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Abstract
Sexual reproduction in corals is pivotal for the survival of populations in the face of climate change. Off Jeju Island, which lies off
the south coast of Korea, a high-latitude scleractinian coral, Alveopora japonica, has experienced a population explosion over the
past couple of decades (at 5–15 m depths). A second species, Oulastrea crispata, which is generally present at high latitudes and
extreme environments, has a stable population and dominates in the shallow subtidal waters of southern Jeju. This study examined
the annual gametogenesis patterns of A. japonica off the north (33°24′N, 126°13′E) and south (33°14′N, 126°36′E) coasts of Jeju
Island, and ofO. crispata in the south. Histological analysis revealed that the oogonia and spermatogonia in A. japonica developed
in separate mesenterial filaments, while the gonads inO. crispata developed in the same filament. Alveopora japonica had the same
brooding period during late summer and early fall (Aug–Sep 2015) at both sites. The spawning period ofO. crispatawas also during
late summer and early fall. Brooding in A. japonica was concordant with previous observations of its planula during the brooding
period. This study provides the first data on the timing of reproduction of these two high-latitude corals from Jeju Island, which may
help our understanding of the population dynamics of corals in other high-latitude environments.
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Introduction

Understanding the reproductive traits of corals is important for
managing and maintaining coral populations (Harrison 2011),

and this is especially true for corals at high latitudes (see
Fellegara et al. 2013). As a result of climate change, corals in
tropical and sub-tropical areas are predicted to undergo a pole-
ward migration or range shifts to high-latitude areas (Riegl and
Piller 2003; Yamano et al. 2011). Understanding how corals at
high latitudes maintain their populations may serve as a predic-
tor for the future status of corals and coral reefs (Guinotte et al.
2003). While several studies have examined the reproductive
behavior of corals at high latitudes (Yamazato et al. 2008;
Masse et al. 2012; Fellegara et al. 2013; Baird and Thomson
2018), no studies have been undertaken of the corals in Jeju
Island, South Korea. Jeju Island has seven species of
scleractinian corals (Sugihara et al. 2014), with Alveopora
japonica and Oulastrea crispata being the dominant species.

Located off the south coast of Korea, Jeju Island is influ-
enced by the Tushima Current, a branch of the warm Kuroshio
Current, where the sea surface temperature (SST) ranges from
13 to 18 °C during the winter (Sugihara et al. 2014; Vieira et al.
2016). The annual SST differs by ~ 0.5–1.0 °C between the
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north and south coasts of Jeju Island during the summer season.
Coinciding with the increased SST, the environmental condi-
tions of high-latitude locations will also experience changes
(Yamano et al. 2011; Denis et al. 2013, 2015; Chang et al.
2014; Hong et al. 2015; De Palmas et al. 2015; Vieira et al.
2016). Moreover, the SST around Korea has risen by 1.2–
1.3 °C over the last 100 years (Sugihara et al. 2014). For the
past 20 years, A. japonica has been commonly found off Jeju
and has formed large populations off the north and south coasts
of the island (Song 1991; Denis et al. 2013, 2015; B. I. Kim,
local SCUBA diving shop, pers. comm.; Vieira et al. 2016);
however, O. crispata has been reported only in the south.

Alveopora japonica is distributed across the north-west
Pacific Ocean, including Korea (Jeju Island), Taiwan, and
Japan (Veron 2000). Populations of A. japonica usually inhab-
it shallow areas and growth may be inhibited by environmen-
tal stressors such as wave and wind action (Harii et al. 2001;
Sugihara et al. 2014; Vieira et al. 2016). Colonies of
A. japonica are hemispherical in shape, discrete, and usually
measure 2–3 cm in diameter, but can be > 10 cm (Harii et al.
2001; Sugihara et al. 2014; Vieira et al. 2016). In addition,
A. japonica is a hermaphroditic brooder; each polyp possesses
both male and female gonadal functions (oocyte and sperma-
ry) and produces planulae following internal fertilization dur-
ing September and October (Igarashi et al. 1992; Harii et al.
2001; Thamrin et al. 2001; Sugihara et al. 2014; Eyal-Shaham
et al. 2016; Vieira et al. 2016).

Oulastrea crispata is widely distributed from the Great
Barrier Reef to Japan (Veron 1993). Colonies form encrusting,
sub-massive forms, and range from a few centimeters to ~
10 cm across in size (Kawaguti and Sakumoto 1952; Yajima
et al. 1986; Lam 2000; Chen et al. 2011). According to Lam
(2000), O. crispata is a simultaneous hermaphrodite, with a
spermary just above the ovary in the mesoglea of the same
mesentery (Clark 1997; Collinson 1997; Lam 2000). Nakano
and Yamazato (1992) reported that O. crispata in Okinawa
spawns gametes, broods, and releases asexual planula
containing algal symbionts. In a recent study, Zayasu et al.
(2015) reported the release of eggs and sperm from
O. crispata colonies reared in a laboratory.

The aims of the present study were to investigate the breed-
ing patterns of the high-latitude scleractinian corals
A. japonica and O. crispata, and to ascertain differences be-
tween the reproductive seasons along the north and south
coasts of Jeju Island.

Materials and Methods

Coral Sampling

Coral colonies were collected from the north (33°24′N,
126°13′E) and south (33°14′N, 126°36′E) coasts of Jeju

Island (Fig. 1). Alveopora japonica was collected from both
locations; however, O. crispata only occurred on the southern
coast. From January to December 2015, three to five colonies
were collected monthly at each site from a depth of 10 m by
SCUBA diving. Whole colonies of A. japonica were easily
collected since A. japonica occurs as individual colonies.
Unlike A. japonica, partial O. crispata specimens were col-
lected from entire colonies, since these encrust on hard sub-
strates. Between August and September 2015, during the pre-
dicted reproductive periods, sampling was carried out bi-
weekly. The A. japonica colonies and O. crispata fragments
collected were fixed immediately in a 10% seawater-formalin
solution for 48 h before being stored in 70% ethanol. SSTwas
monitored at depth of 5 m (attached to the side of a rock near
the coral, not on the bottom) at sampling sites by HOBO©
(Onset Corporation, USA) temperature loggers, which were
installed at the beginning of March 2015 and recovered in
December 2015.

Histology

To extract coral tissues from the preserved colonies or frag-
ments, formalin-fixed coral specimens were placed in a de-
calcification solution consisting of 20% citric acid and 50%
formic acid (Harithsa et al. 2005) to remove the skeletal
parts of the corals. After decalcification, the isolated soft
coral tissues were cut into sections of ~ 1 × 1 cm and fixed
in Davidson’s fixative for 24 h. For histological analyses,
the coral tissues were dehydrated using a series of ethanol
solutions and an automatic tissue processor. After dehydra-
tion, the coral tissues were embedded in paraffin and sec-
tioned transversely at a thickness of 6 μm. The tissue sec-
tions were stained with Harris’s hematoxylin then counter-
stained using eosin Y.

Statistical Analysis of the Reproductive Stage

Transverse sections of the coral tissues prepared as histology
slides were examined using a polarized light microscope. To
trace an annual reproductive cycle, gametogenic conditions of
the ovaries and testes were categorized into five developmen-
tal stages according to Szmant-Froelich (1985), as resting,
primordial, early development, late development, and mature.
From the digitized images of the coral tissues, oocyte size was
determined by measuring the longest axis of the eggs (D1). In
addition, the distance perpendicular to the longest axis was
also measured (D2) using the image analysis program,
ImageJ (Schindelin et al. 2015). Based on D1 and D2, the
geometric mean diameter (GMD) of each oocyte was calcu-
lated (Guest et al. 2012):

GMD ¼
ffiffiffiffiffiffiffiffiffi

�

D1

r

� D2
�
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All statistical tests were performed using the Aabel soft-
ware platform (Gigawiz). Differences in GMD were tested by
the Wilcoxon rank sum test and described with one-way box
and whisker plots (10th and 90th percentiles) between species
and sampling locations.

Planula Release

In late August and early September 2015, while most
A. japonica colonies were actively engaged in planulation,
12 colonies of A. japonicawere collected from the south sam-
pling site and placed in flow-through aquaria (30 × 20 ×
13 cm) to collect the planulae. Outlets of the aquaria were
covered with 100-μm mesh and filled with seawater (salinity
33), which was filtered through 1.2-μm filters. The aquaria
provided a photoperiod of 12 h light: 12 h dark and the water
temperature was maintained at 22–24 °C. The seawater was
renewed every 2 days. The planulae released from A. japonica
colonies were harvested and fixed in 2.5% glutaraldehyde at
4 °C overnight for scanning electron microscopy (SEM;
SUPRA-55VP, Carl Zeiss, Germany). The glutaraldehyde-
fixed planulae were dehydrated in an ethanol series, before
further processing in an iso-amyl acetate series. The planulae
were finally coated with platinum and observed using SEM at
an accelerating voltage of 15 kV.

Results

Seawater Temperature at Sampling Sites

In the north, the lowest SST recorded was 13.7 ± 0.4 °C in
March, whereas the highest SST recordedwas 24.0 ± 1.4 °C in
August. In the south, the lowest SST recorded was 14.7 ±

0.2 °C in March, while the highest SST recorded was 25.0 ±
1.5 °C in August (Fig. 2).

Gonad Development in A. japonica and O. crispata

The microscopic features of gonad development in
A. japonica and O. crispata are shown in Figs. 3 and 4.
Histological analyses revealed that oocytes and spermaries
of A. japonica developed in separate mesenterial filaments
in each polyp, while the gametes of O. crispata were present
in the same mesenteries. During the early stage, the follicles
were expanded and cytoplasm accumulated around the nuclei
of the oocytes (Figs. 3 and 4c). During the mature stage, the
oocytes attained their maximum size; oocytes could be seen
clearly in the mesenteries and had indented nuclei and distinct
vitelline membranes (Figs. 3 and 4e). During the primordial
stage of spermaries of A. japonica and O. crispata, small
clusters of interstitial cells (spermatocytes) began to enter
and multiply in the mesoglea (Figs. 3 and 4f). Mature sper-
matocytes of both species were characterized by a small quan-
tity of cytoplasm in the lumen (Figs. 3 and 4i).

Oogenesis and Spermatogenesis in A. japonica

Histological analysis indicated that oogenesis in A. japonica
in the north commenced in September when the SST reached
23.9 °C, and the primordial oocytes were observed as early as
late September, with a mean GMD of 40.7 μm (Fig. 5a). The
proportion of those at the primordial stage increased and
reached its annual maximum in November (23.1%, Fig. 6a).
The oocytes in the early and late development stages were first
noticed in January, with a mean GMD of 64.8 ± 17.7 μm (Fig.
5a). The proportion of those at the mature stage increased
from March onwards and reached its annual peak in August

Fig. 1 Map showing the
sampling sites on the north and
south coasts of Jeju Island
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(94.1%), with a mean GMD of 172.8 μm. The proportion of
mature oocytes decreased markedly from August to
September, suggesting that brooding occurred during this pe-
riod (Fig. 6a). Follicles with empty lumens were clearly ob-
served in September as most of the corals completed release of
their planulae.

Alveopora japonica in the north initiated spermatogenesis
in January, when the coral had primordial spermaries (Fig.
6b). In January, some polyps also exhibited spermaries in
the late and mature stages. During June and July, the propor-
tion of mature spermaries increased dramatically from 14.8 to
86.8%, and this dropped markedly during August and
September, indicating that most of the sperm were released
during this period.

In the south, A. japonica commenced oogenesis in October
(Fig. 7a), as small primordial oocytes (GMD of 55.5 ± 2.8 μm,
Fig. 5b) were identified in the mesenteries. In January, small
oocytes (72.6 ± 16.2 μm) appeared in the mesenteries, indicat-
ing that theywere in the early developmental stage. In February,
the proportion of those at the late development stage began to
increase, while the proportion of mature oocytes increased from
April (18.8%) to August (80%, Fig. 7a). The proportion of
those in the mature stage declined dramatically in September
(0%), indicating that most A. japonica in the south brooded in
late August and September. During September and February,
most of the mesenteries had no gametes, indicating that the
corals were in the resting stage (Fig. 7a).

The onset of spermatogenesis in A. japonica in the south
was first recognized in January, 3 months after oogenesis

began, when 50% of the examined colonies exhibited primor-
dial spermaries (Fig. 7b). Spermaries in the early (12.5%) and
late development stages (12.5%) were also observed in
January. The proportion of those at the early development
stage increased continuously to March (25.9%), while the late
stage dominated in April (41.1%, Fig. 7b). The first mature
spermaries appeared in May (3.4%), although the mature
stage dominated in August. During August and September,
the proportion of mature spermaries decreased from 55.3–
8.6% (Fig. 7b).

Oogenesis and Spermatogenesis of O. crispata

Oulastrea crispata on the southern coast of Jeju Island
commenced oogenesis in January, exhibiting small pri-
mordial oocytes (GMD 19.8 ± 9.0 μm, Fig. 5c) in the
mesenteries. Oocytes at the early development stage were
also identified in January (7.1%), and these reached their
annual maximum in May (37.5%). In May, a small num-
ber (4.2%) of mature O. crispata oocytes (GMD of 47.2 ±
14.4 μm) first appeared, and these peaked in September
(81.5%, Fig. 8a). In October, the proportion of mature
oocytes dropped dramatically (to 0%), indicating that
most O. crispata in the south spawned during this period
when the SST dropped from 24.9 to 22.5 °C (Fig. 2).

Oulastrea crispata in southern Jeju Island commenced
spermatogenesis in March, as the colonies had primordial
and early spermaries (Fig. 8b). Spermaries in the late devel-
opment stage first appeared in April, and this increased to

Fig. 2 Monthly mean sea surface
temperature (SST) recorded from
the north and south coasts of Jeju
Island in 2015
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Fig. 4 Photomicrographs
showing the different
reproductive stages of Oulastrea
crispata. a Resting stage with
empty lumen in the follicle. b
development of the primordial
oocyte. c Early stage of the ovary.
d Late stage of the ovary. e
Mature stage of the ovary. f
Development of the primordial
spermaries. g Early stage of the
testis. h Late stage of the testis. i
Mature stage of the testis showing
dense sperms in the spermaries.
PO primordial oocyte, N nucleus,
O oocytes, Nu nucleolus, S
spermeries, SP primordial
spermaries, L Lumen

Fig. 3 Photomicrographs of the
different reproductive stages
observed for Alveopora japonica.
a Resting stage, follicle with
empty lumen. b Developmental
stage of primordial oocyte. c
Early stage of oocytes. d Late
stage of the ovary. eMature stage
of the ovary. f Developmental
stage of the primordial
spermaries. g Early stage of testis,
spermary with thick connective
tissue. h Late stage of testis
showing the mature spermary. i
Fully mature stage of the testis. j
Planula (P) of A. japonica. PO
primordial oocyte, N nucleus, O
oocytes, Nu nucleolus, S
spermeries, SP primordial sper-
maries, L lumen
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73.9% in July. In October, 80% of the corals examined exhib-
ited mature spermaries, whereas this dropped to 0% in
November (Fig. 8b). Histological analysis suggested that
O. crispata in the south released sperm between October
and November when the mean SST decreased from 22.5 to
21.2 °C (Fig. 2). MostO. crispata in the south had no gametes
in the mesenteries in November and February, indicating that
the corals were sexually inactive and resting (Fig. 8b).

Transmission of Algal Symbionts from the Mesentery
to the Oocyte

Results showed vertical transmission of algal symbionts in
A. japonica. During the late development stage, the algal sym-
bionts were clearly visible in the mesenteries surrounding the
oocytes (Fig. S1B). The presence of the algal symbionts in the
ooplasm of fully mature oocytes were evident during July and
August, and the algal symbionts were transmitted from the
mesentery (i.e., the mother coral) to the oocytes in the late
development and/or fully mature stages (Fig. S1C). SEM also
demonstrated that the planula contained algal symbionts in the
epithelium (Fig. S1D). In contrast, no algal symbionts were
observed in any stage of gametogenesis in O. crispata.

Observation of Planula Release

The planulae released from A. japonica were ellipsoid or
spherical with active locomotion and were estimated to be
539 ± 57.2 μm in size (Fig. S1E). Cross-sections of the larvae
also revealed numerous algal symbionts. However, we did not
observe any planulae in the O. crispata tanks.

Fig. 5 Monthly geometric mean diameter (GMD) of oocytes of
A. japonica from the north and south of Jeju Island. GMD of oocytes of
O. crispata from the south of Jeju Island

Fig. 6 Monthly frequency distribution of the different reproductive stages
of A. japonica collected from the north of Jeju Island. During August and
September, the coral was sampled bi-weekly, and the first samplings in
the month were denoted as A′ and S′, while the second samplings were
denoted as A″ and S″
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Discussion

This is the first study to examine sexual reproduction in corals
from Jeju Island, and histological analyses indicated that pop-
ulations of A. japonica in the north and south brooded be-
tween late August and September, when the SST was stable
at 24–25 °C. This represents the first step towards understand-
ing various aspects of reproductive biology of A. japonica and
O. crispata corals from Jeju Island.

This observation is similar to that from Tateyama Bay
Japan, where A. japonica released planulae in late August
and September (Harii et al. 2001) when seawater temperature
was 24 °C. Oogenesis began in September (in the north) and
October (in the south), suggesting that the reproductive cycle
is annual, and that oogenesis takes ~ 10 months. Harii et al.
(2001) also reported that oocytes of A. japonica in Tateyama
Bay appeared in October, and oogenesis was estimated to be
11 months. Eyal-Shaham et al. (2016) investigated an annual
reproductive cycle of A. allingi and A. ocellata from the
mesophotic reefs of Eilat, in the Red Sea. Histological analysis
also indicated that the primordial oocytes of A. allingi and
A. ocellata in Eilat (29°32′N, 34°57′E) became fully mature

10 months after the onset of oogenesis, and the reproductive
cycle was annual.

Alveopora japonica in the north and south of Jeju Island
initiated spermatogenesis in January, 3 to 4 months after
oogenesis began. Contrary to the present study, Harii et al.
(2001) observed the onset of spermatogenesis of A. japonica
in Tateyama Bay in May, 7 months after oogenesis. In May,
some of the A. japonica colonies in the north and south of Jeju
Island were in late development or mature stages, although
most of the corals exhibited mixed reproductive modes. In
general, the onset of oogenesis in corals precedes that of sper-
matogenesis by 2 to 4 months, although maturation of the
oocytes and spermaries progresses simultaneously, and
spawning is synchronized in most cases (see Harrison and
Wallace 1990).

In south Jeju Island, O. crispata commenced oogenesis in
January, although primordial oocytes were observed until
June. While mature oocytes were predominant in the mesen-
teries during late August to September, such mature oocytes
were not observed in October, indicating that spawning oc-
curred during late September and October, as the SST de-
creased from 25.0 to 22.5 °C in southern Jeju. Oulastrea

Fig. 8 Monthly frequency distribution of the different reproductive stages
of O. crispata collected from the south coast of Jeju Island. During
August and September, the coral was sampled bi-weekly, and the first
samplings in the month were denoted as A′ and S′, while the second
samplings were denoted as A″ and S″

Fig. 7 Monthly frequency distribution of the different reproductive stages
of A. japonica collected from the south coast of Jeju Island. During
August and September, the coral was sampled bi-weekly, and the first
samplings in the months were denoted as A′ and S′, while the second
samplings were denoted as A″ and S″
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crispata has an annual reproductive cycle, and oogenesis lasts
approximately 9 months, which is comparable to that of
A. japonica (10 months). Histological analysis showed that
the onset of spermatogenesis occurred in March, which was
2 months later than oogenesis. According to Lam (2000),
O. crispata in Hoi Ha Wan in Hong Kong (22°28′N,
114°20′E) spawn from July to October, as the SST stays
above 27 °C. In Hong Kong, oogenesis of O. crispata
takes 6–7 months, while spermatogenesis lasts for
3 months. This comparatively fast oogenesis and sper-
matogenesis of O. crispata in Hong Kong is, in part,
attributed to the relatively high SST, with an annual
SST 2–3 °C higher than that off Jeju Island.

Table 1 compares the annual reproductive patterns of
the two coral species observed in Jeju Island, with the
same species that had been previously reported from the
west Pacific Ocean. The patterns of annual gametogen-
esis of A. japonica and O. crispata observed in this
study were similar to those reported in previous studies
(see Table 1). However, the oocyte diameters reported
in these studies were very different from those in our
study. The differences are large enough that it seems
unlikely that they can be explained by differences in
fixation and measurement of the oocytes, or by pheno-
typic differences among corals from different geographic
areas. It seems more probable that the Bspecies^
A. japonica and O. crispata each represent more than
one distinct taxonomic unit in the north-western Pacific,
and this is a topic for future investigation.

According to Baird et al. (2009), ~ 90% of the brooding
corals have algal symbionts in their planulae, which are direct-
ly inherited from the parent (i.e., vertical transmission).
Vertical transmission of algal symbionts was reported in the
reef-building scleractinian corals in Okinawa, and the algal
symbionts were transferred from the mother corals to the ma-
ture oocytes a few days before they were released (Hirose
et al. 2001). Harii et al. (2001) also reported vertical transmis-
sion of algal symbionts in A. japonica in Japan. In this study,
we observed that the color of A. japonica oocytes changed
from white to brown in September, due to the accumulation
of algal symbionts in the outer layer of the mature oocytes
between June and August (see also Fig. S1D). Unlike
A. japonica,O. crispata has no algal symbionts in the oocytes
in any developmental stage.

The egg size (i.e., GMD) of A. japonica measured in this
study ranged from 55.0 μm (primordial stage) to 166.2 μm
(mature stage) in the north and 64.8 μm (primordial stage) to
172.8 μm (mature stage) in the south. The GMD of
O. crispata ranged from 19.8 μm (primordial stage) to
56.3 μm (mature stage). Oogenesis of A. japonica in the south
takes approximately 10 months from the onset in October to
brooding in August. Similarly, oogenesis in O. crispata in the
south takes approximately 9 months from January to Ta
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September. The relatively long period of oogenesis of
A. japonica observed in this study is believed to be linked to
the size of the mature eggs, which may take longer to produce.
These larger eggs may contain higher levels of nutrients,
which could enhance the survival of the planulae and promote
their dispersal (Fan and Dai 1995; Acosta and Zea 1997).

In summary, we performed histological investigations into
the annual gametogenesis of the high-latitude A. japonica and
O. crispata corals from Jeju Island, off the south coast of
Korea. Both species showed a clear seasonal gametogenesis
pattern, with major brooding and spawning periods in August
and September, when the SST ranged from 24 to 25 °C.
Histological analyses revealed that A. japonica populations
in the south and north of Jeju Island exhibited the same annual
gametogenic patterns, suggesting that the small SST differ-
ence between the north and south exerts no significant influ-
ence on coral reproductive physiology. The recent expansion
and explosion of the A. japonica population from the south
into the north might be linked to the increase in SST in the
East China Sea; however, this needs to be substantiated
through long-term monitoring of patterns of coral reproduc-
tion and population dynamics.
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