3 1 0 0 4

(SPSS, version 17.0) or Fisher's exact tests (R, ver-
sion 2.9.1). Oocyte sizes and fecundity were ana-
lyzed with analysis of variance and/or Kruskal-Wal-

lis tests (SPSS, version 16).

RESULTS
Distribution of studies

Bayer (1980) noted that the know-
ledge of octocoral biology lagged
behind systematics. Early anatomical
works by naturalists from scientific
expeditions in the 19th and 20th cen-
turies (e.g. Challenger, Albatross,
Danish Ingolf, Siboga, Charcot, and
Canadian Arctic expeditions) provide
basic reproductive information (i.e.
sexuality and evidence of larval
brooding) on numerous species
based on examinations of dredge
samples. These often overlooked his-
torical descriptions remain a primary
source of published information for
many deep-water octocoral species.
However, with the overall growth in
coral reef research providing data on
coral reef species and the recent
focuses on mesophotic and deep
water habitats, there have now been
sufficient studies to support an
overview of octocoral reproductive
biology (Lumsden et al. 2007, Hin-
derstein et al. 2010).

The distribution patterns of octoco-
ral taxa constrain the data and their
analysis. In the Caribbean-Atlantic,
85% of the tropical shallow-water
(defined as <50 m) species (196 spe-
cies) are sea fans and sea whips, pre-
dominantly from the families Gor-
goniidae and Plexauriidae. There are
only 3 species from the subordinal
group Alcyoniina and a handful of
species from the group Stolonifera
(Bayer 1961). In contrast, in the Indo-
Pacific only 59 % of the tropical shal-
low-water octocoral species (445 spe-
cies) are sea fans and sea whips and
Indo-Pacific habitats host a substan-
tial diversity of fleshy soft corals,
particularly in the suborder Alcyoni-
ina in the families Alcyoniidae,
Nephtheidae, and Xeniidae (Bayer

1961, Sammarco & Coll 1992, Fabricius & Alderslade
2001). In general, there is little overlap between
Indo-Pacific and Western Atlantic octocoral taxa

(Sammarco & Coll 1992), and with the possible
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exception of Cairjoa riisei (see Concepcion et al.
2010) no shallow-water, tropical species within
Alcyonacea are known to naturally occur in both
regions (P. Alderslade pers. comm.). The same is
true of tropical species of scleractinian corals
(Paulay 1997).

Deep-water coral ecosystems are often dominated
by branching octocoral taxa (e.g. Coralliidae, Para-
gorgiidae, Chrysogorgiidae, Isididae, and Prim-
noidae) particularly in the North Pacific where the
shallow calcium carbonate compensation depth may
limit the depth distribution of scleractinians (Gui-
notte et al. 2006, Lumsden et al. 2007). In general,
octocorals are much less calcified than scleractinians
and secrete a more stable mineral form of calcium
carbonate, i.e. calcite instead of aragonite. Pennatu-
laceans, sea pens, are characteristic members of
deep-sea communities but several species also colo-
nize shallow-waters at high latitudes. Sea pens are
distributed across the world's oceans, and being
uniquely adapted to soft sediment habitat, they form
dense groves in many locations (Lumsden et al.
2007). In general, deep-water octocorals lack the well
defined pattern of declining in biodiversity with
increasing distance away from the centers of high
biodiversity that shallow-water coral reef fauna
exhibit (Bayer 1961, Grigg & Bayer
1976, Paulay 1997, Veron 2000, Spald-
ing et al. 2001) The presence of 2
distinct tropical faunas (Caribbean-
Atlantic vs. Indo-Pacific) provides the
opportunity to look for parallel patterns
across habitats, but differences in the
taxa represented across habitats and
oceans confound habitat and historical
effects.

The studies used in this review pro-
vided reproductive data on 182 octoco-
ral species from 25 families and 79
genera: 164 species of Alcyonacea (soft
corals, sea fans, and sea whips), 17
species of Pennatulacea (sea pens),
and 1 species of Helioporacea (blue
coral). Some species were studied in
multiple regions and in some cases dif-
ferent patterns were found. As those
could be cases of misidentification or
cryptic species they were included in
the analyses as independent cases.
The vast majority of the species stud-
ied are from shallow, warm-water
habitats, and not all taxonomic groups
and biogeographic regions are equally

MO

represented. A majority of the reproductive studies
on octocorals have focused on species from the sub-
ordinal group Alcyoniina (98 species) especially
those from the Great Barrier Reef and Red Sea, and
a moderate number of reproductive studies have
focused on sea fans from the Caribbean and
Mediterranean. In general, a paucity of reproductive
data exists on species from other taxa and other
regions. As already noted, the taxa studied to date
are not evenly distributed across habitats (Fig. 1).
Tropical and subtropical, usually reef habitats, are
the most heavily represented habitat types (126 spe-
cies), but as a consequence of both their distribution
patterns and perhaps sampling, the higher taxa
were not equally represented across the habitats
(x? test of independence: clade x habitat, p < 0.001;
subclade x habitat, p < 0.001). Clade 1 taxa such as
the plexaurids, xeniids, and alcyoniids are all over-
represented in warm-water communities, while
Clade 2 and 3 taxa, such as pennatulids, primnoids
and isiids, are most common in cold waters. An
additional pattern in the subclade analysis was that
of the clade containing Alcyonium having a primar-
ily temperate distribution while xeniids and the
clades containing Lobophytum, Sarcophyton and
Sinularia are tropical or subtropical.
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Fig. 1. Distribution of octocoral species where reproduction has been at least
partially characterized by geographic region. Some species studied in more

than 1 region (n = 194)
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Sexuality

As in all of the anthozoans, octocorals lack exter-
nally visible sexual features, and thus gonads pro-
vide the only guide to sexuality of the colonies
(Hyman 1940). The earliest recognizable stages of
octocoral gonads develop from endodermal cells in
the mesoglea of the mesenteries (Farrant 1986). Sub-
sequently, the gonads bulge into the gastrovascular
cavities. The gonads develop on 4 lateral and 2 ven-
tral mesenteries of the polyps and are mostly directed
towards the center of the gastrovascular cavity (e.g.
Benayahu & Loya 1983). Each oocyte or sperm sac
(spermary) is attached by a pedicle composed of a
mesogleal core and surrounded by endoderm (Bena-
yahu et al. 1992). The oocytes are enveloped by an
inner mesogleal layer and an outer follicular endo-
derm, both continuous with the corresponding layers
of the pedicle and the gastrovascular cavity.

In dimorphic octocoral genera, the gonads can be
located in the siphonozooids (Bathyalcyon robustum:
Bock 1938), in both siphonozooids and autozooids
(Minabea robusta: Utinomi & Imahara 1976), but
commonly only in the autozooids (Lobophytum, Sar-
cophyton, and Heteroxenia: Yamazato et al. 1981,
Benayahu & Loya 1986, Achituv & Benayahu 1990).

Octocoral species can be gonochoric in which
mature colonies exclusively exhibit male or female
reproductive tissue (i.e. gonads); simultaneous herm-
aphrodites in which both male (spermaries) and
female (oocytes) gonads co-occur in the same colony;
mixed having a regular incidence of gonochoric and
hermaphroditic colonies; or parthenogenetic where
oocytes produced by female colonies develop into
viable planula larvae without fertilization.

The earliest reports of octocoral sexuality sug-
gested that gonochorism is the dominant pattern
among octocorals (Pratt 1903, Nutting 1912, Thorpe
1928, Hickson 1931), a pattern further supported in
our compilation. Of 159 octocoral species with sexu-
ality reported, 89 % of the species are gonochoric and
9% are simultaneously hermaphroditic (Table 3).
Two species (Sarcophyton glaucum from South
Africa, Alcyonium coralloides from Western Europe)
are reported as gonochoric but may be more accu-
rately described as mixed —having a regular inci-
dence (>1%) of hermaphroditic colonies in addition
to male and female colonies (de Lacaze-Duthiers
1900, McFadden 2001, Schleyer et al. 2004). Species
that appear to have mixed reproductive patterns may
reflect reports from more than one species. For
instance, McFadden et al. (2006) report the presence
of phylogenetically distinct clades within S. glaucum,

which may represent a complex of cryptic species.
Alcyonium hibernicum is the only octocoral species
reported as being parthenogenetic, however, selfing
hermaphroditism has not been ruled out (Hartnoll
1977).

In general, sexuality, and specifically gonochorism,
appears to be a conserved trait with a low incidence
of transitions to alternate states. Gonochorism and
hermaphroditism were distributed evenly across
clades and climates (x? tests, p = 0.19 and 0.18 re-
spectively). A simple 2-way analysis of sexuality and
subclade, with subclades pooled to meet assumptions
of the x? analysis did not yield a significant result
(p = 0.08). However, log-linear analysis of sexuality,
subclade and climate, with pooled groups, identified
significant relationships between sexuality and sub-
clade and with climate, whereby hermaphrodites
were proportionately more abundant in 2 of the sub-
clades as well as in cooler waters (Table 4A). The sig-
nificant subclade effect can, however, be attributed
to the presence of diversity in sexuality (both gono-
choric and hermaphroditic species) in 7 genera
(Acabaria, Alcyonium, Heteroxenia, Paramuricea,
Sarcophyton, Sinularia and Xenia). These include
most of the genera for which there are data for many
species. When only the genera with data for more
than 1 species are considered, sexuality was inde-
pendent of genus (Fisher's exact test, p = 0.250).
Alcyonium spp. had the greatest diversity of repro-
ductive systems, but more extensive sampling across
many additional taxa is necessary to determine
whether this trait is associated with the genus or the
subclade. When sexuality was mapped on the clado-
gram proposed by McFadden et al. (2006), each of
the known transitions from gonochorism appears to
have occurred at or within individual genera.

Two octocoral species exhibit different sexuality
in different regions. Heteroxenia elizabethae is
hermaphroditic in the Red Sea but gonochoric in
the Great Barrier Reef (Gohar 1940a,b, Benayahu
et al. 1990, Benayahu 1991). Sarcophyton glaucum
is gonochoric in the Red Sea and Great Barrier Reef
but mixed in South Africa (Benayahu & Loya 1986,
Alino & Coll 1989, Schleyer et al. 2004). Given the
difficulty in using morphological characteristics to
taxonomically differentiate certain octocoral species
(Sanchez et al. 2003), these reports of intra-specific
variation in sexuality may reflect the presence of
morphologically similar cryptic, sibling species.
Any decisive conclusions concerning such intra-
specific variation in sexuality will have to wait until
a robust genus-level molecular phylogeny for
numerous octocoral families as well as species-
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Table 4. Partial associations from log-linear analyses of the incidence of differ-
ent reproductive features, habitats and taxonomic group. Groupings include
sexuality (Sex), mode of reproduction (Reproduction), climate, and subclade.
Only 2-way and greater partial associations are shown as the distribution
within any single category only reflects sampling. Significant associations are
noted in bold. The categories Climate and Subclade were pooled to minimize
instances of expected values <5. Subclades were pooled in a manner to gener-
ate similar size groups while still maintaining integrity relative to the phylo-
grams developed by McFadden et al. (2006)

Effect df Partial %2 P
(A) Sexuality, Subclade and Climate

Sex x Subclade 3 11.31 0.01
Sex x Climate 3 70.65 <0.001
Climate x Subclade 1 3.9 0.048
(B) Subclade, Climate and Mode of Reproduction

Climate x Reproduction 1 10.881 <0.0005
Climate x Subclade 3 87.422 <0.0005
Reproduction x Subclade 3 80.456 <0.0005
Climate x Reproduction x Subclade 3 1.184 0.757
(C) Climate, Sexuality, Mode of Reproduction

Reproduction x Climate 1 3.741 0.053
Reproduction x Sex 1 7.224 0.007
Climate x Sex 1 0.347 0.556
(D) Subclade, Sexuality and Mode of Reproduction

Sex x Reproduction 1 8.09 0.004
Sex x Subclade 3 4.654 0.199
Reproduction x Subclade 3 76.596 0

(E) Subclade, Climate, Sexuality and Mode of Reproduction

Climate x Sex x Reproduction 1 0 0.997
Climate x Sex x Subclade 3 0.019 0.999
Climate x Reproduction x Subclade 3 0.985 0.805
Sex x Reproduction x Subclade 3 0.509 0.917
Climate x Sex 1 0.195 0.659
Climate x Reproduction 1 5431 0.02
Sex x Reproduction 1 6.852 0.009
Climate x Subclade 3 73.801 0

Sex x Subclade 3 4.518 0.211

Sex ratio

Among the studies reporting sex
ratios, a 1:1 female to male colony
ratio, which is the optimal sex alloca-
tion in a population with random mat-
ing (Maynard-Smith 1978), was only
reported in 26 of 56 cases (see Table
S1 in the supplement). A female bia-
sed sex ratio is reported in 25 of 56
gonochoric octocoral species includ-
ing 5 species where male colonies
were reported as either absent or
extremely rare (Brazeau 1989, Bra-
zeau & Lasker 1989, Vermeire 1994,
Chou 2002, Yeung & Ang 2008, Sun
et al. 2009). A statistically significant
male biased sex ratio has been
reported in 4 octocoral species (Bra-
zeau 1989, Vermeire 1994, Chou
2002, Yeung & Ang 2008, Sun et al.
2010, Mercier & Hamel 2011).

The surprising number of reports of
female biased sex ratios is likely
influenced by sampling bias. Deter-
mining the sex of an octocoral colony
is generally accomplished from ex-
amination of histological sections or
inspection of dissected tissue using a
stereomicroscope, and when repro-
ductive tissue is present distinguish-
ing the 2 sexes is not difficult.
Oocytes are commonly opaque com-
pare to the more translucent sper-
maries, and in some species the dif-

level phylogenies for the most diverse genera are
developed.

In the Octocorallia, simultaneous hermaphrodites
exhibit both male and female gametes in the same
polyp and on the same mesentery. In addition, there
are reports of a low incidence (<1 %) of simultaneous
hermaphroditism in 8 species that are otherwise
gonochoric. Protandrous hermaphroditic development
occurs in Heteroxenia fuscenscens where mature
oocytes do not appear until the colony has achieved a
minimum age or size (Achituv & Benayahu 1990).
Similar development has been implicated for Para-
muricea placomus (Simpson 2005). Sequential her-
maphroditism involving a complete reversal in colony
sex (i.e. male to female or female to male) has not
been observed in octocorals to date. However, this
sexuality has recently been reported from scleractin-
ian fungiids (Loya & Sakai 2008, Loya et al. 2009).

ference is further enhanced by color changes in
mature oocytes e.qg. Rhytisma fulvum fulvum, Sarco-
phyton glaucum and Briareum hamrum (Benayahu &
Loya 1983, 1986, Benayahu 1989, 1997). Sex can only
be determined in colonies with discernible gonads,
and octocoral oocytes tend to develop over a consid-
erably longer period of time than required for sper-
matogenesis (Benayahu et al. 1990, Benayahu 1997).
Consequently the identification of females is more
likely over much of the year. In general, evaluation of
reports of skewed sex ratios should also consider
whether the sex of large numbers of colonies was
indeterminate.

In species with prolific asexual reproduction and
low recruitment of larvae produced through sexual
reproduction, dominance by a few successful genets
is possible (McFadden 1991, 1997) and can skew the
sex ratio of a local population. Male colonies have
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been reported as either absent or extremely rare
among Plexaura kuna, Junceella fragilis, and Sarco-
phyton trocheliphorum. However, these species re-
produce asexually via fragmentation (Brazeau &
Lasker 1989, Vermeire 1994, Chou 2002), and asex-
ual reproduction may have led to the apparent lack
of male colonies. For instance, Brazeau & Lasker
(1989) failed to find males in an initial study of Plex-
aura kuna, a result that was generated by dominance
at the site of several very large clones of female
colonies (Coffroth & Lasker, 1998).

Despite the general potential for bias in identifying
females (due to prolonged gametogenesis), a signifi-
cantly male biased sex ratio has been reported in Bri-
areum asbestinum, Sarcothelia edmondsoni, Ova-
bunda macrospiculata, Capnella gaboensis, and
Subergorgia mollis (Davis 1977, Benayahu & Loya
1984, Farrant 1986, Brazeau & Lasker 1990, Chang
2007). Male colonies tend to mature at an earlier age
and smaller size than female colonies (e.g. Rhytisma
fulvum fulvum, Sarcophyton glaucum, Dendroneph-
thya hemprichi, and Briareum asbestinum) (Bena-
yahu & Loya 1983, 1986, Brazeau & Lasker 1990,
Dahan & Benayahu 1997) making the identification
of males more likely for small or young colonies
among these species. In addition, a differential res-
ponse to stress by sex has also been reported in the
Mediterranean species Paramuricea clavata, in
which partially damaged female colonies exhibited a
greater reduction in the percentage of fertile polyps
than similarly damaged male colonies following a
period of high thermal stress (Linares et al. 2008).

Mode of reproduction

Three modes of reproduction have been described
in octocorals: broadcast spawning during which
colonies release gametes into the water column
where external fertilization and planktonic embry-
onic development occur; internal brooding during
which fertilization and embryogenesis occurs within
the polyp resulting in the release of planula-larvae
(i.e. vivaparity); and external surface brooding where
eggs or zygotes are released by the polyps but
retained on the colony surface where they then
develop on ectodermal sites prior to release (Fig. 2)
(Benayahu & Loya 1983). Fertilization among surface
brooding species may be internal prior to the release
or external. Alcyonacean octocorals exhibit diverse
brooding habits where the site of embryogenesis and
brooding varies from the site of oocyte development
and fertilization. Embryogenesis and brooding can
occur in the gastrovascular cavity, non-gastro-
vascular cavities, pharyngeal cavities, ectoderm-
lined inter-siphonozooid spaces, ectodermal brood-
ing pouches, or the ectodermal surface of the parent
colony within a mucus sheath (Benayahu 1997%).

Of 152 octocoral species with modes of reproduc-
tion reported, 49 % are broadcast spawners, 40 % are
internal brooders, and 11% are external surface
brooders (Table 3). Reproductive mode in Octocoral-
lia varied across clades and genera. Reproductive
mode was independent of clade (? test, p = 0.56), but
was not independent of subclade (y? test of pooled
subclade classes, p < 0.0005, Table 5). The speciose

Fig. 2. (a) External surface brooding in Briareum hamrum, (b) internal brooding in Heteroxenia fuscescens, (c) release of plan-
ulae from inter-siphonozooid spaces in H. fuscescens. Photos courtesy of A. Shoob, Dept. of Zoology, Tel Aviv University
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alcyonacean genera Lobophytum, Sarcophyton, and
Sinularia appear to be exclusively broadcast spawn-
ers. In contrast, broadcast spawning appears to be
absent in the widely distributed families Xeniidae
and the Primnoidae (but see Primnoa resedaeformis:
Mercier & Hamel 2011). All known sea pens (Pennat-
ulacea), with the possible exception of Umbellula
ecrinus (see Danielssen & Koren 1884, Tyler et al.
1995) are broadcast spawners. Similarly, most spe-
cies in the clade containing Caribbean plexaurid
octocorals are broadcast spawners. The distribution
of brooders and external brooders across the Octoco-
rallia suggests that these modes evolved multiple
times, a finding that McFadden (2001) has reported
among Alcyonium spp. When analyzed as a 2-way
contingency table, mode of reproduction was related
to climate (Fisher's exact test, p = 0.027) with an
excess of brooders in deep or cold habitats. This
trend also correlated with the highly significant rela-
tionship between both clade and subclade with cli-
mate and the relationship between subclade and
mode of reproduction. When climate, subclade, and
mode of reproduction were considered in a log-linear
analysis, the interactions between mode of reproduc-
tion and subclade was highly significant (Table 4B)
However, there also was a highly significant mode of
reproduction by climate interaction making it diffi-
cult to differentiate the causative relationship.

Oocyte size

While octocoral species exhibit a wide range of
oocyte sizes at maturity, most produce relatively
large oocytes (see Table S1). Of the 119 octocoral
studies with oocyte size reported, the mean value
for maximum diameter of mature oocytes is 686 =
253 pm suggesting that octocoral propagules are well

Table 5. Mode of reproduction across subclades and climate.
The dominant taxa in each pooled subclade are presented

Subclade Climate Brood Broadcast
spawn

Xeniidae Cold 0 0
Warm 23 0
Lobophytum, Sarcophyton, Cold 0 0
Sinularia Warm 0 34
Other Clade 1 species Cold 20 9
Warm 11 22
Clades 2, 3 and other Cold 12 11
Warm 0 3

provisioned which may enhance early survivorship.
There is no consistent relationship between oocyte
size and either sexuality or mode of reproduction
among the species in the data set (ANOVA; sexuality,
p = 0.788; mode of reproduction, p = 0.140; interac-
tion, p = 0.173). There was a significant relationship
between oocyte size and subclade (p = 0.044) and a
subclade by habitat interaction (p = 0.016), indicating
that size varied between subclades and the effect
was greater in some habitats than others. In some
subclades, the trend was for larger oocytes in the
subtropical and tropical habitats. However, these
tests have low statistical power as there were few
clades (for which data on oocyte sizes were available)
with taxa in more than 2 habitats and no clade was
represented in all 4 habitats.

Species with prolonged oogenesis lasting >1 yr
have substantially larger oocytes than species with
shorter oogenesis lasting 1 yr or less (ANOVA, p =
0.013). Several octocoral species harbor an inventory
of immature oocytes year-round with a fraction ma-
turing during a seasonal oogenic cycle (e.g. Acabaria
biserialis, Eunicella singularis, Tripalea clavaria)
(Ben-Yosef & Benayahu 1999, Excoffon et al. 2004,
Ribes et al. 2007). This pattern is consistent with the
theory that oogenesis is more energetically expensive
than spermatogenesis. However, other species appear
capable of creating large oocytes in <1 yr (e.g. Bri-
areum asbestinum, Heliopora coerulea, Lobophytum
pauciflorum) (Babcock 1990, Brazeau & Lasker 1990,
Fan et al. 20095).

Zooxanthellate species have significantly larger
oocytes than azooxanthellate species (ANOVA, p <
0.001). Assuming oocyte size is correlated with ener-
getic content, this relationship implies that the sym-
biosis with photosynthetic microalgae aids in the pro-
visioning of oocytes.

Reproductive effort (polyp fecundity)

For sessile invertebrates where mating effort and
parental care are minimal, reproductive output pro-
vides a good proxy for reproductive effort (Leuzinger
et al. 2003). Polyp fecundity (i.e. number of mature
oocytes per polyp) has often been used as an index of
reproductive output. Polyp fecundity does not pro-
vide a complete measure of reproductive effort as it
does not account for differences in the size and ener-
getic value of oocytes, number of reproductive cycles
per year, or differences in the size and density of the
polyps on the colony (Harrison & Wallace 1990).
However, polyp fecundity is one of the few indices of
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reproductive effort that is widely reported, and if
interpreted cautiously provides an approximation of
reproductive effort. Polyp fecundity in octocorals
varies widely (see Table S1). For the 58 species with
polyp fecundity reported, there were significant dif-
ferences between taxa whether analyzed as families
or as subclades (ANOVA, p < 0.001), suggesting
potential constraints associated with morphological
features. In general, fleshy soft corals (sub-ordinal
groups Stolonifera and Alcyoniina) exhibit much
higher polyp fecundity than most sea fans and sea
whips, which undoubtedly reflects the extension of
the gastrovascular cavities in the fleshy species.

Octocoral polyp fecundity is not associated with
length of oogenesis or symbiont status (i.e. zooxan-
thellate vs. azooxanthellate). Warm-water (tropical
and subtropical) species had higher polyp fecundity
than cold-water (cold or deep and temperate) species
(ANOVA, p = 0.046). However, this pattern may also
be a reflection of the relative absence of Alcyoniina
in the deepwater faunas. Polyp fecundity data were
available for relatively few hermaphroditic species,
and there was a trend, albeit not significant, for those
species to have higher polyp fecundity than gono-
choric species (ANOVA, p = 0.054).

Reproductive cycle/breeding

Those octocorals for which there are data are itero-
parous, and most species breed on an annual cycle
after attaining a minimum size of sexual maturity.
The data do not suggest any clear patterns. In gen-
eral, the timing characteristics for broadcast spawn-
ing and brooding octocorals follow similar patterns as
those of scleractinians in the same location. On the
Great Barrier Reef in Australia, many octocorals and
scleractinians exhibit short, seasonal, synchronized
spawning episodes that coincide with the multi-
species, synchronized, mass spawning events (Alino
& Coll 1989, Benayahu et al. 1990, Harrison & Wal-
lace 1990, Harrison 2011). Similarly, multi-species
synchronous spawning events have been reported
for Caribbean species (Coma & Lasker 1997, Kapela
& Lasker 1999). At Eilat in the northern Red Sea, both
zooxanthellate octocorals and scleractinians exhibit
temporal reproductive isolation with synchronous
spawning occurring on different dates or phases of
the moon (Shlesinger & Loya 1985, Benayahu et al.
1990). However, recent data indicate highly synchro-
nous gamete maturation for acroporids in the Egypt-
ian Red Sea (Hanafy et al. 2010). For intra-specific
comparisons across a latitudinal gradient, a longer

exposure to warm water has been positively corre-
lated with a longer breeding season (Oliver et al.
1988, Mangubhai & Harrison 2009, de Putron &
Ryland 2009).

Among broadcast spawning octocorals, continuous
gametogenesis and year-round breeding has been
reported in Dendronephthya hemprichi, Pennatula
aculeata, and Carijoa riisei (Dahan & Benayahu 1997,
Eckelbarger et al. 1998, Kahng et al. 2008). A pro-
longed spawning season has also been reported in
the zooxanthellate species Leptogorgia virgulata
and Lobophytum crassum (Adams 1980, Fan et al.
2005). Highly variable reports on spawning by the
Caribbean gorgoniids Pseudopterogia acerosa and
P. americana (Yoshioka 1979, Bastidas et al. 2005)
suggest that these broadcast spawners exhibit year-
round or near year-round breeding. Although there
has been tremendous attention to the multispecific,
synchronous spawning events observed among some
scleractinians in some locations, spawning patterns
among scleractinians vary within and among species
and across regions, and in some cases is neither as
synchronous nor as temporally restricted as previ-
ously believed (Baird et al. 2009, Harrison 2011).
Similar cases of 'fuzzy' synchrony are likely to occur
among the octocorals.

For internal brooders, short breeding periods with
synchronized planula release have been reported in
Thrombophyton coronatum, Acabaria erythraea and
Pseudopterogorgia hystrix (McFadden & Hochberg
2003, Fine et al. 2005). Several external brooders
also exhibit compressed breeding periods with syn-
chronized planula release (e.g. Briareum hamra, B.
asbestinum, Heliopora coerulea, Pseudopterogorgia
bipinnata, P. elisabethae) (Benayahu 1989, Brazeau
& Lasker 1990, Harii & Kayanne 2003, Gutierrez-
Rodriguez & Lasker 2004). Azooxanthellate octoco-
rals have longer breeding seasons than zooxan-
thellate octocorals (ANOVA, p = 0.038). Deep water
octocorals exhibit both short seasonal breeding
periods (e. g. Thouarella variabilis, Corallium secun-
dum, Ainigmaptilon antarcticum) and continuous,
year-round breeding (Anthomastus ritteri, Pennatula
aculeata) (Brito 1993, Eckelbarger et al. 1998, Cordes
et al. 2001, Orejas et al. 2002, Waller & Baco 2007).

DISCUSSION

While the phylogenetic relationships among antho-
zoan subgroups have been subject to changes in
recent years, the subclass Octocorallia is widely
accepted as a monophyletic clade within Anthozoa
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(Berntson et al. 1999, Fautin & Romano 2000; Daly et
al. 2003, Medina et al. 2006, Fukami et al. 2008).
Grasshoff (1987) argues that both the octocorals and
the hexacorals (which include the scleractinians)
shared ancestry with a primitive anthozoan during
the early Triassic. Given their shared ancestry and
habitat, especially on tropical reefs, similarities in
reproductive traits between alcyonacean and scler-
actinian corals could be expected. Instead, the 2
groups exhibit large differences.

Most striking of the differences between the 2 taxa
is that octocorals are predominantly gonochoric (89 %
of species) while scleractinians are predominantly
hermaphrodites (71 %, Harrison 2011). Most clonal
animals and plants are simultaneous hermaphrodites
(Ghiselin 1974, Hall & Hughes 1996). Scleractinian
corals appear to fit this general pattern, but the
rareness of hermaphroditism among alcyonacean
corals does not have a simple explanation. The pres-
ence of simultaneous hermaphrodites in otherwise
gonochoric species as well as species with differing
sexuality in different regions in both scleractinians
(Harrison 2011) and alcyonaceans (this review) sug-
gests that an underlying capacity for hermaphroditic
or mixed sexuality exists in some species. Thus, the
difference between the 2 taxa cannot be attributed to
taxonomically conserved sexuality.

Unlike the scleractinians where large clades are
generally hermaphroditic (Kerr et al. 2011, but see
Harrison 2011 for some exceptions), hermaphro-
ditism among octocorals is scattered randomly across
the octocoral clades and subclades. This suggests
either a lack of transitions to hermaphroditism early
in the history of octocorals, the failure of those transi-
tions to persist, or higher rates of species origination
among hermaphroditic scleractinians than among
hermaphroditic octocorals. Although the outcome in
numbers of species differs, seemingly both groups
have undergone relatively few transitions from the

ancestral gonochoric state. This suggests that the dif-
ference between scleractinians and octocorals can be
attributed to the persistence of the trait and diversifi-
cation among hermaphroditic scleractinian lineages.
More complete sampling within the octocoral sub-
clades as well as a robust phylogeny on which to map
traits are both essential to addressing the processes
responsible for the dramatically different pattern of
sexuality of the 2 groups.

Octocorals again differ from scleractinians in the
relative frequencies of the differing modes of repro-
duction. Harrison (2011) reports 82 % of scleractinian
coral species are broadcast spawners, 14 % are inter-
nal brooders, and 3% exhibit both spawning and
brooding in different locations. External brooding is
not reported within Scleractinia; however, 1 species
(Goniastrea favulus) retains eggs on the colony sur-
face in a mucus envelope (Kojis & Quinn 1981, Bab-
cock 1984). This pattern is in marked contrast with
the octocorals where only 49 % of the species in the
overall dataset broadcast spawn.

The overall pattern in sexuality and reproductive
mode observed in the Scleractinia is one in which
species are predominately hermaphroditic spawners
(64 %) with a small but disproportionately large num-
ber of gonochoric brooders (4 %) (Baird et al. 2009,
Harrison 2011). In contrast, the octocorals, par-
ticularly tropical species are most commonly gono-
choric broadcast spawners (Table 6). When only sex-
uality and reproductive mode were considered for
octocorals in a 2-way test of independence there was
a significant association between traits (all species,
p = 0.006), with an overrepresentation of gonochoric
spawning species, gonochoric surface brooders and
hermaphroditic brooding species. That pattern per-
sists if climate (Table 4C), or climate and clade
(analysis not shown) or subclade (Table 4D) are also
included in a log-linear analysis. Table 4E also pre-
sents the results of log-linear analysis in which cli-

Table 6. Sexuality and mode of reproduction from 182 octocoral species

Mode of Sexuality Total
reproduction Gonochoric  Gonochoric Mixed or Herma- Partheno- Unknown species
with rare contrasting phroditic genetic
herma- sexuality

phroditism reported
Spawning 60 2 3 8 74
Internal brooding 37 5 7 1 11 63
External brooding 14 2 1 17
Contrasting mode reported 1 1
Unknown 22 3 2 27
Total species 133 9 14 1 22 182
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mate, subclade, sexuality and mode of reproduction
are simultaneously considered. The analysis is com-
promised by the number of cells with expected values
below 5, but as in all of the other analyses sexuality
and mode of reproduction are not independent. The
relationship between sexuality and mode of repro-
duction disappears when the analysis is restricted to
Clade 1 tropical species (Fisher's exact test, p = 0.08)
reflecting the relationships between climate, sub-
clade and mode of reproduction. Polyp fecundity and
maximum oocyte diameter did not vary with mode of
reproduction. Those traits did, however, vary be-
tween clades and subclades, suggesting that history
was more important in shaping those traits than se-
lection on a specific reproductive strategy.

Are reproductive strategies among octocorals fun-
damentally different from scleractinians? The abun-
dances of species in the different classes of reproduc-
tive strategy suggest a difference, but much of that
pattern can be attributed to dominance of the genus
Acropora in the scleractinian data. When only clades
are considered in the data set of Baird et al. (2009),
there is no significant association between herm-
aphroditism and broadcast spawning. Our analysis
used the clade designations in the Baird et al. (2009)
supplemental data (G = 0.652, df = 1, p = 0.42). When
taxa with mixed sexuality or reproductive mode were
included or excluded, the results did not change.
Kerr et al. (2011) have conducted a phylogenetic
based analysis of transitions between the different
character states and concluded that gonochorism
among the Scleractinia has been 100 times more
likely to be lost than hermaphroditism, and that
among hermaphroditic species transitions to broad-
cast spawning are more likely than those to brood-
ing. This suggests that much of the difference
between octocorals and scleractinians has been a
paucity of transitions from the presumed ancestral
state of gonochorism among the octocorals. Mapping
such transitions on the phylogenetic hypotheses of
McFadden et al. (2006) suggests most such transi-
tions have been closer to the twigs of the tree, but a
more complete analysis will have to await the devel-
opment of a more robust phylogeny.

External brooding

Although not a common mode of reproduction,
external brooding occurs in both encrusting and
arborescent growth forms in octocorals. Benayahu
(1997) suggested that external surface brooding
enables higher reproductive success than internal

brooding by freeing gastrovascular cavity space for
oocyte development. As in internal brooding, devel-
oping embryos or larvae of surface brooders have the
potential of spending less time in the water column
prior to settlement. Benayahu (1997) suggested that
surface brooding could enhance larval survival com-
pared to planktonic development. Shorter time in the
water column (i.e. pelagic larval duration) could lead
to more local dispersal (but see Weersing & Toonen
2009), a trait that Szmant (1986) considered a key
feature of brooding. Interestingly, the larvae of the
Caribbean gorgoniids, Pseudopterogorgia elisabe-
thae and P. bipinnata (Gutierrez-Rodriguez & Lasker
2004; H. R. Lasker pers. obs.) are negatively buoyant,
which should further promote limited dispersal.
External brooding is associated with both internal
and external fertilization (Benayahu et al. 1989) and
may represent an evolutionary link between spawn-
ing and internal brooding.

While limiting time in the water column may
reduce predation risk, the advantages associated
with fertilization on the colony surface or within the
polyps may underlie this reproductive strategy. In
free-spawning marine organisms, extreme dilution of
sperm to levels that limit fertilization (Denny & Shi-
bata 1989) can exert extremely strong selective pres-
sure on reproductive strategies to maximize repro-
ductive success (Oliver & Babcock 1992, Levitan
1995, Levitan & Petersen 1995, Yund 2000). For
sessile marine invertebrates these strategies in-
clude spawning synchrony during times of low water
motion, non-neutrally buoyant gametes, self-compat-
ibility in hermaphrodites, and sperm concentrating
mechanisms for enhancing internal fertilization
(Denny & Shibata 1989, Levitan 1991, 1996, Phillippi
et al. 2004). Given the very limited period of viability
of spawned coral eggs in the water column (e.g.
Heyward & Babcock 1986), retaining mature oocytes
in the polyp cavity may provide a mechanism
for lengthening the viability period for eggs and
for increasing fertilization success through time, thus
countering potential sperm limitation. Because
isotropic turbulence increases the rate of contact
between passively entrained particles with a spa-
tially fixed surface (Denny & Shibata 1989), spatially
fixing the location of mature oocytes could increase
their likelihood of contact with freely spawned sperm
and help counter low concentration of sperm in the
water column. For instance, Lasker (2006) found high
fertilization rates among eggs retained on the surface
of Pseudopterogorgia elisabethae colonies, and Yund
& Meidel (2003) suggested that even in broadcast
spawning sea urchins much of the fertilizations may
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occur on the surface of the urchin, before eggs are
advected away.

Surface brooding is absent in scleractinians, but
‘quick release' or ‘pseudo-brooding,’ the immediate
release of embryos following internal fertilization,
has been reported in several scleractinians. This
mode may represent an intermediate evolutionary
link between broadcast spawning and internal
brooding (de Graaf et al. 1999, Vermeij & Bak 2003,
Vermeij et al. 2004). Similar to external brooding, this
mode of reproduction would both enhance fertiliza-
tion success and help corals with small polyp size
combine brooding with high fecundity by freeing
polyp cavity space for developing oocytes and feed-
ing. Evidence suggests this mode of reproduction
may apply to some species reported as gonochoric,
broadcast spawners. Internal fertilization has been
reported in the broadcast spawning scleractinians
Montastrea cavernosa and Stephanocoenia inter-
septa (Hagman et al. 1998), and both internal and
external fertilization occur in Goniastrea aspera from
Japan (Sakai 1997, Nozawa & Harrison 2005). High
viability of prematurely released embryos has been
reported in internal brooding scleractinian Agaricia
humilis (Petersen & Van Moorsel 2005) suggesting
that a prolonged internal brooding period is not a
prerequisite for brooders. Additional coral species
reported in the literature have features consistent
with internal brooding (e.g. continuous, asynchro-
nous gametogenesis in Carijoa riisei) but lack confir-
mation of embryos or planula within polyps (Kahng
et al. 2008). For these corals, spawning is often
assumed but internal fertilization followed by
quick release can also be consistent with these ob-
servations.

Although uncommon in octocorals, the virtual
absence of surface brooding among scleractinians is
striking and the difference between the groups may
relate to antipredator defenses. Scleractinians have
hard aragonite skeletons that deter many predators,
but most octocorals only have internal sclerites which
are insufficient to deter generalist predators (O'Neal
& Pawlik 2002); however, octocorals produce a
diverse suite of chemical compounds that deter gen-
eralist predators (Coll et al. 1982, Coll 1992, Sam-
marco & Coll 1992, Sammarco 1996). Externally
brooded larvae forgo the protection afforded within a
polyp, and eggs and larvae coating a colony surface
are visually striking. The relatively large size of most
octocoral oocytes would increase their visual detec-
tion distance and would seemingly provide an excel-
lent food source for a wide variety of grazers and
small predators. Chemical analysis of octocoral lar-

vae has shown that the larvae, like the rest of the
colony, are heavily defended with secondary meta-
bolites that deter predation (Coll 1992, Sammarco &
Coll 1992, Kelman et al. 1999). Similarly, Lindquist &
Hay (1996) demonstrated that, among Caribbean sea
fans, brooded larvae are more likely to be unpalat-
able to co-occurring fishes (100 % of 3 species) than
larvae of broadcast spawners (33% of 6 species).
However, brooded larvae of the scleractinians that
were tested (Agaricia agaricites, Porites asteroids,
Siderastrea radians) were readily consumed and pre-
sumably undefended chemically (Lindquist & Hay
1996). The hermatypic octocoral Heliopora coerulea
is an external brooder (Babcock 1990, Harii et al.
2002), which suggests that external brooding is com-
patible with massive aragonite skeletons associated
with scleractinians.

Patterns of coral reef biodiversity

In the Indo-Pacific, shallow-water coral reef flora
and fauna exhibit well defined gradients of decreas-
ing taxonomic diversity with distance away from the
Indonesian Archipelago and the ‘Coral Triangle’
(Veron 1995, Paulay 1997, Burke et al. 2001, Spald-
ing et al. 2003). Within the Coral Triangle, shallow-
water scleractinians and octocorals are believed to
exhibit similar levels of species richness (~900 extant
species) (Harrison 2011, P. Alderslade pers. comm.).
However, in the most isolated regions of the Indo-
Pacific (i.e. Hawaii and Eastern Pacific), the warm-
water octocoral fauna is anomalously depauperate
when compared to scleractinians (Grigg & Bayer
1976, Paulay 1997). For example, compared to the
center of the Indonesian Archipelago, Hawaii has
~10% the species richness of shallow-water sclerac-
tinian corals yet <1 % of the estimated species rich-
ness of shallow-water octocorals (Devaney & Eld-
redge 1977, Maragos 1995, Veron 2000, Fenner
2005).

In the Gulf of Mexico, Jordan-Dalgren (2002) found
a similar decreasing gradient of species richness for
both shallow-water octocorals and scleractinians
from the tip of the Yucatan peninsula clockwise
(down current) to the Flower Garden Banks. The rel-
ative decline in species richness is much greater for
octocorals than scleractinians (Rezak et al. 1985,
Veron 1995, Jordan-Dalgren 2002).

These differences suggest a differential capability
to disperse to remote locations or a differential capa-
bility to persist in these locations over ecological
timescales. However, the reproductive traits of shal-
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low-water scleractinians compared to their octocoral
counterparts do not reveal any obvious patterns
which would facilitate greater dispersal capabilities
by scleractinian corals. While speculative, one possi-
ble explanation may be that reef scleractinians are
less prone to extirpation than reef octocorals. Some
scleractinian colonies are known to live for several
centuries (Soong et al. 1999). Some evidence sug-
gests that zooxanthellate scleractinians may be able
to utilize a wider range of habitats than zooxanthel-
late octocorals including a greater depth range, areas
of higher wave energy, and possibly areas of lower
water quality (Dai 1991, Fabricius et al. 2005, Kahng
et al. 2010). Greater habitat area available for reef
scleractinians versus octocorals may facilitate the
maintenance of greater biodiversity in more isolated
locations (Bellwood & Hughes 2001).
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