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Abstract The Hawaiian black coral fishery has maintained
steady catch levels for over 50 years. However, recent
declines in the biomass of commercially valuable Hawaiian
black corals question whether regulations need to be redefined for sustainable harvesting. Fishery management efforts
are complicated by the limited information on the basic
life history and reproduction of black corals. To address
this knowledge gap, we used histological techniques to
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1000 Pope Road, Honolulu, HI 96822, USA
Present Address:
D. Wagner (&)
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investigate sexual reproductive processes within Antipathes
griggi, the dominant species targeted by the fishery. Our
results indicate that A. griggi is likely gonochoric with a 1:1
sex ratio and has an annual reproductive cycle. Furthermore,
the percentage of polyps containing gametes dropped continuously throughout the reproductive season, indicating
that spawning occurs in successive events with greatest
intensity between November and December. Current fishing
regulations prohibit harvesting of colonies\90 cm in height
in state waters, and colonies \120 cm in height in federal
waters. This study indicates that *80% meeting the state
harvesting limit, and *90% of colonies meeting the federal
limit, are sexually mature. Therefore, increasing these
minimum size harvesting limits would ensure that more
colonies can reproduce before being exposed to fishing
mortality. Although A. griggi can be found to depths of
100 m, it is rare below the 75 m depth limit at which commercial harvest occurs in Hawai‘i. Thus, the supposed depth
refuge from harvest does not really exist.
Keywords Anthozoa  Antipathidae  Coral spawning 
Gametogenesis  Precious coral

Introduction
Black corals are used to manufacture precious coral
jewelry and as a result are targeted by commercial fisheries
in several regions around the globe, including Asia, Latin
America, the Caribbean, and Hawai‘i (Grigg 1975, 1976,
1984, 1993, 2001; Noome and Kristensen 1976; Castorena
and Metaca 1979; Kenyon 1984; Romero 1997; Maldonado
2003; Padilla and Lara 2003; Huang and Ou 2010; Tsounis
et al. 2010). Like fisheries targeting other precious corals,
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antipatharian fisheries have traditionally exhibited a cyclic
pattern of discovery of a population, exploitation, depletion, followed by exploration for new harvesting grounds, a
boom and bust cycle that resembles mining more than a
fishery (Grigg 1976, 1984, 1993, 2010; Castorena and
Metaca 1979; Romero 1997; Tsounis et al. 2010). In contrast, the Hawaiian black coral fishery has maintained
consistent landings for more than 50 years through a successful management program that uses catch quotas and
minimum size limits of harvested colonies (Grigg 1976,
1984, 1993, 2001, 2010; Parrish and Baco 2007). Deepwater surveys (40–110 m) performed in the Au‘au Channel
between the islands of Maui and Lāna‘i in 1975 and 1998,
indicated stability in both recruitment and growth of
commercially valuable black coral populations, and led to
the conclusion that the fishery had been sustainable over
this time period (Grigg 2001). However, subsequent surveys performed in the channel in 2001 indicated a 25%
decline in the biomass of black coral colonies since 1975,
with likely causes including increases in harvesting pressure and competition with the invasive octocoral Carijoa
sp. (Grigg 2004). Together, these developments have
renewed scrutiny on the black coral fishery and raised
questions about whether regulations need to be redefined in
order to maintain a sustainable harvest (Grigg 2003, 2004;
Kahng and Grigg 2005). Unfortunately, very little is known
about the basic life history of black corals, which complicates effective management of the fishery (Grigg 2001,
2004). In 2006, the Western Pacific Regional Fishery
Management Council (WPRFMC) held a workshop to
review the state of the Hawaiian black coral fishery and to
identify future research priorities (WPRFMC 2006).
Among the established research objectives, studies on the
reproduction of commercially valuable Hawaiian black
corals were recognized as a top priority (WPRFMC 2006).
Here, we seek to address this research priority by examining sexual reproductive processes among commercially
valuable Hawaiian black corals. The species Antipathes
griggi Opresko 2009, Antipathes grandis Verrill, 1928, and
Myriopathes cf. ulex (Ellis and Solander, 1786) have all
been targeted by the Hawaiian precious coral fishery
(Grigg 1976, 2001, 2010; Oishi 1990; Boland and Parrish
2005; WPRFMC 2006; Parrish and Baco 2007; Wagner
et al. 2010, 2011a). However, over 90% of the coral harvested in Hawaiian waters consists of A. griggi (Oishi
1990; Parrish and Baco 2007), and therefore this species
was chosen as the focus of this study. Our specific objectives were to obtain information on the following reproductive parameters of A. griggi: (1) reproductive strategy
(gonochorism vs. hermaphroditism), (2) mode of reproduction (spawner vs. brooder), (3) reproductive cycle, (4)
minimum size of sexual maturity, and (5) maximum depth
of reproduction.
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Materials and methods
Sample collections
A total of 220 colonies were sampled on a series of cruises
conducted between 2006 and 2010 and were obtained
throughout the known range of A. griggi (Wagner et al.
2011a), from Hawai‘i Island to Laysan at depths ranging
between 10 and 99 m (Fig. 1). Samples were collected using
(1) the Hawai‘i Undersea Research Laboratory’s manned
submersibles Pisces IV and V, (2) mixed gas technical diving, and (3) traditional open-circuit SCUBA. The taxonomic
identity of specimens was confirmed by examining skeletal
spine morphology under scanning electron microscopy
(SEM) as described by Wagner et al. (2010). Heights of all
sampled colonies were measured to the nearest 10 cm by
using a tape measure underwater or by photographing colonies with parallel lasers projected onto them (Olsen and
Wood 1980; Grigg 2004; Reed et al. 2005; Wagner et al.
2010). Samples consisting of 3–5 cm branchlets were clipped from the mid-section of each colony, preserved in 10%
seawater buffered formalin, and transferred to 70% ethanol
after 3–5 days. Additionally, monthly collections were
performed for 1 year at a site located off Port Allen Harbor,
Kaua‘i (21°53.3530 N 159°34.9800 W) at depths ranging
between 30 and 40 m (Fig. 1). At this site, ten colonies
(80–160 cm in height) were tagged with a label attached to
the base, and branchlets were sampled as described above
between July 2008 and July 2009 for histological work.
Additionally, temperature and photoperiod time-series data
were obtained at the Port Allen site and examined in relation
to the gametogenesis results from the histological work
described below. Temperature measurements were taken
once every 15 min for the duration of the study with the aid
of a HOBO Pro v2 temperature logger (±0.2°C; Onset
Computer Corporation, Bourne, MA) anchored at the site.
Photoperiods were calculated using sunrise and sunset
data from the U.S. Naval Observatory Astronomical
Applications Department (http://www.usno.navy.mil/USNO/
astronomical-applications/data-services/rs-one-day-us).
Histology
Like other antipatharians, smaller immature polyps are
sometimes found interspersed within branches containing
larger polyps in A. griggi (see Wagner et al. 2011b). These
considerably smaller polyps are always immature, and
therefore they were not used in histological preparations.
A total of 10 polyps were dissected from the skeleton of each
sampled colony and subsequently dehydrated by sequential
submersions in 70% ethanol for 30 min, 95% ethanol for 1.5 h
and 100% ethanol for 6 h, followed by clearing in xylene for
4 h. Samples were then infiltrated with molten paraffin wax at
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Fig. 1 Map of sampling
locations where 220 colonies
were sampled throughout the
known range of Antipathes
griggi, from the islands of
Hawai‘i to Laysan at depths
between 10 and 99 m. Inset:
Study site off Port Allen, Kaua‘i
where monthly collections were
performed for 1 year
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70°C for 16 h and poured into standard moulds. Serial histological cross-sections, spaced 50 lm apart, were cut at
5–10 lm using a Leica RM 2155 rotary microtome (Leica
Microsystems GmbH, Wetzlar, Germany). Slides were
stained with Masson’s Trichrome as described by Wagner
et al. (2011b). Stained slides were viewed and photographed
under an Olympus BX51 compound microscope with camera
attachment (Olympus Corporation, Tokyo, Japan). Individual
polyps were scored as either containing or lacking gametes,
and reproductive output was measured as the percentage of
polyps containing gametes (Ward 1995; Parker et al. 1997;
Sakai 1998; Ward et al. 2000; Zakai et al. 2000; Bo 2008;
Torres et al. 2008). For those colonies containing gametes, sex
and reproductive stage were determined for a total of 100
spermatocysts or oocytes per specimen (10 polyps). Spermatogenesis was staged as described by Parker et al. (1997)
(see Fig. 2). Oocyte diameters were estimated for 100 oocytes
per specimen using feret diameter measurements (Walton
1948) obtained using the image analysis software Image J
(Wayne Rasband, National Institute of Health, Bethesda,
MD). Only oocytes sectioned through the germinal vesicle
were measured in order to standardize measurements to the
widest axis of oocytes (Davis 1982; Parker et al. 1997; Waller
et al. 2005; Waller and Baco 2007). Previtellogenic oocytes
were differentiated from vitellogenic oocytes by being smaller
in size (\70 lm) and by staining dark purple as opposed to
bright red (Fig. 2). Oocyte size-frequency distributions were
graphed for female colonies by binning oocyte diameters in
10 lm increments.

oocytes and spermatocysts. Of the total of 220 A. griggi
colonies that were sampled as part of this study (Fig. 1), 95
(43.2%) did not contain any gametes, whereas 64 (29.1%)
contained oocytes and 61 (27.7%) contained spermatocysts. The ratio of male to female colonies was not significantly different from 1:1 at any of the collection sites
(one sample t test, P [ 0.796). Of the ten tagged colonies
that were sampled on a monthly basis off South Kaua‘i
(Fig. 1), five were males and five were females. The sex of
each tagged colony stayed the same throughout the duration of the study (July 2008–July 2009). Externally, there
were no apparent morphological differences between males
and females in any of the colonies, and the presence of
oocytes or spermatocysts was the only character that
allowed for the distinction between sexes. When gametes
were present, these were always found in association with
the primary transverse mesenteries, which extended into
the cavity of lateral tentacles in many cases (Fig. 2).

Results

Reproductive cycle

Reproductive strategy

Oocyte size-frequency distributions were not significantly
different among the five female colonies for any of the collection dates (one-way ANOVA, P [ 0.05). Similarly,
spermatocyst stage-frequency distributions were not

All examined specimens were strictly gonochoric, because
none of the examined polyps or colonies contained both

Mode of reproduction
No developing embryos or larvae were observed in any of
the examined polyps, and none of the oocytes exhibited
any signs of fertilization (Fig. 2). Spawning was not
observed in situ or in histological sections (e.g., rupture of
mesenterial tissues and accumulation of gametes in the
gastric cavity) and could therefore only be inferred by the
disappearance of gametes during time-series collections
(see below). Externally, none of the examined polyps
contained brooded larvae or oocytes on their surfaces.
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Fig. 2 a Scanning electron micrograph of Antipathes griggi polyp
showing mouth surrounded by six tentacles and b–j histological
cross-sections through polyps of A. griggi showing b locations of
primary transverse mesenteries, which bear the filaments and gametes
(M mouth, PTM primary transverse mesentery, LT lateral tentacles,
ST sagittal tentacles); c male polyp during non-reproductive season
without gametes; d female polyp during non-reproductive season

without gametes; e stage 3 spermatocysts along primary transverse
mesenteries inside body cavity; f oocytes along primary transverse
mesentery extending into the cavities of lateral tentacles; g vitellogenic and previtellogenic oocytes in close proximity to each other;
h stage 1 spermatocysts; i stage 2 spermatocysts; and j stage 3
spermatocysts (scale bars = 100 lm)

significantly different among the five male colonies across
sampling dates (one-way ANOVA, P [ 0.05). Therefore,
frequency distribution data were pooled for both female
and male colonies in each month. Reproductive output,
measured as the proportion of polyps containing gametes,
coincided with seasonal temperature fluctuations (Fig. 3).
None of the samples collected in March through May
contained any gametes, coinciding with the period of
lowest mean temperatures (*23°C; Fig. 3). Reproductive
output and mean temperatures increased from June to
August and then decreased from August to March (Fig. 3).
Both male and female colonies had a similar seasonal
pattern of reproductive output, although there were slight
temporal differences between sexes (Figs. 3, 4). All male
polyps were completely void of spermatocysts by January,
whereas a few female polyps (\3%) still contained oocytes
through February (Figs. 3, 4). Gamete maturity stages
generally increased from June through December (Fig. 4).

For male colonies, spermatocysts were mostly in early
stages of development (stages 1 and 2) in June to August
and then progressively became dominated by spermatocysts in late developmental stages through December
(stage 3; Fig. 4). Similarly, female colonies had polyps
containing a higher proportion of previtellogenic oocytes in
June–August, which gradually progressed to a high proportion of vitellogenic oocytes of larger size classes in
January–February (Fig. 4). However, female colonies
contained oocytes of a large range of size and maturity
stage throughout the reproductive season (Fig. 4), with
immature oocytes often occurring within close proximity to
mature oocytes even within the same mesentery (Fig. 2).
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Minimum size of sexual maturity
Among colonies that were sampled during the reproductive
season (June–December; n = 128), 39 (38.3%) did not
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Fig. 3 a Percentage of polyps
containing gametes across time
at the Port Allen site, expressed
as a proportion of the
contribution of both male and
female colonies to the total
amount. Error bars represent
standard deviations.
b Photoperiod (gray lines) and
mean daily temperature (black
dots) measured at the Port Allen
site
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contain any gametes. All colonies smaller than 40 cm
(n = 14) did not contain any gametes and were thus considered sexually immature (Fig. 5). The proportion of
mature colonies increased with increasing colony height,
from 20% for colonies measuring 40–49 cm (n = 5) to
*60% for colonies with a height of 50–59 cm (n = 8) and
to *80% for colonies measuring 60–69 cm (n = 6)
(Fig. 5). Among colonies meeting, State of Hawai‘i legal
harvesting limit ([90 cm) *80% were sexually mature
(n = 75), whereas *90% of colonies meeting the federal
harvesting limit ([120 cm) were mature (n = 32). All
colonies that were taller than 130 cm (n = 21) were
mature (Fig. 5).
Maximum depth of sexual reproduction
Despite intense sampling of black coral colonies at depths
ranging between 75 and 130 m (n = 76), only five A.
griggi colonies were sampled below 75 m, with the deepest
colony occurring at 99 m. Below 75 m, most of the sampled colonies belonged to the species Antipathes grandis
(68.4%) and Aphanipathes verticillata Brook, 1889
(25.0%). Despite being rare, all five A. griggi colonies that

Feb-09 Mar-09 Apr-09 May-09 Jun-09

10:30
Jul-09

were sampled below a depth of 75 m contained mature
gametes.

Discussion
Reproductive strategy
Among samples containing gametes, all contained either
only oocytes or spermatocysts, but never both within the
same colony (Fig. 2). Additionally, all tagged colonies
(n = 10) were of the same sex throughout the duration of
this study (July 2008 and July 2009), indicating that colony
sex is relatively stable in A. griggi. Collectively, these
observations suggest that A. griggi is a gonochoric species
with a 1:1 sex ratio. However, because the sex of individual
colonies was only monitored over 1 year, sex changes (i.e.,
sequential hermaphroditism) occurring over longer time
periods cannot be excluded as a possible reproductive
strategy for A. griggi. Nevertheless, if sex changes do occur
in A. griggi, they are not related to size, because both males
and females were identified among similarly sized colonies
of all size classes (Fig. 5). Consistent with these results,

123

Coral Reefs

Oocyte diameter (µm)

a

August 2008

150
140
130
120
110
100
90
80
70
60
50
40
30
20

September 2008

0%

20%

40%
0

October 2008

14
13
12
11
10
9
8
7
6
5
4
3
2
1

14
13
12
11
10
9
8
7
6
5
4
3
2
1

20%

40%

November 2008

December 2008

14
13
12
11
10
9
8
7
6
5
4
3
2
1

14
13
12
11
10
9
8
7
6
5
4
3
2
1

14
13
12
11
10
9
8
7
6
5
4
3
2
1

20%

40%

20%

40%

20%

January 2009

February 2009

40%

20%

40%

20%

% of spermatocysts

August 2008

September 2008

October 2008

November 2008

December 2008

April 2009
14
13
12
11
10
9
8
7
6
5
4
3
2
1

40%

Previtellogenic oocytes

b

March 2009

14
13
12
11
10
9
8
7
6
5
4
3
2
1

14
13
12
11
10
9
8
7
6
5
4
3
2
1

20%

40%

May 2009
14
13
12
11
10
9
8
7
6
5
4
3
2
1

20%

40%

June 2009

July 2009
14
13
12
11
10
9
8
7
6
5
4
3
2
1

14
13
12
11
10
9
8
7
6
5
4
3
2
1

20%

40%

20%

40%
0%

20%

40%

Vitellogenic oocytes

January 2009

February 2009

March 2009

April 2009

May 2009

June 2009

July 2009

100%

80%

60%

40%

20%

0%

Stage 0

Stage 1

Stage 2

Stage 3

Fig. 4 a Percentage of oocytes per size class for five female colonies
that were tagged at the Port Allen site. Arrows point toward mean
oocyte diameter. Error bars represent standard deviations. b Percentage of spermatocysts per reproductive stage for five male colonies

tagged at the Port Allen site. (Note: Female colonies collected in
March through May did not contain any oocytes, whereas male
colonies collected in January through May did not contain any
spermatocysts.)

Parker et al. (1997) reported that there is no relationship
between sex and colony size in Antipathella fiordensis
populations from New Zealand. Unfortunately, both this
study and that of A. fiordensis in New Zealand (Parker et al.
1997) only monitored sex of individual colonies over a
single reproductive season, and therefore it is not possible
to distinguish between gonochorism and sequential hermaphroditism unambiguously. To date, only two studies
have monitored the sex of antipatharian colonies over
multiple reproductive seasons (Goenaga 1977; Bo 2008).
Goenaga (1977) examined the sexual reproduction of two
Stichopathes spp. in Puerto Rico over 3 years and reported
that both species were gonochoric. In contrast, Bo (2008)
studied the sexuality of Cirrhipathes sp. in Indonesia over
2 years and noted that some colonies changed sex over the
course of the study and were thus sequential hermaphrodites. Other than these two studies that have monitored the
sexuality of individual colonies over multiple years,
numerous studies have examined the sexuality of antipatharian species using specimens that were collected over
a shorter time span (\1 month; Von Koch 1878; Brook
1889; Schultze 1903; Roule 1905; Cooper 1909; Van Pesch
1914; Pax 1932; Opresko and Genin 1990; Opresko 2003,
2005; Molodtsova and Pasternak 2005; Molodtsova 2006;
Gaino and Scoccia 2008, 2009, 2010; Gaino et al. 2008;
Moon and Song 2008; Bo et al. 2009; Wagner et al. 2011b).
All of these short-term studies report finding oocytes or

spermatocysts but never both within the same colony. To
date, Bo (2008) is the only study documenting sex changes
in an antipatharian coral, but the paucity of long-term
studies makes it impossible to determine whether sequential hermaphroditism is widespread within the order
Antipatharia.
While this study does not conclusively resolve whether
A. griggi is gonochoric or sequentially hermaphroditic, our
results clearly indicate that A. griggi is not a simultaneous
hermaphroditic species, because none of the examined
specimens contained both oocytes and spermatocysts
(Fig. 2). Likewise, most previous examinations of antipatharians have failed to detect simultaneous hermaphroditic
colonies (reviewed by Wagner et al. 2011b). The only
exception to this trend is Stichopathes saccula, for which
Pax et al. (1987) report finding mixed colonies with both
male and female polyps. Collectively, these results indicate
that simultaneous hermaphroditism is rare among antipatharian corals.
When gametes were present in A. griggi, they were
always found in association with the primary transverse
mesenteries, which reached into the cavity of lateral
tentacles in many cases (Fig. 2). Acknowledging that the
transverse and sagittal planes may have not be correctly
defined within the Antipatharia (Schultze 1896), we continue to use the terminology used by most previous authors
(Brook 1889; Van Pesch 1914; Pax 1918; Hyman 1940;
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Fig. 5 Proportion of colonies
containing gametes during the
reproductive season of A. griggi
(June–December) as a function
of a colony height, and b colony
height and sex. Colony sizes
represent lower bin limits of a
particular size category. Number
of colonies per size category:
20 cm = 11; 30 cm = 3;
40 cm = 5; 50 cm = 8;
60 cm = 6; 70 cm = 6;
80 cm = 14; 90 cm = 13;
100 cm = 19; 110 cm = 11;
120 cm = 11; 130 cm = 5; and
140 ? cm = 16
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Opresko 1972; Schmidt 1972; Pax et al. 1987), in which
the transverse plane lies parallel to the branch bearing the
polyp, whereas the sagittal plane lies perpendicular to the
branch bearing the polyp (Fig. 2). All previous examinations of antipatharians have found gametes within the primary transverse mesenteries, which in some cases extend
into the cavity of lateral tentacles (reviewed by Wagner
et al. 2011b). These previous reports are consistent with the
observations of this study, and collectively suggest that
gamete location is evolutionarily conserved among the
order Antipatharia.
Mode of reproduction
No developing embryos or larvae were observed within any
of the examined polyps, and none of the oocytes exhibited
any signs of fertilization. These results are consistent with
all previous histological examinations of antipatharians,
which have failed to detect any signs of internal fertilization (reviewed by Wagner et al. 2011b). Additionally, none
of the samples examined as part of this study contained
brooded larvae or oocytes on their surfaces, thus indicating
that A. griggi is not a brooding species. Consequently,

A. griggi must be a spawner and either (1) spawns both
oocytes and spermatocysts into the water column with
fertilization occurring externally (i.e., broadcast spawning)
or (2) retains oocytes until they are fertilized internally and
then rapidly spawns fertilized eggs (i.e., pseudo-brooding
sensu Kahng et al. 2008). Interestingly, none of the male
polyps collected in January contained any spermatocysts,
whereas a small number of female polyps (\3%) still
contained oocytes through February (Figs. 3, 4). These
observations may indicate that oocytes are retained for a
brief period following internal fertilization. However, distinguishing whether A. griggi spawns both spermatocysts
and oocytes for external fertilization or retains oocytes for
internal fertilization will require sampling either right
before or during a spawning event (Harrison and Wallace
1990; Vermeij et al. 2004). Unfortunately, spawning of
A. griggi was not observed in this study and could therefore
only be inferred by the disappearance of gametes during
time-series collections (Figs. 3, 4). To date, there are very
few direct observations of the spawning behavior of
antipatharians (Goenaga 1977; Miller 1996; Gaino and
Scoccia 2009), and these do not allow us to determine
whether female colonies spawn fertilized or unfertilized
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eggs. Goenaga (1977) observed the spawning of a single
Stichopathes sp. male colony in an aquarium. On the following day, all female colonies kept in the same aquarium
spawned, and Goenaga (1977) concluded that females
released oocytes in response to male pheromones and that
fertilization is thus likely external. Several authors have
studied the sexual reproduction of Antipathella fiordensis
in New Zealand (Grange 1988; Miller and Grange 1995;
Miller 1996; Parker et al. 1997); however, spawning has
never been observed in situ and has only been inferred by
the disappearance of gametes. Spawning has, however,
been artificially induced in A. fiordensis colonies raised in
aquaria, with externally fertilized eggs developing into
ciliated planulae (200 lm in length) within 36 h of fertilization (Miller 1996). Also in aquarium cultures, Gaino and
Scoccia (2009) observed male polyps of Cupressopathes
pumila releasing buoyant spheres (consisting of sperm in
various stages of maturation) from their mouths. Gaino and
Scoccia (2009) did not have any female C. pumila specimens for comparisons, and it is therefore unknown whether
fertilization occurs internally or externally in this species.
Beyond these few direct observations of antipatharian
spawning, indirect evidence of spawning comes from histological examinations (Cooper 1909; Opresko 2005; Gaino et al. 2008; Gaino and Scoccia 2010). In histological
sections of male Cirrhipathes cf. anguina polyps from
Indonesia, Gaino et al. (2008) observed lysing of cells
bordering the mesenteries and sperm accumulating in the
gastric cavity. Gaino et al. (2008) hypothesized that C. cf.
anguina polyps would subsequently release sperm through
the mouth, as has been observed in preserved polyps of
Antipathella subpinnata from the Mediterranean (Gaino
and Scoccia 2010). Such signs of spawning were not
apparent in any of the A. griggi polyps examined as part of
this study. This could reflect that none of the samples were
collected close to spawning times. All A. griggi samples
were collected during daytime surveys, and spawning may
occur during the night, as is predominant among shallowwater (\40 m) corals (Stimson 1978; Fadlallah 1983;
Wallace 1985; Babcock et al. 1986; Szmant 1986; Harrison
and Wallace 1990; Richmond and Hunter 1990; Glynn
et al. 1991; Dahan and Benayahu 1997; Fautin 2002;
Carroll et al. 2006; Harrison 2011). Future nighttime surveys, particularly around the months of November and
December when the greatest decline in gamete-containing
polyps is seen, will be needed to confirm whether A. griggi
spawns at night.
Few studies on antipatharians report external signs of
polyp deterioration as a result of sexual maturation (Cooper
1909; Opresko 2005). Among Bathypathes patula specimens from the Indian Ocean, Cooper (1909) classified
colonies into three different stages of progressive sexual
maturity. In the first stage, the gonad-bearing parts of the
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polyp contained small oocytes and were well separated
from the central mouth-bearing part by a longitudinal
septum. In the second stage, the oocytes were enlarged
around the longitudinal septum, causing the mouth-bearing
part to appear degenerate. In the third stage, the mouthbearing part and tentacles were missing altogether, and
oocytes were clearly visible through the polyp’s body wall.
Cooper (1909) speculated that oocytes would be liberated
in a subsequent stage through the rupture and death of the
tissues of polyps. Such polyp deterioration as a result of
sexual maturity has also been described more recently for
specimens of Heliopathes pacifica from the North Pacific,
where polyps filled with oocytes had either no tentacles or
a single pair of tentacles (Opresko 2005). In contrast, no
signs of polyp deterioration were observed in any of the
A. griggi samples examined as part of this study, indicating
that individual polyps do not deteriorate as a result of
sexual maturity and therefore likely survive multiple
spawning events.
Reproductive cycle
While time-series samples were only collected during a
single reproductive season, the seasonal pattern in reproductive output and gametogenic stages strongly suggest
that Antipathes griggi has an annual reproductive cycle
(Figs. 3, 4). Additionally, the reproductive cycle of
A. griggi appears to be related to seasonal temperature
fluctuations, because periods of decreasing reproductive
output coincided temporally with decreasing water temperatures, whereas periods of increasing reproductive output coincided with increasing water temperatures (Fig. 3).
From July to March, the percentage of polyps containing
gametes dropped continuously from [90 to 0%, a pattern
that closely tracked seasonal declines in average temperatures from *27 to *23°C (Fig. 3). This seasonal decline
in reproductive output suggests that spawning occurs
continuously throughout the reproductive season of A.
griggi, with greatest intensity between November and
December when the greatest decline in gamete-containing
polyps occurred. Consistent with this interpretation,
immature oocytes were often observed in close proximity
to mature oocytes even within the same mesentery (Fig. 2),
suggesting that spawning occurs in successive events. In
comparison with a single-mass spawning event, spawning
over multiple episodes has the advantage that a single
catastrophic event cannot eliminate the entire reproductive
effort of 1 year. However, spawning over multiple episodes
also decreases fertilization success due to lower gamete
concentrations per event (Levitan et al. 1991, 1992). To
overcome the lower fertilization success associated with
multiple spawning events, A. griggi may rely on dense
aggregations of colonies, such as those commonly
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observed for A. griggi around the Hawaiian Archipelago
(Grigg 1976, 2001, 2004; Boland and Parrish 2005; Parrish
and Baco 2007).
Both male and female colonies contained an increasingly larger proportion of gametes in late stages of maturity
as the reproductive season progressed (Fig. 3), suggesting
that new gametes are formed in lower numbers later in the
reproductive season when water temperatures get colder.
No gametes were observed in any of the samples collected
during March and May when water temperatures were
coldest (Fig. 3). Consistent with these results, Grigg (1976)
did not find any mature gametes in A. griggi colonies
collected in March 1975. Collectively, these results indicate that the gametogenic cycle of A. griggi tracks seasonal
temperature fluctuations, and that low temperature may
inhibit gametogenesis during the off-season (March–May;
Figs. 3, 4). Several previous surveys have noted that the
lower depth range of A. griggi corresponds to the top of the
thermocline in the Main Hawaiian Islands (110 m; Grigg
1984, 1993; Kahng and Grigg 2005; Kahng and Kelley
2007), suggesting that low temperatures may exclude
A. griggi from deeper waters ([110 m). Interestingly,
mean temperatures in the time of the year when no gametes
were present in the shallow-water (30–40 m) A. griggi
population monitored as part of this study (*23°C; Fig. 3)
are similar to the maximum temperatures experienced by
the deepest A. griggi populations in the Main Hawaiian
Islands (110 m; Grigg 1976, 1984, 1993; Kahng and Grigg
2005; Kahng and Kelley 2007). Together, these observations suggest that A. griggi may be restricted from inhabiting depths below 110 m in the Main Hawaiian Islands
because colder temperatures inhibit gametogenesis or other
reproductive processes.
To date, few studies have examined the reproductive
seasonality of black corals (Grigg 1976; Goenaga 1977;
Schmidt and Zissler 1979; Parker et al. 1997; Bo 2008;
Gaino and Scoccia 2008, 2010), all of which were conducted
in shallow water (\70 m). These studies report seasonality
in the appearances and disappearances of gametes, which at
least in some cases have been correlated with seasonal
temperature fluctuations (Schmidt and Zissler 1979; Parker
et al. 1997; Gaino and Scoccia 2010). For example, Parker
et al. (1997) report that Antipathella fiordensis has an annual
gametogenic cycle that is highly synchronous both within
and between colonies, and spawns in the month of March
coinciding with the warmest temperatures in New Zealand.
Gaino and Scoccia (2010) examined Antipathella subpinnata specimens collected from the Mediterranean and found
no fertile colonies in September through November when
water temperatures were low (14°C), and fertile colonies in
August when temperatures were higher (16°C). Schmidt and
Zissler (1979) noted that several tropical Indo-Pacific antipatharians in the genera Antipathes and Cirrhipathes

reproduced in the two mid-summer months. As in previous
antipatharian studies, the reproductive cycle of A. griggi
coincided with seasonal temperature fluctuations, because
periods of decreasing reproductive output coincided temporally with decreasing water temperatures, whereas periods
of increasing reproductive output coincided with increasing
water temperatures (Fig. 3). Seasonal changes in temperature have also been correlated with the reproductive seasonality of numerous species of shallow-water (\40 m)
scleractinian corals (reviewed by Harrison and Wallace
1990). That said none of these temporal correlations necessarily imply a causal relationship between temperature
and reproductive seasonality, and identifying whether such a
causal relationship exists, would require controlled experiments in laboratory cultures. Some laboratory experiments
have shown that the initiation of gametogenesis is not controlled by temperature, but rather by photoperiod in the sea
star Pisaster ochraceus (Pearse and Eernisse 1982) and the
sea urchin Eucidaris tribuloides (McClintock and Watts
1990). Similarly, a meta-analysis of twelve species of
shallow-water (\40 m) scleractinian corals from the
Caribbean demonstrated that photoperiod is a better predictor than temperature in synchronizing reproductive seasonality (Van Woesik et al. 2006). In this study, both
A. griggi oocytes and spermatocysts first appeared in June,
coinciding with the longest photoperiods of the year (Fig. 3).
However, determining whether these long photoperiods
trigger the initiation of gametogenesis in A. griggi will
require manipulative experiments in laboratory culture.
Regardless of the underlying cause, reproductive seasonality
in A. griggi tracks seasonal temperature fluctuations, as has
previously been reported for several shallow-water water
antipatharians (\70 m).
Minimum size of sexual maturity
The smallest A. griggi colony containing gametes was
40 cm in height; however, only a few colonies in this size
class were mature (20%; Fig. 5). The proportion of sexually mature colonies increased with increasing colony size
until a height of 130 cm at which 100% of colonies were
mature. These results are consistent with those of Grigg
(1976), who found gametes in few A. griggi colonies as
small as 40 cm, and sexually mature colonies in the
majority of colonies measuring 64–80 cm. Current state
regulations prohibit commercial harvesting of A. griggi
colonies that are smaller than 90 cm (Boland and Parrish
2005), and federal regulations prohibit harvesting of colonies that are smaller than 120 cm (Grigg 2010; Tsounis
et al. 2010). Our study indicates that most (*80 and
*90%, respectively) colonies that reach these legal harvesting limits are sexually mature (Fig. 5). Increasing the
legal harvesting limits of both state and federal regulations
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to 130 cm would therefore ensure that more colonies have
a chance to reproduce before being exposed to fishing
mortality. Given the substantial declines in population
biomass of A. griggi due to recent increases in harvesting
pressure (Grigg 2004), increasing the legal limit of harvested colonies may be a prudent strategy to ensure continued sustainability of the fishery. In addition, setting
aside no take areas may allow more colonies to continuously reproduce and reseed fished populations.
Maximum depth of reproduction
Due to logistical constraints of conducting SCUBA diving
at depths below 75 m, commercial divers have traditionally
harvested Hawaiian black corals at depths between 40 and
75 m, primarily in the Au‘au Channel between the islands
of Maui and Lāna‘i, and to a lesser extent in the waters off
South Kaua‘i (Gage 1962; Grigg 1964, 2001, 2010; Oishi
1990; Parrish and Baco 2007). However, dense black coral
populations exist off the islands of Hawai‘i, Maui, and
Kaua‘i at depths down to 110 m (Grigg 1976, 2001, 2004;
Grigg et al. 2002; Kahng and Grigg 2005; Kahng and Kelley
2007; Parrish and Baco 2007; Wagner et al. 2010). It had
previously been thought that colonies below the harvesting
depth zone ([75 m) provided a depth refuge from harvest
and were capable of reseeding fished populations (Grigg
1976, 2001). The results of our study indicate that the depth
refuge of A. griggi colonies below the harvesting zone has
been greatly overestimated. Despite intense sampling
efforts at depths below 75 m, which included a total of 76
black coral colonies sampled during twelve separate submersible dives, only five A. griggi colonies were collected.
Below 75 m, the majority of sampled colonies consisted of
A. grandis (68.4%) and Aphanipathes verticillata (25.0%),
with A. griggi accounting for only 6.6% of the colonies
sampled. Although all A. griggi colonies collected below
75 m were sexually mature, the low occurrences predict
very low fertilization success at these depths. Numerous
studies of diverse marine organisms, ranging from fish to
snails to urchins and corals, have documented that fertilization success of isolated free-spawning individuals is
negligible (Pennington 1985; Levitan 1991; Levitan et al.
1991, 1992; Oliver and Babcock 1992; Babcock et al. 1994;
Harrison and Jamieson 1999). Thus, the low occurrence of
A. griggi colonies below 75 m indicates that while reproduction is possible at depths up to 100 m, it does not occur
frequently, and these isolated colonies presumably contribute little to the overall population. Given that the population size of A. griggi colonies below the harvesting zone
has been overestimated in the past, this study indicates that
there is no real depth refuge from harvest. Future studies
will need to reevaluate the sizes of A. griggi populations
that are exposed to and protected from fishing mortality.
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Van Woesik R, Lacharmoise F, Köksal S (2006) Annual cycles of
solar insolation predict spawning times of Caribbean corals. Ecol
Lett 9:390–398
Vermeij MJA, Sampayo E, Broeker K, Bak RPM (2004) The
reproductive biology of closely related coral species: gametogenesis in Madracis from the southern Caribbean. Coral Reefs
23:206–214
Von Koch G (1878) Zur Phylogenie der Antipatharia. Morphol Jahrb
4:74–86
Wagner D, Brugler MR, Opresko DM, France SC, Montgomery AD,
Toonen RJ (2010) Using morphometrics, in situ observations and
genetic characters to distinguish among commercially valuable
Hawaiian black coral species; a redescription of Antipathes
grandis Verrill, 1928 (Antipatharia : Antipathidae). Invertebr
Syst 24:271–290
Wagner D, Waller RG, Toonen RJ (2011a) Sexual reproduction of
Hawaiian black corals, with a review of reproduction of antipatharians (Cnidaria: Anthozoa: Hexacorallia). Invertebr Biol
130:211–225
Wagner D, Papastamatiou YP, Kosaki RK, Gleason KA, McFall GB,
Boland RC, Pyle RL, Toonen RJ (2011b) New records of
commercially valuable black corals (Cnidaria: Antipatharia)
from the Northwestern Hawaiian Islands at mesophotic depths.
Pac Sci 65:249–255
Wallace CC (1985) Reproduction, recruitment and fragmentation in
nine sympatric species of the coral genus Acropora. Mar Biol
88:217–233
Waller RG, Baco AR (2007) Reproductive morphology of three
species of deep-water precious corals from the Hawaiian
Archipelago: Gerardia sp., Corallium secundum, and Corallium
lauuense. Bull Mar Sci 81:533–542
Waller RG, Tyler PA, Gage JD (2005) Sexual reproduction in three
hermaphroditic deep-sea Caryophyllia species (Anthozoa: Scleractinia) from the NE Atlantic Ocean. Coral Reefs 24:594–602
Walton WH (1948) Feret’s statistical diameter as a measure of
particle size. Nature 162:329–330
Ward S (1995) The effect of damage on the growth, reproduction and
storage of lipids in the scleractinian coral Pocillopora damicornis (Linnaeus) J Exp Mar Biol Ecol 187:193–206
Ward S, Harrison P, Hoegh-Guldberg O (2000) Coral bleaching reduces
reproduction of scleractinian corals and increases susceptibility to
future stress. Proc 9th Int Coral Reef Symp 2:1123–1128
WPRFMC (2006) 2006 black coral science and management
workshop report. Western Pacific Regional Fishery Management
Council, Honolulu, HI
Zakai D, Levy O, Chadwick-Furman NE (2000) Experimental
fragmentation reduces sexual reproductive output by the reefbuilding coral Pocillopora damicornis. Coral Reefs 19:185–188

