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Abstract

Reproduction and early life history are central to understanding the biology and ecology of organisms, however such infor-
mation is limited for solitary corals. Here, we compared the reproductive traits of the solitary coral Heliofungia actiniformis
from different latitudinal locations (Singapore, 1°N and the Philippines, 16°N) and examined their early life development,
settlement competency, and juvenile growth and survival. A total of 32 corals from Pulau Hantu reefs in Singapore and
102 corals from Bolinao and Anda reefs in the Philippines were studied between 2019 and 2022. Heliofungia actiniformis
broadcasts spawned gametes during several nights, generally between 22:00 and 01:00, before and after full moon, from
February to May in Singapore and from March to June in the Philippines. Spawning within a month occurred for up to 16
nights in Singapore and 10 nights in the Philippines. Sex change in two individuals between years was observed in the Phil-
ippines. The average egg size was smaller in Singapore than that in the Philippines. We determined that eggs were fertilized
within 2 h after sperm addition, and developed into swimming larvae within 64 h, which began to settle after 24 h. Larval
survival after three mo of culture was 1.72 +1.0% and juvenile diameter ranged from 0.33 to 1.30 mm. Asexual buds were
first observed in 15 mo old juveniles that were at least 8§ mm in diameter. 24 mo old juveniles were observed to detach from
their stalk and the empty stalk regenerated polyps. Our results highlight the latitudinal variability in the reproductive traits
of solitary corals, serve as a baseline for their early life history, and advance our understanding of their population dynamics.
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Introduction

Life history traits, including reproduction and early life
development, are central to understanding the biology, ecol-
ogy, and evolutionary success of organisms. Scleractinian
corals present various remarkable life history strategies to
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maximize their fitness and maintain their populations. For
example, they can exhibit asexual, sexual, and mixed repro-
ductive traits (Whitaker 2006; Baird et al. 2009a; Combosch
and Vollmer 2013). Asexual reproduction includes budding,
fission, fragmentation, polyp bailout, and polyp expulsion,
whereas sexual reproduction includes variations in sexual-
ity (i.e., hermaphroditic and gonochoric) and reproductive
mode (i.e., broadcasting of gametes and brooding of planu-
lae) (Kramarsky-Winter and Loya 1998; Baird et al. 2009a;
Harrison 2011). Most scleractinian corals are hermaph-
roditic broadcast spawners; however, a few species have
mixed sexuality or modes of reproduction (Harrison 2011).
Broadcast spawning corals release gametes into the water
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column where fertilization and development into larvae typi-
cally occur within 2 h and 48 h respectively, and then larvae
begin settlement at approximately four days after fertiliza-
tion (Babcock and Heyward 1986). In contrast, brooding
corals produce planulae that are competent to settle within a
few hours after release (Nozawa and Harrison 2005).

Corals within genera or species may exhibit variability
in their reproduction depending on geographical location or
environment (Shlesinger and Loya 1985; Baird et al. 2009b).
For instance, Coelastrea aspera is a hermaphroditic spawner
in the Great Barrier Reef, Australia (Babcock 1984; Babcock
and Heyward 1986), a brooder in Palau, and both a spawner
and brooder in Okinawa, Japan (Sakai 1997; Nozawa and
Harrison 2005). In addition, the timing of spawning differs
across locations. Several coral species spawn earlier in the
year in low latitudes compared to high latitudes, such as
within the Indian Ocean (Mangubhai and Harrison 2008;
Baird et al. 2014; Howells et al. 2014) and Japan (Baird et al.
2009b). Spawning months in a given location may also vary
between years due to differences in seawater temperatures
and timing of lunar cycles as observed in A. downingi, A.
hemprichii, Cyphastrea microphthalma, and Platygyra dae-
dalea in the Gulf of Oman (Howells et al. 2014). Moreover,
variability in maternal investment within species has been
recorded at different latitudinal locations. The egg size and
female gonad volumes of A. hyacinthus are larger at lower
latitudes (Indonesia, 5°S) than in higher latitudes (Japan,
33°N and 31°N and Taiwan, 23°N, 22°N and 21°N) (Tsounis
et al. 2006; Santacruz-Castro 2019) which suggests differen-
tial energy allocation to their offspring. Settlement success,
growth, and survival of juveniles have also been shown to
vary with latitude (Bauman et al. 2015; Nozawa et al. 2021).

Although the reproduction and early life development
of corals are well studied in many localities, most reports
describe colonial species whereas only a few have examined
solitary corals such as those in the family Fungiidae. Simi-
lar to colonial corals, fungiids include both spawning (e.g.,
Fungia scutaria, F. granulosa) and brooding species (e.g., F.
fungites; Loya et al. 2009) which release gametes or planu-
lae, respectively, either at night (Krupp 1983; Kramarsky-
Winter and Loya 1998) or daytime (Eyal-Shaham et al. 2019,
2020). In addition, variability in sexuality across latitudes
has been reported. For example, F. fungites is a gonochoric
brooder in Okinawa, Japan, but a broadcast spawner in the
Great Barrier Reef, Australia (Loya et al. 2009). One spe-
cies of solitary corals that is common in many regions is the
Heliofungia actiniformis, yet their reproduction and early
life development is not well understood.

Heliofungia actiniformis is a large single-polyped coral
from the family Fungiidae which is commonly found in reef
flats and slopes (Veron 2000; Hoeksema 2012). Its extended
fleshy tentacles serve as shelters for various symbionts
including fish, shrimp, and molluscs (Hoeksema et al. 2012a;
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Bos and Hoeksema 2015). As it is susceptible to bleaching
caused by thermal stress (Hoeksema et al. 2012b; Cesar
et al. 2014) and populations are heavily exploited for the
aquarium trade (Green and Shirley 1999; Knittweis 2008),
it is listed as ‘vulnerable’ by the [IUCN (Hoeksema 2008).
In Palau, this species is a brooder and likely hermaphroditic
as sperm has been observed to develop before eggs in the
same individual (Abe 1937) whereas it has been recorded
as a gonochoric broadcast spawner in the Great Barrier
Reef, Australia (Babcock and Heyward 1986; Willis et al.
1985; Baird et al. 2009a). Similar with other fungiids, H.
actiniformis can also reproduce asexually through budding
(Hoeksema 1989; Boschma 1922; Abe 1937; Knittweis et al.
2009b).

To better understand the reproduction and early life his-
tory of H. actiniformis, we monitored their reproduction in
Singapore and the Philippines, tracked their development
from eggs to juveniles, and examined their settlement com-
petency, and juvenile growth and survival. This information
is essential for understanding their biology, ecology, and
population dynamics at different latitudinal locations as well
as in providing insights for their conservation.

Methodology
Study sites and coral collection

The present study was conducted in Singapore (~ 1°N) and
the Philippines (~ 16°N). Heliofungia actiniformis individu-
als (along with other fungiid species) were collected from
Pulau Hantu fringing reefs in Singapore (Fig. 1a and c¢) dur-
ing the initial stage of the research in May 2018 (Prase-
tia et al. 2020). Corals were surveyed in four belt transects
(50 x 2 m?) that were randomly deployed at the reef crest
(2-3 m depth) and reef slope (5—-6 m). Heliofungia actini-
formis individuals were not abundant (average of 1 indi-
vidual/100 m?, see Prasetia et al. 2020) at the study sites,
and so any individuals encountered during the survey were
collected. Corals were individually labelled with a numeric
plastic or aluminum tag attached to a nylon fishing cord that
was inserted into a small hole drilled at the edge of the coral
skeleton using cordless electric drill (following Loya and
Sakai 2008), and then corals were returned to their original
reef site on the same day of sampling, until collection for
spawning observation (Prasetia et al. 2020). Corals (com-
prising individuals ranging from 67 to 166 mm in diameter)
were observed for spawning between March 16 and June 26,
2019 (20 individuals), between October 17 and November
29, 2019 (nine individuals), and between February 8 and
March 29, 2020 (19 individuals, 7 from 2019 and 12 new
individuals). Spawning observations were conducted at the
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Fig.1 Map showing the locations of a the Philippines and Singapore (red circle) and the coral collection sites (yellow diamond) and hatcheries

(red diamond) in the b Philippines and ¢ Singapore

St John’s Island National Marine Laboratory, Singapore
(Fig. 1a and c).

In the Philippines, corals were collected from a reef flat
of Bolinao and a subtidal flat of Anda, Pangasinan, North-
western Philippines and brought to the outdoor hatchery of
the Bolinao Marine Laboratory, Marine Science Institute,
University of the Philippines (Fig. 1a and b). Heliofungia
actiniformis were not abundant in the study sites, therefore
individuals were collected as they were encountered along
a single belt transect (100 x 1 m?) per site. Corals were indi-
vidually tagged with engraved stainless steel plates attached
to a nylon fishing cord that was tied around the coral skel-
eton while making sure that the mouth was not covered. The
corals were observed for spawning (see “Ex situ spawning
observation and egg size” below) between 2019 and 2022.
In 2019, 33 corals (comprising individuals of various sizes
ranging from 49 to 169 mm in diameter) were collected,
acclimated in tanks with flow through water (1L/min flow
rate) and aeration for 3 d, before spawning observations
between March 10 to April 1, 2019. Corals were returned to
the reef in 2019. In 2020, 61 corals (diameter: 65-160 mm)

were observed. Corals were observed between March 9
and May 16 (15 from 2019 and 28 new individuals), June
and July (five from 2019), between August and September
(11 new individuals), and between October and December
(seven new individuals). In 2021, total of 35 corals (five
individuals from 2019, seven individuals from 2020, and
23 new individuals; diameter of individuals: 57-165 mm)
were observed for spawning between January 2021 to Febru-
ary 2022. All corals, in both countries, were maintained in
tanks with flowing sand-filtered seawater and were exposed
to natural light and periodicity. At the end of the observation
period, all collected corals were returned to their original
reef.

Ex situ spawning observation and egg size

Ex situ spawning observation was conducted by transferring
each coral to an individual plastic container (~ 10 to 12
L) where the sex of each individual was recorded by
determining the unique shape of the shed gametes and was
verified using a microscope (following Loya and Sakai
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2008). Observations were conducted every hour, from 16:00
until 09:00 in Singapore, and from 17:00 until 09:00 in the
Philippines. Within 1 to 2 h after egg release, the seawater
in each plastic container was homogenized by stirring.
Three to five subsamples (10—15 ml) of seawater containing
eggs were sampled to measure the egg size. The eggs were
photographed (n=37 eggs from three individuals, two to
24 eggs per individual in Singapore; n=180 eggs from 7
individuals, 5 to 30 eggs per individual in the Philippines)
under a compound microscope equipped with a camera. The
size of the eggs was estimated by measuring their maximum
diameter using ImageJ software (in Singapore) and Motic
Image Software (in the Philippines). The eggs used for
measurement of egg size in Singapore were obtained
during the spawning on March 29, April 24, 27, and 29,
2019; whereas those used in the Philippines were from the
spawning on April 13, 2020.

Fertilization, early life development, and settlement
on different substrates

Fertilization, early life development, and settlement experi-
ments were conducted in the Philippines using gametes
obtained during the spawning on March and April 2020.
Within 1 to 2 h after spawning, the eggs from each coral
(n=7 females) were fertilized in containers (12 L) with
600 ml sperm that were collected in equal proportions from
three different sperm donors. To measure early life develop-
ment, we randomly sampled 30 eggs from each container
at 2 and 4 h post fertilization (hpf). After 4 hpf, we pooled
all fertilized eggs and reared them in three 60 L contain-
ers. They were monitored at 12, 17, 24, 36, 48, 60, and 64
hpf, until all individuals have developed to larvae. Early
life development stages are based on typical developmental
stages in corals (Okubo et al. 2016; Randall et al. 2020;
Grinblat et al. 2023) and were quantified and categorized as
either (i) intact eggs, (ii) cleaved cells, (iii) gastrula (non-
mobile), (iv) gastrula (mobile), or (v) larvae, using a com-
pound microscope (Motic Zeiss) fitted with a Motic camera.
In addition, we photographed 10 larvae and measured their
longest diameter using Motic Image Software.

To test for settlement on different substrates, ten larvae
(64 h old) were transferred to a clear well plate (2 cm in
diameter) filled with 4 ml seawater at ambient temperature
(29.87+0.01 °C). The seawater used in the experiment was
first treated using UV (ultraviolet) light and then filtered
(1 pm) to reduce the number of bacteria present. To examine
the effect of substrate type on larval settlement, ~0.5 cm?
substrate of either (i) coral rubble with crustose coralline
algae (CCA), or (ii) coral tiles from dead table corals were
added. Both substrate types were collected from shallow
reefs and biologically preconditioned in raceways with
flowing sand-filtered seawater for at least three weeks. Wells
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with (iii) no substrate were used as control. Each treatment
contained 11 replicate wells. Approximately 50% of UVESW
was changed once per day using a dropper. Proportions of
metamorphosed settled larvae were counted daily for eight
consecutive days using a dissecting microscope (Motic). The
experiment was terminated on day 8, because the number
of larvae was insufficient for continuous monitoring, due
to mortality.

To measure survival from larvae to juveniles, 200
larvae (64 h old) were allowed to settle on a coral tile
(10x10x 1 cm) placed in plastic containers (22 cm
length X 16 cm width X 16 cm height, n=23) filled with 5 L
of sand-filtered seawater and with aeration. Approximately
50% of the seawater was changed daily for 30 d before flow-
through seawater (0.5 L min~! flow rate) was provided. After
three mo of culture, we counted the number of juveniles
using a dissecting microscope (Motic).

The remaining larvae that were not used in the settle-
ment and survival experiments were allowed to settle on
10 fiber cement tiles (10x 10X 0.5 cm) with CCA placed
in a container (60 L). The container was treated in a similar
seawater flow system as in the larval survival experiment.
After three mo of culture, juveniles from the 10 tiles were
counted and then their survival was followed until 15 mo
of culture. Juveniles (n=30 to 118) were randomly chosen
and photographed to measure their maximum diameter at 3,
5, 6, 7, 15 months of culture using a dissecting microscope
(Motic) fitted with a Motic camera. The maximum diameter
was measured using the Motic image software. In addition,
the number of asexual buds around the base of the juvenile
stalk was also counted. Detachment of stalk was also moni-
tored up to 24 mo of culture.

Data analyses

To analyze the diel reproductive timing, the number of
spawning corals was grouped into three time categories;
19:00 to 22:00, 22:01 to 01:00, and 01:01 AM to 04:00.
These categories were chosen because corals spawned
as early as 19:00, with notable spawning between 22:00
and 01:00, and spawning was not observed beyond 04:00.
Moreover, a 3 h time range for each time category was
chosen because major spawning of fungiid corals (i.e.,
C. echinata and C. crassa) were reported to last within
3 h (Loya et al. 2009) and also some species of colonial
corals were reported to have high fertilization success
when gametes are combined within 4 h after spawning
(Dela Cruz and Harrison 2020). Differences in coral size
across sexual groups (male, female, hermaphrodite, non-
reproductive) in each country were analyzed using either
One-way ANOVA or Kruskal-Wallis test (if data is not
normally distributed), whereas egg size of H. actiniformis
between the Philippines and Singapore were compared
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using Mann—Whitney U-test. Generalized Linear Mixed
Model was used to analyze the percent settlement of lar-
vae across different substrates through time with substrate
type and time as fixed factor and replicate plastic wells as
random effect. All statistical analyses were conducted in
R version 4.1.1 software using Rstudio version 1.4.1717
(R Core Team 2021).

Fig.2 a Daily and b monthly

Results
Reproductive timing

Helifungia actiniformis in Singapore and the Philippines
broadcasts spawned gametes. In Singapore, 5 to 50% of
individuals released their gametes from February to May
whereas 2.9 to 60.6% of individuals released their gametes
from March to June in the Philippines (Figs. 2 and 3). Eggs
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Fig.3 a Daily and b monthly percentage of spawning Heliofun-
gia actiniformis from the Philippines from March 2019, March to
December 2020, January to December 2021, and January to Febru-
ary 2022. Non-spawning days are not shown. The number of corals

were neutrally buoyant or were distributed throughout the
water column for a few hours after spawning, and some eggs
sank at the bottom of the container in the following morning.

Coral individuals in Singapore, spawned between
7 days before and 11 nights after full moon, except for a
single individual (1 ind, 5.3%) that spawned at two nights
after new moon (16 nights after full moon) in March 2020
(Fig. 2). In the Philippines, corals spawned their gametes
between 8 days before and 11 nights after full moon. Addi-
tionally, only few individuals spawned between 2 days
before and 7 days after new moon (between 13 and 21 days
after full moon) in March 2020 (4 individuals, 2.3 to 10%),
April 2021 (3 ind, 3.7 to 4.8%), and in May 2021 (1 ind,
5%) (Fig. 3). Spawning events in a given month occurred
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observed represented by each bar is shown. Dates of full moon were
March 21, 2019, March 9, April 8, May 7, June 6, 2020, February 27,
March 29, April 27, May 26, and June 25, 2021

for up to 16 nights in Singapore, but only up to 10 nights
in the Philippines. However, individuals were observed
releasing concentrated gametes for two consecutive days
only.

Spawning mostly occurs during the night both in Sin-
gapore and the Philippines. In the Philippines, major
spawning activity generally occurred between 22:00 and
01:00 (79.81%, 87 out of 109 spawning observations),
with minor spawning activity occurring earlier after sun-
set (between 19:00 and 22:00) (19.27%, 21 out 109), and
post-midnight (between 01:00 and 04:00) (0.92%, 1 out of
109) (Fig. 4). The exact spawning time was not recorded
in Singapore.
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Fig.4 Spawning periodicity of
Heliofungia actiniformis. Each
100% stacked bar represents the
mean proportions of spawning
coral individuals at each spawn-
ing day. The number of spawn-
ing corals observed represented
by each bar is shown
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Coral sexuality and size

In Singapore, coral individuals either released sperm
(37.5%, 12 out of 32, i.e., male gonochoric individuals)
or released both gametes sequentially and simultaneously
(9.38%, 3 out of 32, i.e., hermaphroditic individuals). No
gonochoric females were recorded in either 2019 or 2020
observations (Table 1).

In the Philippines, H. actiniformis released either sperm
(26.47%; 27 out of 102 individuals) or eggs (21.57%;
22 out of 102 individuals) (i.e., gonochoric individu-
als) except for the four individuals (3.92%) that released
both gametes (i.e., hermaphroditic individuals) (Table 1).
Among the four hermaphroditic individuals, one released
both gametes sequentially (i.e., released sperm and eggs

Days of spawning

at different nights), whereas the other three individuals
released both gametes simultaneously.

In addition, two individuals exhibited changes in their
sexuality in the Philippines. One displayed bidirectional sex
change (i.e., from female in 2019 to male in 2020 and to
female in 2021) whereas the other individual changed from
male in 2019 to female in 2020; however, its sexuality was
not observed in 2021.

The male-to-female ratio of H. actiniformis in the Philip-
pines varied across spawning months at each location with
values ranging from 0 to 1, whereas female-to-male-to-
hermaphrodite (1:0:0.44) was only observed in April 2020
(Table 2). The male to hermaphrodite ratio in Singapore
ranged from O to 0.5 (Table 2).

The longest diameter of H. actiniformis varied among
coral sexual groups in both Singapore (One-way ANOVA:

Table 1 Sexuality and number

. . - . Country Site Male Female Hermaphro- Sex changed Non-
of Heliofungia actiniformis at di
. . . ite repro-

different sites during the whole ductive

monitoring period
Philippines Binabalian 11 9 0 2 4
Philippines Tomasa 0 9 4 0 0
Philippines Lucero 4 3 0 0 15
Philippines Malilnep 9 1 0 0 24
Philippines Caniogan 3 0 0 0 4
Singapore Pulau Hantu 12 0 3 0 17
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Table 2 Sex ratio (male-to-

. Country Month Site Male  Female  Hermaph- Non-repro- Sex ratio

female-to-hermaphrodite) of rodite ductive

H. actiniformis at different

sites during different spawning Philippines ~ March 2019 Binabalian 10 10 0 13 1:1

months of each year Philippines  March 2020 Tomasa 0 12 0 1 0:1
Philippines March 2020 Lucero 3 3 0 9 1:1
Philippines March 2020 Binabalian 2 2 0 11 1:1
Philippines April 2020 Tomasa 0 9 4 0 0:1:0.44
Philippines April 2020 Lucero 2 2 0 11 1:1
Philippines  April 2020 Binabalian 7 0 0 8 1:0
Philippines ~ May 2020 Tomasa 0 9 0 4 0:1
Philippines May 2020 Lucero 0 1 0 14 0:1
Philippines May 2020 Binabalian 1 0 0 13 1:0
Philippines ~ March 2021 Binabalian 0 0 0 5 -
Philippines March 2021 Caniogan 0 0 0 7 -
Philippines March 2021 Malilnep 0 1 0 22 0:1
Philippines April 2021 Binabalian 0 0 0 4 -
Philippines April 2021 Caniogan 3 0 0 4 1:0
Philippines April 2021 Malilnep 2 1 0 13 1:0.5
Philippines May 2021 Binabalian 3 0 0 2 1:0
Philippines May 2021 Caniogan 2 0 0 3 1:0
Philippines May 2021 Malilnep 8 0 0 2 1:0
Philippines June 2021 Binabalian 0 0 0 5 -
Philippines June 2021 Caniogan 1 0 0 4 1:0
Philippines June 2021 Malilnep 1 0 0 9 1:0
Singapore March 2019 Pulau Hantu 0 0 1 19 0:0:1
Singapore April 2019 Pulau Hantu 7 0 3 10 1:0:0.43
Singapore May 2019 Pulau Hantu 2 0 1 17 1:0.5
Singapore February 2020  Pulau Hantu 5 0 0 14 1:0
Singapore March 2020 Pulau Hantu 1 0 0 18 1:0

F=7.80, df=2, p<0.01) and the Philippines (Kruskal-Wal-
lis: ;(2: 17.695, df=3, p<0.001, Fig. 5). In Singapore, her-
maphroditic individuals (150.05 + 10.70 mm; mean + SE;
range: 130-166, n=3) and male (150.18 +4.46 mm; range:
127-161 mm; n=7) were similar in size (p > 0.05) and
both were significantly larger than the non-reproductive
individuals (117.05 +7.03 mm, range: 67-142 mm, n=10)
(p <0.05). In the Philippines, the female (132.21 +3.16 mm,
range: 92—-155 mm; n=28) and hermaphroditic individu-
als (134 +£5.18 mm, range: 124-148 mm; n=4) were
similar in size (p > 0.05) and both were larger than male
(110.18+5.12 mm, range: 57-169 mm, n=40) and
non-reproductive individuals (98.97 +5.88 mm, range:
49-148 mm, n=30) (p <0.05). Male and non-reproductive
corals were similar in size (p > 0.05).

Diameter of different sexual groups also showed signifi-
cant differences between countries (Kruskal-Wallis: y* =
32.61, df=6, p<0.001). Hermaphroditic and female individ-
uals in the Philippines were similar in size to the hermaph-
roditic individuals in Singapore (p > 0.05). Male individuals
were smaller in the Philippines than in Singapore (p <0.05),
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whereas non-reproductive individuals were similar in size in
the two countries (p <0.05).

Egg size

The mean (+ SE) egg size of H. actiniformis was smaller in
Singapore (296.02 +7.75 um; range: 193 to 384 ym; n=37)
compared with the Philippines (342.04 + 1.65 um; range:
242 to 410 ym, n=180) (Mann—Whitney U test: Z=6.43,
p<0.001).

Fertilization, larval development, and survival

Fertilized eggs (indicated by cell cleavage) was observed
within 2 h of post sperm addition. Non-motile and motile
gastrula (e.g., swimming in circular pattern) were observed
at 9 and 24 h post fertilization (hpf), respectively. The swim-
ming larvae (1096 +54.01 ym (mean + SE); n=10) were
first observed at 60 hpf and all individuals developed to lar-
vae at 64 hpf (Fig. 6). Survival from larvae to juveniles after
3 months of culture was 1.72+1.0% (mean + SE).
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Fig.5 Relationship of the long-

est diameter and weight of Heli-

ofungia actiniformis and their
sexuality observed during the
spawning months in the Philip-
pines (n=112) and Singapore
(n=20)

Fig.6 Proportion of early
developmental stages of Heli-
ofungia actiniformis. Photos of
different stages with their long-
est diameter is shown
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Larval settlement on different substrates p <0.0001), and no interaction between treatment and

time (GLMM: y? = 9.45, p>0.05) (Fig. 7). A significant

The number of settled larvae was not significantly different ~ number (6.36%) of settled larvae was observed starting
among substrates (GLMM: y2 = 0.30, p>0.05) but it was  at 3 days post hatching (p <0.05). Most of the larvae (61.
significantly different across time (GLMM: y? = 130.45,  8%) settled at 7 d post hatching.
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Fig.7 Percent settlement (mean + standard error of the means, n=11)
of Heliofungia actiniformis larvae exposed to different substrates for
8 days. Percent settlement was not significantly different across treat-
ments (GLM: X? = 0.30, p>0.05) but showed significant differences
across time (GLM: X? = 130.45, p<0.0001), and no interaction
between treatment and time (GLM: X2 = 9.45, p > 0.05)

Juvenile size and survival

Three month old juveniles had a diameter of 0.58 +0.04 mm
(mean + SE; range: 0.33 to 1.30 mm, n=30) whereas 15
mo old juveniles had a 5.44 +0.28 mm (mean + SE; range:
1.0 to 13.0 mm, n=118) diameter (Fig. 8). Survival of 3
mo old juveniles until 15 mo of culture was 56.12% +9.04
(mean + SE).

Production of asexual buds in juveniles
and detachment of stalk

15 month old juveniles with > 0.8 cm in diameter (n=11)
had 1 to up to 6 buds or new polyps around the base of their
stalks (Fig. 9a and b). After 24 month of culture, juveniles
with 3.1 to 4.3 cm diameter (n=4) were observed to detach
from their stalks (Fig. 9c). One month after detachment, the
empty stalks showed regeneration of polyps (Fig. 9d).

Discussion

Reproductive timing

Broadcast spawning of H. actiniformis was observed nights
before and after full moon from February to May in Singa-
pore and March to June in the Philippines. Similar spawning

timing has been also observed in other fungiid corals such
as F. scutaria (1 to 4 d after full moon) in the northern Red

@ Springer

N
N

-
o

(o]

[«

Juvenile diameter (mm)
S

N

3 5 6 7 15
Age (months)

Fig.8 Longest diameter (n=30 to 118) of Heliofungia actiniformis
between 3 and 15 months of culture. Boxes contain values within the
interquartile range, with medians indicated by a solid line across the
box. Whiskers extend to the most extreme values. Dots represent the
outlier values

Sea (Kramarsky-Winter and Loya 1998) and C. echinata,
C. crassa and F. repanda (4 to 8 nights after full moon) in
Okinawa, Japan (Loya et al. 2009). Corals (e.g., Acropori-
dae, Mussidae, Agariciidae, Faviidae, Oculinidae, Meruli-
nida, Poritidae and Pectiniidae) rely on environmental cues
including light and temperature to synchronize spawning.
Evidently, many colonial corals across different regions,
including the Philippines and Singapore broadcast spawn
their gametes nights after the full moon during warmer
months (Guest et al. 2002; Zayasu and Shinzato 2016;
Gomez et al. 2018; Jamodiong et al. 2018a). In addition,
our observation of spawning occurring earlier in lower lati-
tudes is similar to previous findings for Japan, where timing
of peak reproductive activity is one month earlier for every
2-3° south (Baird et al. 2009b), and for the Indian Ocean,
where spawning occurs early in the year in low latitudes
(February and March, 12°N) and later in high latitutudes
(April and May, 25°N; June to September, 30°N) (Shlesinger
and Loya 1985; Mangubhai and Harrison 2008; Baird et al.
2014; Howells et al. 2014).

The major spawning activity of H. actiniformis generally
occurred between 22:00 and 01:00 similar to other fungiid
corals such as Ctenactis echinata (22:00-23:30) and C.
crassa (1:00-2:00) (Loya et al. 2009). However, few indi-
viduals spawned earlier at night (from ~ 19:00), similar to F.
scutaria (17:00-18:00) (Kramarsky-Winter and Loya 1998),
and early in the morning (1:00-4:00), similar to F. repanda
(3:00-5:00) (Loya et al. 2009). Synchronous spawning
within few hours is common among corals (Babcock et al.
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Fig.9 a 15-month-old Heliofungia actiniformis juveniles in a coral tile substrate, b juvenile surrounded with asexual buds (red arrow), ¢ empty

stalk (red arrow), d empty stalk showing regeneration of polyp (red arrow)

1986), as this facilitates fertilization and larval survival
(Loya et al. 2009). For instance, high fertilization rates
were achieved in Acropora tenuis, A. millepora, and Favites
colemani when their gametes were combined within 4 h after
release (Dela Cruz and Harrison 2020).

Spawning of H. actiformis was observed for up to 16
nights, but individuals were observed releasing concen-
trated gametes for two consecutive days. This is similar to
the fungiid coral C. echinata, which spawns for up to four
successive nights, but typically releases their gametes for up
to two days with a single gamete release per individual being
the most common (Loya et al. 2009). The release of gametes
in high concentrations could be a strategy to avoid gam-
ete dilution that may delay sperm-egg encounters. Indeed,
lower concentrations of sperm yield low fertilization in colo-
nial corals (e.g., Acropora tenuis, A. millepora and Favites

colemani) (Dela Cruz and Harrison 2020). Moreover, it has
been reported that fertilization success in corals (e.g., A.
tenuis, A. digitifera, Coelastrea aspera and Platygyra dae-
dalea) increases as sperm concentration and contact time
increase (Buccheri et al. 2023). Spawning duration was
longer in Singapore (14 consecutive nights from a single
coral and 16 consecutive nights from different corals) than in
the Philippines (five consecutive nights from a single coral
and 10 consecutive nights from different corals). Releas-
ing gametes for several days is likely a strategy to enhance
survival by having more chances of encountering favour-
able conditions and avoiding exposure of gametes to a sin-
gle catastrophic event which may result to low fertilization
and survival (Baird et al. 2010; Gilmour et al. 2016). For
instance, F. scutaria that inhabit shallower areas with high
fluctuations in environmental conditions have a prolonged
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spawning period compared to F. granulosa (1 to 2 nights)
that live in calmer and deeper waters (15-20 m) (Kramarsky-
Winter and Loya 1998). Moroever, the differences in the day
of spawning observed in H. actinformis in this study could
also be due to the absence of other natural spawning cues
in the experimental set up such as tides and water current
(Babcock et al. 1986; Hayashibara et al. 1993).

Reproductive mode and sexuality

Unlike many colonial corals which release buoyant sperm-
egg bundles, H. actiniformis broadcast spawn either a cloud
of sperm or eggs, similar to F. granulosa (Kramarsky-Win-
ter and Loya 1998), F. repanda, and C. echinata (Loya and
Sakai 2008), although individuals that released both gam-
etes were also observed. Individuals that release sperm are
smaller in size compared to those that release eggs, sug-
gesting that H. actiniformis is a protandrous hermaphrodite.

Changes in sex were observed in H. actiniformis. To date,
sex changes have only been reported in a few species of
fungiid corals. For instance, Fungia repanda and F. scru-
posa exhibit protandrous sex change, Herpolitha limax
exhibit bidirectional sex change, whereas C. echinata and C.
crassa display both protandrous and bidirectional sex change
(Loya and Sakai 2008; Loya et al. 2009; Eyal-Shaham et al.
2019). The observed change in sex from male to female, and
female to male to female, in H. actiniformis suggests that the
species displays bidirectional sex change.

Reproductive output

The egg size of H. actiniformis (193 to 410 pm) was larger
compared to other fungiid species (e.g., C. echinata, C.
crassa, F. repanda, F. granulosa), which typically ranges
between 100 and 150 pm (Loya et al. 2009), but smaller
compared to other colonial corals (e.g., Favidae and Acropo-
ridae) with egg sizes that range between 390 to 700 pm
(Maboloc et al. 2016; Jamodiong et al. 2018b; Gomez et al.
2018). Heliofungia actiniformis has relatively larger pol-
yps than the fungiid species mentioned above, hence it is
expected that its eggs will be also larger in size as seen in
other coral species (Rinkevich and Loya 1987).

The egg size at higher latitudes (the Philippines) was
larger compared to lower latitudes (Singapore), contrary
to the findings of Santacruz-Castro (2019). This differ-
ence in egg size is most likely not a function of colony size
since female and hermaphroditic spawning coral individu-
als between regions have similar sizes. The variability may
be due to differences in maternal energy investment during
gametogenesis as well as exposure to different environmental
conditions (Michalek-Wagner and Willis 2001; Santacruz-
Castro 2019). Sedimentation and turbidity in Singapore are
relatively high compared to Philippines (Guest et al. 2002),
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and corals in Singapore may allocate some of their energy
to counteract sedimentation, leading to less energy being
allocated to reproduction.

Larval development, settlement, and juvenile
growth and survival

Heliofungia actiniformis displayed early life development
typical of many coral species. Fertilization and larval devel-
opment occurred within a few hours and settlement began at
24 h after development to larvae; however, some lasted up
to several days in the water column. During pre-settlement,
H. actiniformis larvae started to migrate towards the bottom
of the container, explore the bottom, and exhibit a circular
movement before they attached to the substrate and meta-
morphosed. Coral larvae explore their surroundings to look
for suitable substrates for attachment and they settle faster
when preferred substrates are available. Previous studies
have shown that substrates with CCA are effective settle-
ment inducers in corals (Whitman et al. 2020). However, the
larvae of H. actiniformis in this present study, did not show
preference for either coral rubble with CCA substrate or the
coral tiles, and they even settled and metamorphosed in con-
tainers without substrates. In addition, the larvae that did not
successfully settle and metamorphose at 8 d post hatching
started to degrade. It has been suggested that larvae need to
settle and metamorphose before they deplete their energy
reserves, otherwise, they will experience slower growth and
low survival. Although longer planktonic stage might be
beneficial for high dispersal, it also increases larval mortality
due to predation. The early settlement (i.e., < 8 d) observed
in H. actiniformis which is similar to the report (2-3 d) by
Abe (1937) suggests shorter pelagic duration and limited
dispersal of larvae; this has implications on their population
distribution and genetic structure. Indeed, lack of genetic
structuring was found among populations of H. actiniformis
in the Spermonde archipelago (~30 km distance between
populations); however, a large scale genetic differentiation
was detected in the Indo-Malay archipelago (Knittweis et al.
2009a, b).

Similar to many other coral species, survival of H. actini-
formis larvae to post settled juveniles was extremely low
(1.72%). However, 3 month old juvenile had only 54% mor-
tality after 15 month of culture, suggesting that juveniles
may have acquired some mechanisms essential for survival
(i.e., feeding). The high maintenance and care of juveniles
during culture in the hatchery, such as by eliminating preda-
tors in the set up and cleaning them of sediments may have
also contributed to the high survival during culture. Consid-
ering that juveniles had a size of 5.4 +0.28 mm they would
be prone to predation and even accidental grazing in the
natural environment.
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Budding, detachment, and regeneration of polyps

Production of asexual buds and detachment of polyps from
the stalk has been documented in solitary coral H. actini-
formis, but only in the natural environment (Hoeksema
1989; Boschma 1922; Abe 1937; Knittweis et al. 2009b).
Here, we showed that juveniles of > 0. 8§ cm in diameter
(n=11) can already produce asexual buds whereas 24 mo
old juveniles that were 3.1 to 4.3 cm in diameter (n=4)
can detach from their stalks. This finding is similar to Knit-
tweis et al. (2009b) where H. actiniformis polyps detached
at around 3—4 cm, and aligns with other species under the
same family, including Fungia fungites which detach when
polyps reach sizes of around 5 cm (Goffredo and Chadwick-
Furman 2003).

Mushroom corals are generally able to reproduce asexu-
ally through regeneration of buds after polyp injury or
after the coral disc detaches from its stalk (Hoeksema and
Yeemin 2011). In the case of the genus Cycloseris, individu-
als can undergo natural autotomy, where they can divide
into wedge-shaped segments repetitively (Hoeksema et al.
2018). Serial budding or detachment of polyp form the stalk
is evident in several genera such as Fungia and Heliofungia
(Hoeksema and Yeemin 2011; Knittweis et al. 2009b). In
this present study, approximately one month after detach-
ment of the polyp, we found scars from empty stalks of H.
actiniformis that had regenerated and developed buds with
tentacles. This asexual reproductive strategy may help H.
actiniformis maintain and increase its population, particu-
larly under natural conditions (e.g., grazing and predation
on polyps) and physical disturbances (e.g., detachment due
to strong waves). Since H. actiniformis is able to reproduce
asexually, there is a possibility that some of the sampled
individuals in the present study were clones. We suggest
that future studies should examine the effects of fungiid
clonality on reproductive traits, such as the timing and
extent of reproduction among clones, fertilization success,
and juvenile development.

Conclusion

This study highlights the variability in the reproductive traits
of the solitary coral H. actiniformis at different latitudinal
locations and provides insights into their early life devel-
opment, settlement competency, and juvenile growth and
survival. Heliofungia actiniformis, a broadcast spawner,
exhibited similar lunar spawning periodicity in the Philip-
pines (16°N) and Singapore (1°N); however, spawning at
higher latitudes was later in the year, and corals displayed
a shorter duration of spawning nights and a larger egg size.
This variability in reproduction may be due to differences
in maternal investment as well as environmental conditions

across latitudes. Given that H. actiniformis shares similar
development, settlement competency, and post-settlement
survival with many coral species that are known to have
early life histories that are vulnerable to changing climate
and anthropogenic disturbances, it is likely that they are also
vulnerable to these stressors. This information is essential
for understanding the biology, ecology, and population
dynamics of solitary corals across different latitudinal loca-
tions. Since populations of H. actiniformis are threatened
by the aquarium trade (Knittweis and Wolff 2010), the suc-
cessful production of H. actiniformis and their capacity to
produce asexual buds under hatchery conditions show their
potential for aquaculture for coral reef restoration and to
reduce pressure on natural stocks caused by the aquarium
trade.
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