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Article history: Nha Trang Bay is located in the south-central waters of Vietnam and forms part of the most diverse
Rece@ved 13 June 2022 region within the western South China Sea. Oceanographic studies indicate that this coastal area is
Received in revised form 10 August 2022 not influenced by cold water masses from the north in winter but is subjected to summer upwelling.

Accepted 11 August 2022

- g Coral spawning patterns of four species were monitored by collecting samples of colonies at Hon Mieu
Available online 17 August 2022

Island (12°11°37.31"N and 109°14'1.82"E) and two nearby sites during 2016-2019. Mature eggs were

Keywords: recorded inside polyps Acropora florida and A. robusta branches sampled prior to and after the full
Scleractinian corals moon of late March to early April in 2018, and March in 2019. Spawning for both species was inferred
Sexual reproduction to have occurred 6-8 nights after full moon in early April 2018, and 2-3 nights after full moon for
Synchronous spawning A. robusta in March 2019. Colonies of the tabulate coral A. hyacinthus were inferred to have spawned
Acropora between 6-11 nights after the full moon of March 2019, up to six nights after the spawning of A.
Dipsastraea robusta. In contrast, the spawning time of the massive coral of Dipsastraea pallida occurred one month
Nha Trang Bay later than that of branching Acropora corals, during the period before and after the full moon of late
April to early May in 2018, and 4-5 nights after the full moon in April 2019. Monitoring of the ratio of
pigmented mature eggs over time and inferred spawning periods of the three Acropora species and D.
pallida indicated that spawning of corals in Nha Trang Bay occurs over an extended spawning period
from March to May. Therefore, spawning in these species does not appear to be concentrated during

a short mass spawning period over a few nights.
© 2022 Elsevier B.V. All rights reserved.
1. Introduction (Huang et al., 2015; Vo, 2014) indicated that Nha Trang coastal

waters make up the most diverse region in the western South
Nha Trang Bay is positioned in the coastal waters of South China Sea.. ) o . )

Vietnam in the western South China Sea, where the continental Reef—bu1ld!ng scleractinian corals eXhlblt a wide range of sex-
shelf is narrow and influenced by two small rivers (Tran et al., ual reproductive patterns, with the majority of corals (65%) stud-
2015). Multi-year data show the average sea temperatures in the ~ 1€d to date being broadcast-spawning hermaphrodites (Harrison
bay ranging between 24.0 and 29.5 °C, with two minimums in and Wallace, 1990; Balr'd et al., 2009; Harr_lson, 2011). Ab_out 20%
January and June. The second minimum is due to the influence of coral.s are go.nocho.rlc broadqasters, with the remaining 15%
of upwelling, which occurs annually in the summer in the coastal gﬂfatgdilg?ersiﬁf;e;,ﬁi;g tgrez??dgg%y;gralisartrkils(t)nde;(? 50113 Ei‘h‘gﬁ
waters southward of the Nha Trang Bay (Bui, 2011). ’ '

. . . et al,, 2020). However, some coral species have mixed sexual
The area is renowned as one of the most diverse areas in

. : . . . . patterns and modes of development, and some corals can change
Vietnam with an array of tropical habitats including coral reefs, sex (Harrison, 1985; Loya et al., 2009; Harrison, 2011).

soft bottom benthic habitats, seagrass beds, sandy beaches and Reef corals also exhibit a wide range of gametogenic cycles and
rocky shores (Vo et al,, 2004). Coral reefs are abundant in shallow  reproductive seasons ranging from single annual cycles to multi-
waters with fringing reefs occurring along the mainland and  ple cycles each year, with multiple lunar cycles recorded in some
around all islands. In terms of reef coral diversity, recent studies brooding species (Harrison and Wallace, 1990; Randall et al,,
2020). Spawning is often synchronized among polyps within each

* Correspondence to: Department of Marine Living Resources, Institute of Folqny and among, different colon1e§ of each SPE?CIeS‘ resulting
Oceanography, Viet Nam Academy of Science and Technology, 01 Cau Da, Nha in high concentrations of gametes bemg releasec_l into the sea to
Trang City, Viet Nam. enhance fertilization and cross-fertilization (Harrison et al., 1984;
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Fig. 1. Map indicating the position of Nha Trang Bay and coral reproduction study sites.

In many reef regions, some degree of spawning synchrony
is also evident between different coral species that spawn to-
gether on just a few nights or during specific lunar periods each
year (reviewed in Harrison and Wallace, 1990; Richmond and
Hunter, 1990; Baird et al., 2009; Harrison, 2011). Global patterns
of coral spawning range from highly synchronized mass spawning
of many species and families on a few nights each year after
full moon periods on the GBR and some Western Australian
reefs (Harrison et al., 1984; Willis et al., 1985; Babcock et al.,
1986, 1994; Gilmour et al., 2016), through to intermediate levels
of multi-species spawning synchrony. Multi-species spawning
occurs on many reef systems where some populations spawn
synchronously but other species spawn over different months or
lunar phases (reviewed in Harrison and Wallace, 1990; Richmond
and Hunter, 1990; Baird et al., 2009; Harrison, 2011; Baird et al.,
2021). In contrast, in some (but not all) equatorial and other reef
regions, the available data indicate that spawning may be syn-
chronized within populations of each species, but in some regions
spawning is asynchronous between many or most species studied
to date, resulting in different species spawning at different lunar
cycles or on different months or seasons over more extended
spawning seasons (e.g. Shlesinger and Loya, 1985; Szmant, 1986;
Oliver et al., 1988; Richmond and Hunter, 1990; Mangubhai and
Harrison, 2008; Wijayanti et al., 2019; Gouezo et al., 2020).

Despite increasing numbers of coral reproductive studies in
recent decades, very limited data are available for some impor-
tant reef regions, including Vietnam. For Vietnamese corals, only
a paper was newly published on Acropora spawning based on
observations of gonadogenesis development and variation of egg
average sizes (Vo et al.,, 2022). Therefore, this study aimed to de-
termine seasonal periods when mature gametes were present in
some locally abundant reef corals, and the extent of reproductive
synchrony among these populations in the Nha Trang Bay area.

2. Materials and methods

Samples of polyps from colonies of four coral species were
collected for reproductive studies, mainly at Hon Mieu Island
(12°11'37.31”N and 109°14'1.82"E) during 2016-2019 (Fig. 1).
Two additional sites for coral collection in 2019 were at Bich Dam
and Hon Tam nearby (Fig. 1).

Initially, samples of 3-5 cm long branches were collected from
colonies of two Acropora coral species twice in January-February
2016, including six specimens per time for Acropora florida and
nine specimens per time for Acropora robusta. To examine the
relationship between coral spawning and full moon periods, col-
lection of both species was repeated 10 times in late March 2016
(48 specimens of A. florida and 72 specimens of A. robusta) and
early April 2016 (12 and 18 specimens, respectively), as well as
six times during March (31 and 41 specimens) and April (97 and
111 specimens) in 2018. Additional specimens of A. robusta were
collected seven times in March 2019 to determine the length of
the spawning period of this branching coral, with 84 specimens
in the total. Acropora hyacinthus was selected as a representa-
tive tabulate coral to study its reproductive season in 2019. The
number of specimens collected included six in January (once),
nine in February (once), 108 in March (9 collection periods), and
12 in April 2019 (once). For Dipsastraea pallida, small fragments
about 3-5 cm wide were chiseled carefully from massive colonies.
Due to the increased difficulty and care needed in sampling
massive corals, fewer samples of D. pallida were collected in 2018,
including 11 in March, 29 in April, and 19 in May. An additional
sixty samples of D. pallida were collected during four sampling
periods in April 2019.

Maturing oocytes often become highly pigmented in the
weeks before maturation and spawning (Harrison et al., 1984),
and changes in oocyte pigmentation were studied by repeatedly
sampling branches from some tagged coral colonies. Tagged and
repeatedly monitored corals included two colonies of A. florida
and four colonies for A. robusta in 2018, and four colonies of A.
hyacinthus and four colonies of A. robusta in 2019. Observations
of pigmented eggs (typically pink color) were done immediately
after collection, either on the boat or in a nearby wet lab. All
specimens were then preserved in 10% formalin in seawater for
egg counting and measurements a week later. Branch samples
were then carefully decalcified in dilute acid solutions to remove
the calcium carbonate skeletons, embedded in wax, sectioned
and stained for histological analysis of egg sizes using standard
histological methods.

Measurements of the diameters of eggs were done by mea-
suring the longest and shortest diameters of eggs to provide
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Table 1
Numbers of eggs measured for three Acropora species and D. pallida collected from Nha Trang Bay.
2016 A florida  A. robusta 2018 A florida  A. robusta  D. pallida 2019  A. robusta  A. hyacinthus  D. pallida
18/3 243 1/3 1386 720 22/1 40
19/3 240 51 6/3 2551 508 18/2 60
21/3 452 84 26/3 947 1233 102 13/3 80 80
22(3 455 167 2/4 2371 1346 15/3 80 80
24/3 114 382 4/4 3290 1474 17/3 80 80
25/3 382 32 6/4 1913 2179 105 19/3 80 80
27/3 513 258 9/4 No egg No egg 21/3 80 80
28/3 272 170 11/4  No egg No egg 122 23/3 80 80
3/4 494 23/4 173 25/3 80
7/4 2 3/5 187 27/3 80
14/5 No egg 29/3 80
31/3 80
22/4 62
24/4 91
26/4 No egg
28/4 No egg

Table 2
Average diameters of mature pigmented eggs measured from histological
samples of three Acropora species collected in 2018 and 2019.

Species Collecting date Average diameter (um) SD N
A. florida 2, 4, 6 April 2018 429 58 10
A. robusta 2, 4, 6 April 2018 415 66 22
A. hyacinthus 25, 27 March 2019 463 29 80

an average diameter of eggs in images of histological sections
of samples using Image] software. Average egg diameters were
measured for all eggs observed in the branch samples of A.
florida and A. robusta colonies collected in 2016 and 2018 as well
as for a number of randomly selected eggs of A. robusta and A.
hyacinthus from the specimens collected in 2019 (Table 1). Mea-
surements of pigmented eggs were done using the same tech-
nique for A. florida and A. robusta branches collected in April
2018, and for A. hyacinthus branches collected in March 2019,
with a total of 10, 22 and 80 pigmented eggs measured for these
species, respectively. Average egg diameters were also measured
for all eggs observed in the fragment samples of D. pallida colonies
collected in 2018 and 2019 (Table 1).

3. Results

Mature eggs of broadcast spawning corals are often highly
pigmented, typically with pink or red coloration, but a range of
other colors have been reported in some species (Babcock et al.,
1986; Harrison and Wallace, 1990). Pink pigmented eggs were
observed in A. florida and A. robusta branch samples collected in
Nha Trang Bay during late March to early April (Fig. 2). Mean
diameters of pigmented eggs in histological sections from 2018
samples were 429 pm (ranging between 325 and 492 pm) for A.
florida, 415 pm (ranging between 282 and 522 m) for A. robusta,
and 463 um (ranging between 401 and 549 wm) for A. hyacinthus
samples from 2019 (Table 2).

Variation in egg diameter and the presence and then absence
of large mature eggs in samples from colonies of A. florida and A.
robusta collected in 2016 indicated that spawning occurred be-
tween 3rd and 7th April (Fig. 3). The full moon occurred on 23rd
March, hence spawning of the sampled colonies likely occurred
between 11 to 14 nights After Full Moon (nAFM).

Measurements of egg diameters and the presence of pig-
mented eggs in samples of A. florida and A. robusta colony branches
collected in March and April 2018 indicated that mature eggs
were dominant during the period 26 March to 6 April for both
species (Fig. 4). Both tagged colonies of A. florida had mature
pigmented oocytes on 5th day before the full moon and most
branches sampled had mature eggs on 2nd, 4th and 6th after the

full moon (Table 3). The four colonies of A. robusta repeatedly
sampled also had mature eggs during this period, but only 24%-
45% of branches sampled had gravid polyps present (Table 3).

Eggs were absent from samples collected on 9 April 2018,
indicating that spawning occurred between 6 and 9 April 2018
(Fig. 4). Full moon occurred on 31st March 2018, hence spawning
of the sampled colonies is likely to have occurred between 6 to 8
nAFM.

Additional study of A. robusta spawning patterns in 2019 indi-
cated that mature eggs were present in sampled colonies from
7 days before until 3 days after full moon, which occurred on
21st March (Fig. 5). Most of the branches sampled from four
tagged colonies had gravid polyps with mature eggs present
during this period (Table 4). Eggs were absent in samples from
25 March, hence spawning in the sampled colonies is inferred to
have occurred between 2 and 3 nAFM in 2019.

Egg maturity and inferred spawning patterns were also stud-
ied in A. hyacinthus colonies in 2019. The inferred spawning time
of this tabulate Acropora occurred later than for A. robusta. Mature
pigmented eggs were recorded in A. hyacinthus colonies from
March 21 until March 31, corresponding to the period from full
moon to 10 days after full moon (Figs. 6, 7). One of the four
repeatedly sampled colonies was no longer gravid on 29 March,
indicating that this colony had spawned between sampling on
27 March and 29 March, corresponding to 6-7 nAFM (Table 5).
Eggs were absent in all samples collected on 2 April 2019 (Fig. 6,
Table 5), indicating that spawning in most of the sampled colonies
occurred on the 31 March and/or 1st April, corresponding to
10-11 nAFM.

Egg maturity and inferred spawning patterns were initially
examined in colonies of the brain coral D. pallida in 2018 sampled
before and after the full moon on April 30. Changes in the ratios
of eggs with larger sizes (Fig. 8) indicated that maturing oocytes
were present during the period from 23 April (7th day before full
moon) and at least until 3 May (3rd day after the full moon).
Eggs were absent in colonies sampled on 14 May hence spawning
was inferred to have occurred between 3 and 13 May 2018 cor-
responding to 3-12 nAFM. More frequent collection of specimens
in 2019 (Fig. 9) indicated that the period of egg maturation and
spawning in this massive species lasted until April 24 or 25, 4-
5 nights after the full moon which occurred on 19 April. These
results indicate that mature eggs and spawning of massive D. pal-
lida colonies that were sampled in this study occurred one month
later than the spawning periods of branching Acropora corals.

4. Discussion

The results from this study indicate that the spawning sea-
son of the four reef coral species studied in Nha Trang Bay
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Fig. 2. Tagged colony and pigmented eggs observed in broken branch sections of A. florida corals collected in Nha Trang Bay.
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Fig. 3. Variation in the ratio (%) of egg diameter > 400 um in branch samples of A. florida and A. robusta in 2016.
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Fig. 4. Variation in the ratios (%) of mature egg diameters > 400 pwm in branch samples of A. florida and A. robusta in 2018.

Table 3

Proportion of branches sampled from colonies of two Acropora species with mature

(pigmented) eggs in 2018.

Collecting date A. florida

A. robusta

Eggs present in Per colony  Eggs present in Per colony
branch sampled branch sampled

26 March 4/11 2/2 8/21 3/4

2 April 10/17 2[2 5/18 4/4

4 April 23/26 2/2 7/29 3/4

6 April 14/16 2/2 12/26 4/4

occurred between March and May each year. Similar spawning
periods have been reported in some other studies of reef coral
reproduction in the Southeast Asia region. Up to 18 species of
Acropora have been recorded spawning between 8-13 nAFM in
synchronous multispecies spawning events on reef areas in the
northern Philippines in March resulting in surface aggregations of
coral spawn slicks (Jamodiong et al., 2018; Harrison et al., 2021),

with additional Acropora species recorded spawning in April and
June (dela Cruz and Harrison, 2017, 2020). Spawning has been
reported in March to April for Merulinidae in the Western Gulf of
Thailand (Kongjandtre et al., 2009), during April for Acropora spp.
in Kuantan, Malaysia (Hanapiah et al., 2020), and during March
and April for multiple species of Acropora, Merulinidae and some
other species in Singapore (Guest et al., 2005). Multispecies coral



S.T. Vo, S.L. Ho, K.H. Phan et al. Regional Studies in Marine Science 55 (2022) 102631

90

——<400 —=—>400
el

o — )
: \

40 \\
L~

13/3 15/3 17/3 19/3 21/3 23/3 25/3

Fig. 5. Variation in the ratios (%) of egg diameters < 400 um and > 400 wm in branch samples of A. robusta in 2019.

100 —= \

90 ——>450 +<i§0 / j
N —— \
6 N / \\
Zg //\\ \\
30

20 / \\
N BN

22/1 18/2 13/3 15/3 17/3 19/3 21/3 23/3 25/3 27/3 29/3 31/3 2/4
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Fig. 7. A sample of A. hyacinthus collected on March 25, 2019 showing pigmented mature eggs in the polyps (left image) and photomicrograph of a histological
section of eggs (right image) from this sample (scale bar = 100 wm).

spawning events and some coral spawn slicks were recorded on The coral pawning periods inferred in the present study from
Indonesian reefs during March and April, and in September and March to May occurred within the transition period from the
October, coinciding with two seasonal periods of warming sea Northeast to the Southwest monsoon in South Vietnam, which is
temperatures (Wijayanti et al., 2019). characterized by increased seawater temperature. Oceanographic



S.T. Vo, S.L. Ho, K.H. Phan et al.

——<300
80

Regional Studies in Marine Science 55 (2022) 102631

>300 —4—>350

70
50

40
30
20
10

26/3 6/4 11/4

23/4 3/5 14/5
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Table 4
Proportion of branches sampled from four colonies of Acropora robusta with
mature (pigmented) eggs in 2019.

Collecting date Eggs present in branch sampled Per colony
13 March 9/12 4/4
15 March 9/12 4/4
17 March 12/12 4/4
19 March 12/12 4/4
21 March 9/12 3/4
23 March 6/12 2/4
25 March 0/12 0/4

Table 5
Proportion of branches sampled from four colonies of Acropora hyacinthus with
mature (pigmented) eggs in 2019.

Collecting date Eggs present in branch sampled Per colonies
25 March 12/12 4/4
27 March 12/12 4/4
29 March 10/12 3/4
2 April 0/12 0/4

research (Bui, 2011), has recorded average sea temperatures in
the Nha Trang Bay to range between 24.0 and 29.5 °C, with two
minimum periods in January and June, and two maximum tem-
perature periods in May and September (Fig. 10). Reproductive
cycles of many coral species are thought to be influenced by
seasonal changes in sea temperatures, with gamete maturation
and spawning periods coinciding with warming sea temperatures
(Willis et al., 1985; Babcock et al., 1986; Harrison and Wallace,
1990; Randall et al., 2020). The study by Dai et al. (1992) indicated
that reef corals in the South of Taiwan (21°N) where the reef
environment is characterized by warmer waters and lower ranges
in sea temperature, released their gametes one to two months

earlier compared with corals from cooler reefs in the North of
Taiwan (25°N).

Some other environmental factors are also thought to influ-
ence coral reproductive cycles, including seasonal changes in
solar insolation (Penland et al, 2004), and day length which
entrains a molecular clock to produce an endogenous rhythm
in some corals (Hoadley et al., 2016). The inferred spawning
periods of the corals studied in Nha Trang Bay between March
and May coincided with the months of increased photoperiod
and the highest radiation (Fig. 11). Recent studies have suggested
that a combination of environmental factors including rising sea
temperature and increased photoperiod and radiation may act as
proximate cues to synchronize spawning in reef corals (Randall
et al.,, 2020). Therefore, further research is needed to determine
whether some reef corals from Vietnam spawn in response to
the second period of warming sea temperatures after upwelling
but decreasing photoperiod and radiation during September and
October each year.

The present study of coral reproduction in Nha Trang Bay high-
lighted the complexity in the relationship between coral spawn-
ing and lunar cycles among the four species studied. Many corals
have been recorded to spawn in the week after full moon periods
(Harrison and Wallace, 1990; Richmond and Hunter, 1990; Baird
et al,, 2021), and moonlight can be detected through photorecep-
tors in coral tissues that may entrain lunar cycles of spawning
(Levy et al., 2007; Hoadley et al., 2016). Spawning of A. robusta
colonies was inferred to have occurred between 2-3 nAFM in
March 2019, but inferred spawning of A. hyacinthus colonies
occurred later in the same lunar cycle (10-11 nAFM). An interme-
diate lunar period of spawning between 6-8 nAFM was inferred
for A. florida and A. robusta colonies in 2018, and it is possible that
some colonies of both species spawned synchronously. Colonies
of the brain coral D. pallida corals were inferred to spawn 4-5
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Fig. 10. Variation in average sea surface temperature in Nha Trang Bay (based on data from HyCOM-NOOA 1992-2017).
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Fig. 11. Variation in average photoperiod and total radiation monthly in the Nha Trang area (data from DOST-KhanhHoa, 2020).

nAFM in late April 2019, one lunar cycle later than the Acropora
species spawning period in 2019. Inter-annual variation in the
lunar nights of spawning has been reported among Acropora
species in other regions, and seems to be more prevalent among
these branching corals than for some groups of massive corals
which are more consistent in their lunar periodicity of spawning
(Harrison et al., 1984; Willis et al., 1985; Babcock et al., 1986;
Hayashibara et al., 1993).

5. Conclusion

This study provided the first internationally published data
on coral spawning in Vietnamese waters, indicating egg maturity
and inferred spawning patterns of three Acropora species and the
brain coral D. pallida. Analysis of the inferred spawning periods
of these species indicated that spawning of corals in Nha Trang
Bay occurs at different lunar periods over an extended spawning
period from March to May. Therefore, their spawning does not
appear to be concentrated during a short mass spawning period
over a few nights, as occurs in some reef regions in the Indo-
Pacific. Further research is required to determine the extent of
spawning synchrony within populations of these species and
between different coral species and families within the coral
assemblages in Nha Trang Bay and elsewhere in Vietnamese reefs.
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