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Synchronized mass coral spawning typically occurs several days
after a full moon once a year. It is expected that spawning day is
determined by corals sensing environmental change regulated by
the lunar cycle (i.e., tide or moonlight); however, the exact regula-
tory mechanism remains unknown. Here, we demonstrate how
moonlight influences the spawning process of coral, Dipsastraea
speciosa. When corals in the field were shaded 1 and 3 d before the
full moon or 1 d after the full moon, spawning always occurred 5 d
after shading commenced. These results suggest moonlight sup-
presses spawning: a hypothesis supported by laboratory experi-
ments in which we monitored the effects of experimental moonlight
(night-light) on spawning day. Different night-light treatments in
the laboratory showed that the presence of a dark period between
day-light and night-light conditions eliminates the suppressive ef-
fect of night-light on spawning. In nature, moonrise gets progres-
sively later during the course of the lunar cycle, shifting to after
sunset following the day of the full moon. Our results indicate that
this period of darkness between sunset and moonrise triggers syn-
chronized mass spawning of D. speciosa in nature.
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Synchronized spawning is a common phenomenon that has been
observed in a variety of marine organisms (1, 2). Many spawn

gametes for external fertilization, which are then rapidly diffused
and diluted in water (3). Synchronization is thought to have evolved
in order to increase gamete density and ensure high levels of fertil-
ization (4, 5), while predator satiation acts to increase the likelihood
of survival (6, 7). Among marine invertebrates, reef-building (scler-
actinian) corals are the most studied in terms of lunar-synchronized
spawning behavior. More than 80% of scleractinian corals are
broadcasting spawners (8), many of which spawn only a few nights
per year, during a specific lunar phase (6–11).
Synchronous coral spawning is regulated at three different time

scales: month, day, and hour (12). Spawning month is regulated
by the timing of gamete maturation, which is largely influenced by
seawater temperature (13). Annual variation of seawater temper-
ature and solar insolation may also influence spawning month
(13–15). Spawning day is assumed to be determined by environmental
factors that are controlled by the lunar cycle, such as moonlight and
tidal fluctuations, as spawning generally occurs after the full moon (6,
11, 16–19) [some exceptions include Diploria labyrinthiformi, which
spawns closer to the new moon (20)]. Corals have been separated
into two groups depending on their spawning pattern (9), with
one group regularly spawning several days after the full moon,
while the other shows more irregularity in their spawning day,
though still occurring around the full moon. The former includes
at least 13 common genera (SI Appendix, Table S1), such as Favites,
Platygyra, Goniastrea, and Dipsastraea. The latter includes the ge-
nus Acropora. Lastly, spawning hour is determined by sunset time
(21, 22) and differs among coral species. For example, Orbicella
franksi and Orbicella annularis show signs of spawning at 2 and
4 h after sunset, respectively (23).
Moonlight is considered to be the proximate factor in deter-

mining coral spawning day (5, 19). Under the current model,

based on spawning behavior of Acropora millipora, moonlight is
thought to positively regulate coral spawning (i.e., corals receive
a moonlight signal via a light sensor [cryptochrome]), which then
changes the expression of genes that induces spawning (24, 25).
This model is supported by evidence that corals in genus Acropora
do not spawn in the absence of moonlight (24) and that night-light
pollution disturbs spawning synchronicity (26, 27). However, it
remains unknown exactly how corals determine the spawning day
by sensing a moonlight signal and whether this model is appli-
cable to the majority of coral species.
In the present study, we examined the effect of light at night

on the spawning day ofD. speciosa after a spring full moon each year
in the field and laboratory. Our results demonstrate that night-light
(moonlight in field) following daylight (sunlight in field) suppresses
the process of spawning and the dark interval between them elimi-
nates this suppressive effect. Our results provide a hypothesis that
the dark interval at the start of the night period, that occurs only
after the night of the full moon, triggers coral spawning inD. speciosa.

Results
Blocking Moonlight Changes Spawning Day in Nature. We examined
the effect of moonlight on spawning day in coral D. speciosa during
the month of predicted spawning in the field near Green Island in
Taiwan (Fig. 1A). Coral colonies were covered with transparent
plastic bags (Fig. 1B) or with aluminum foil bags that blocked
moonlight (Fig. 1C). The coverings were put in place from sunset
(∼18:30) to sunrise (∼05:30) 1 or 3 d before the full moon or 1 d after
the full moon. In the natural populations of D. speciosa (i.e., with no
coverings), spawning occurred on the sixth night after the full moon
(Fig. 1D). When moonlight was blocked from 3 d before the full
moon, spawning occurred on the fifth night of darkness (i.e., 1 d
after the full moon, Fig. 1E, panel 1). However, when moonlight
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was blocked from 1 d before the full moon and 1 d after the full
moon, spawning occurred on 3 d and 5 d after the full moon, re-
spectively (Fig. 1E, panels 2 and 3). The results demonstrate that
illumination by moonlight delayed spawning, with spawning oc-
curring on the fifth night after blocking moonlight, irrespective of
the day moonlight was blocked.

Dim Light at Night Suppresses Spawning. Using dim light to mimic
moonlight (see SI Appendix, Fig. S1 for the spectrum), we examined
the effect of light during the nighttime period (18:30 to 5:00) on the
spawning day in the laboratory (Fig. 2A). Fragments of D. speciosa
were transferred to the laboratory 3 d before the full moon. These
fragments were then kept in total darkness overnight (Fig. 2B, panel
1) or were exposed to dim light for 2 or 4 nights (Fig. 2B, panels 2
and 3). In our experimental conditions, major spawning occurred
on the fifth or sixth night of darkness, shifting consistently with
the dim light treatment. There was no difference in spawning time
(around 21:00 to 22:00) among the dim light treatments nor be-
tween the laboratory specimens and D. speciosa colonies in the field
at the study site (9). These results demonstrate that dim light during
the night suppresses spawning in coral D. speciosa.

Dark Interval between Sunset and Moonrise Triggers Spawning. To
further elucidate the suppressive effect of moonlight on spawning,
coral fragments were exposed to a range of dim light treatments,

including darkness (Fig. 3, panel 1), dim light (Fig. 3, panel 2),
dim light for the first half of the night (Fig. 3, panel 3), and dim
light for the second half of the night (Fig. 3, panel 4). For the coral
fragments kept in total darkness overnight, spawning occurred on
the fifth night of darkness (Fig. 3, panel 1). By comparison, major
spawning was delayed for 3 to 4 nights in the coral exposed to 4
nights of dim light (Fig. 3, panel 2). This delay in spawning was
also observed in the coral exposed to dim light at the start of the
night period and also resulted in less synchronized spawning (Fig. 3,
panel 3). However, coral fragments exposed to dim light only in the
second half of the night showed no delay in spawning (Fig. 3, panel
4), with major spawning occurring on the fifth night, as was ob-
served in the coral kept in total darkness for four nights (Fig. 3,
panel 1). Our results demonstrate that continuous light during
the transition from day to night is key for suppressing spawning,
whereas darkness in the first half of the night can be a trigger. In
fact, subsequent dim light treatments demonstrated that the absence
of light for just 1 h at the start of the night period was sufficient to
trigger spawning, though less efficiently compared with total dark-
ness for the entire night period (SI Appendix, Fig. S2, panel 3).
When colonies were exposed to two nights of total darkness fol-
lowed by two nights of dim light (SI Appendix, Fig. S2, panel 4),
major spawning day clearly spread into two timings, indicating
that two consecutive nights of darkness are necessary to ensure
spawning synchronicity.
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Fig. 1. Spawning day of D. speciosa in the field manipulation experiment. (A) Study location at Lyudao (Green Island), Taiwan. The white dot indicates
Gonggan, where D. speciosa fragments were collected and the field observation and experiment were conducted. (B) An egg trap in a transparent plastic bag
and (C) an egg trap in an aluminum foil bag. (D) Spawning in natural populations of D. speciosa (>10 colonies) at the study location and (E) spawning of D.
speciosa fragments under the moonlight-blocking treatment commencing at 3 d before the full moon (panel 1), 1 d before the full moon (panel 2), and 1 d
after the full moon (panel 3). Black bars indicate major spawning (>hundreds of eggs), and white bars indicate minor spawning (several eggs) in four replicate
fragments. Note that “NA” indicates no observation. Different letters in the panels in E indicate significant differences between the treatments (ANOVA and
Tukey HSD test; P < 0.001). For detailed results of statistical analysis, refer to SI Appendix, Table S2.
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Suppression by Moonlight Is Not Blue Light Specific. Previous studies
have demonstrated that a blue light sensor, cryptochrome, senses
moonlight and controls spawning day (25). Therefore, we examined
the effect of dim colored light at night on spawning day in D. spe-
ciosa. Corals were exposed to two nights (18:30 to 05:00) of dark-
ness or dim light (∼0.3 lx) with three different light spectra from 1 d
before the full moon (SI Appendix, Fig. S3). As shown, dim light
at night delayed spawning relative to coral fragments kept in
darkness overnight; however, there was no observed difference in
spawning day between the three different light spectra tested. Our

results demonstrate that the suppressive effect of moonlight on
spawning day seen in our study is not blue light specific, sug-
gesting that regulation of this mechanism may be independent of
cryptochrome.

Discussion
Many coral species synchronize spawning to occur over only a
few nights per year during a specific lunar phase. Previous studies
have suggested that moonlight is a key factor for this synchroniza-
tion (24, 28, 29); however, the regulatory mechanism is unknown. In
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Fig. 2. Spawning day of D. speciosa under different moonlight exposure days. (A) The design of one experimental unit, including four replicate tank systems
for each experimental treatment. (B) D. speciosa fragments were exposed to three experimental moonlight (dim light [∼0.3 lx]) conditions with different
exposure days at nighttime (18:30 to 05:00): no light treatment (panel 1), 2-d exposure treatment (panel 2), and 4-d exposure treatment (panel 3). Black bars
indicate major spawning (>hundreds of eggs), and white bars indicate minor spawning (several eggs) in four replicate fragments. Different letters in the
panels indicate significant differences between the treatments (ANOVA and Tukey HSD test; P ≤ 0.001). For detailed results of statistical analysis, refer to SI
Appendix, Table S2.
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the field, sunset timing differs by just a few minutes each week;
however, moonrise timing shifts an average of 48 min each day
(Fig. 4A). This means that before the night of the full moon, corals
are exposed to continuous light in the evening since moon rise
occurs before sunset, whereas after the full moon, there is a period
of darkness between sunset and before moonrise. In this study, we
have shown that continuous light during the transition from day to
night has a suppressive effect on spawning and that an interval of
darkness eliminates this suppression (Fig. 3). These findings illus-
trate that the dark interval at the start of the night period, that
occurs only after the night of the full moon, triggers coral spawning
in D. speciosa (Fig. 4 B and C).
When corals in the field were shaded from moonlight for 1 or

3 d before the full moon or 1 d after the full moon, major spawning
occurred on the fifth night after the initiation of shading, irrespective
of the lunar phase (Fig. 1E). Similar trends were seen in the laboratory
experiments using experimental moonlight, with major spawning oc-
curring on the fifth or sixth day after initiating shading (Fig. 2B). From
these results, it is conceivable that the final gametogenesis processes,
including gamete maturation [i.e., germinal vesicle migration and
breakdown in eggs (30) and formation of egg–sperm bundles inside
polyps (31)], may require at least 4 d for completion after receiving
the cue for spawning (i.e., the presence of a dark period before
moonlight exposure). At the study site tested in the field experi-
ments, major spawning occurred 5 to 8 d after the full moon in D.

speciosa (9). This suggests the length of the dark period between
sunset and moonrise, for the first few days after the full moon, is
important in triggering spawning in the field. The duration and
time window of the dark period may be the reason we observe less
synchronicity in spawning (Fig. 3, panel 3), as a nonnatural dark
period was used. Indeed, a 1-h dark period was sufficient to trigger
spawning but with less efficiency compared to colonies kept in total
darkness for the entire night period (SI Appendix, Fig. S2, panel 3).
Finally, colonies exposed to two nights of total darkness followed
by two nights of dim light showed that more than two consecutive
nights of darkness at sunset are necessary to ensure spawning syn-
chronicity (SI Appendix, Fig. S2, panel 4).
Our proposed mechanism, negative regulation of coral spawn-

ing by moonlight, contrasts with the current proposed mechanism
(24). Indeed, it was shown that A. millepora did not spawn when
moonlight was blocked (24). Both mechanisms agree however,
that distinct spawning patterns are observed between the two dom-
inant coral taxa: Merulinid corals, which includes D. speciosa, and
Acropora corals (9). Merulinid corals spawn over a couple of nights
around a specific lunar phase, the last quarter moon (9), whereas
Acropora corals have a high spawning variability during the lunar
phase from the full moon until the last quarter moon, with similar
variability occurring in Taiwan, Japan, the Red Sea (9), and the Ca-
ribbean (32). The two proposed spawning mechanisms may explain
variability in spawning day between the two, as the latter (moonlight
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Fig. 3. Spawning of D. speciosa under different moonlight exposure hours. D. speciosa fragments were exposed to four experimental moonlight conditions
(dim light [∼0.3 lx]) with different exposure hours at nighttime (18:30 to 05:00) for the first 4 d of the experiment: no light (panel 1), dim light in 18:30 to 05:00
(panel 2), dim light in 18:30 to 00:00 (panel 3), and dim light in 00:00 to 05:00 (panel 4). Black bars indicate major spawning (>hundreds of eggs), and white
bars indicate minor spawning (several eggs) in four replicate fragments. Different letters in the panels indicate significant differences between the treatments
(ANOVA and Tukey HSD test; P < 0.001). For detailed results of statistical analysis, refer to SI Appendix, Table S2.

4 of 6 | PNAS Lin et al.
https://doi.org/10.1073/pnas.2101985118 Moonrise timing is key for synchronized spawning in coral Dipsastraea speciosa

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101985118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101985118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101985118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101985118


dependent) is influenced by the disturbance of moonlight by clouds,
whereas the former (dark dependent) is not. Additionally, the ga-
metogenesis and spawning time in Acropora corals can be influenced
by artificial light at night (24, 26, 27). Therefore, as the dark period
plays a vital role in triggering spawning in our proposed mechanism,
light pollution may also have the potential to influence spawning in
D. speciosa.
The observed spawning mechanism in D. speciosa allows for

stable, synchronous spawning around the last quarter moon. This
trait is not unique toD. speciosa, as many other coral species spawn
together around the last quarter moon, including 34 species from
13 genera in 5 families (SI Appendix, Table S1). This suggests that
these coral species use a similar spawning mechanism and/or the
last quarter moon is an optimal spawning period for these spe-
cies. The last quarter moon does coincide with the neap tide with
minimum tidal change. This may help to minimize sperm dilution
and increase fertilization success of spawned gametes (6, 33–35). In
addition, as the moon rises at midnight around the last quarter
moon, corals spawn in near complete darkness, which may re-
duce the risk of visual predatory fish preying on spawned gam-
etes (6, 35, 36).
Here we present a synchronized spawning mechanism that the

appearance of a dark period between sunset and moonrise is the cue
to trigger spawning in coral D. speciosa. In other words, moonrise
timing is the key factor to synchronize spawning. As D. speciosa
spawns at a similar time to many coral species (9), we suspect that
this mechanism can be applicable to a variety of corals and could
also explain synchronized behavior, occurring a few days after the
full moon, in other marine organisms [e.g., palolo worm (37) and
sponges (38)]. This study elucidates the regulatory mechanisms of
synchronous spawning in corals. Thus, these findings directly ad-
dress a gap in knowledge concerning spawning mechanisms, which
has been present for decades (5). These results will significantly
advance our understanding of synchronous coral spawning as

well as the maintenance and recovery of reef-building corals that
are facing unprecedented pressures worldwide.

Materials and Methods
Materials. One field and three tank experiments were conducted in Lyudao
(Green Island), Taiwan (22°40’ N, 121°30’ E) in April–May of 2018 to 2020. D.
speciosa, used in this study, is a hermaphroditic, broadcast spawning scler-
actinian coral that is common across the Indo-Pacific (8, 39). In each experi-
ment, we collected colonies of D. speciosa with mature gametes (purple eggs)
2 to 5 d before the full moon using a hammer and a chisel at a depth of 3 to
8 m in Gonggan, Lyudao (Fig. 1A). After collection, each colony was separated
into 3 to 5 large fragments (ca. 12 cm in diameter), and fragments were left to
recover in a small fishing harbor in Gonggan for 1 to 2 d before use.

Field Experiment. Experiments were conducted in April 2019. The experimental
area (50 m from the nearest reef) was located in a small fishing harbor away
from the local residence of Gonggan, ∼100 m from the closest street light.
Three moonlight conditions were used in the experiment: no moonlight, no
moonlight from the third night of the experiment, and nomoonlight from the
fifth night of the experiment. Three fragments (ca. 12 cm in diameter) were
collected from each of the four donor colonies and used for the three
moonlight conditions, respectively (i.e., each experimental condition had one
fragment from each of the four donor colonies). The three fragments from the
same donor colony were grouped, and four groups were deployed in an area
∼3 × 3 m at a depth of 2 to 3 m in the harbor. Each fragment was attached to a
plastic grid base (30 × 30 cm) using cable ties, which was fixed on the reef
substrate using iron pegs (Fig. 1). The field experiment was conducted from 3 d
before the full moon until 7 d after the full moon. During the experiment,
each fragment was covered by either a triangular aluminum foil bag to block
moonlight or a transparent plastic bag of the same shape to allow moonlight
to pass through (Fig. 1 B and C). The covers were attached to the plastic grid
base using magnets from sunset to sunrise during nighttime (18:30 to 05:30)
and detached during the daytime (05:30 to 18:30). The grid base allowed
seawater exchange inside the plastic bag.

Tank Experiment. Each tank system consisted of an experimental tank (40 ×
30 × 22 cm) and a seawater tank (40 × 30 × 35 cm) placed below the ex-
perimental tank (Fig. 2A). In the system, seawater was constantly pumped up
from the seawater tank by a powerhead, introduced to the experimental
tank through a rotating water deflector to create a gentle flow and acute
waves, and overflowed back into the seawater tank through a 100-μm filter
bag to skim organic waste detached from coral fragments. The temperature
for the experiment was controlled at 27 to 28 °C by air conditioning in the
laboratory. Seawater used in the experiments was collected and stored in a
1,500-L tank at the beginning of the experiments. During the experiments, a
quarter of seawater and the filter bag in the seawater tank was changed
every 3 d.

Three tank experiments were conducted using the same tank system (four
replicate tank systems for each experimental condition), and the same rearing
methods were used with different experimental moonlight (dim light)
conditions. Four donor colonies were used in each experiment. Four to five
fragments (ca. 12 cm in diameter) were collected from the same donor colony
and used in different experimental conditions. As a result, each experimental
condition had one fragment from each of the four donor colonies (i.e., four
replications in each condition). In the laboratory, coral fragments were kept
in independent tanks under fluorescent lamps (MASTER TL5 HO 54W/865 SLV/
40, Philips) (SI Appendix, Fig. S1) during the daytime (05:00 to 18:30) (6,000
lx) and exposed to experimental moonlight conditions during the nighttime
(18:30 to 05:00) (∼0.3 lx).

Fluorescent lamps were used to provide the white light (MASTER TL5 HO
54W/865 SLV/40, Philips), and LED panels were used for blue (5464SUBD/MS,
Everlight), green (5464SUGD/MS, Everlight), and red lights (5463SURD/S400-
A8/MS, Everlight). Light intensity was adjusted to the local moonlight in-
tensity during the full moon (∼0.3 lx) using neutral density filters for fluo-
rescent lamps or dimmers for LED panels. The intensity of dim light was
measured by the light meter (TR-74Ui, T&D). The spectrums of blue, green,
and red lights used in the experiments are shown in Fig. 3B. The light spectra
were measured by the spectrometer (LA-105, NK system).

The first experiment was conducted from 3 d before full moon to 7 d after
full moon in April to May 2018, with three light conditions using the white
dim light at nighttime (18:30 to 05:00): no light, dim light for the first 2 d and
no light afterward, and dim light for the first 4 d and no light afterward
(Fig. 2B). The second experiment was conducted in April 2019 from 3 d
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spawning behavior in D. speciosa. (A) Sunset and moonrise time in Lyudao
during the spawning season, periods from April 4th to April 12th (4 d before
full moon to 4 d after full moon), 2020, were shown as an example.
Moonrise occurs prior to sunset before the full moon day (April 8th),
whereas moonrise occurs following sunset after the full moon day. Note that
sunset time changes from 18:11 on April 4th to 18:14 on April 12th, and
moonrise time changes from 14:11 on April 4th to 22:48 on April 12th. (B)
Before the full moon day, the presence of moonlight after sunset suppresses
the process of spawning. (C) After the full moon day, the presence of
darkness after sunset triggers the process of spawning.
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before full moon to 7 d after full moon. In the experiments, four light
conditions using the white dim light were examined at nighttime (18:30 to
05:00): no light, dim light, dim light between 18:30 to 0:00 and dim light be-
tween 0:00 to 05:00, and no light between 18:30 to 0:00 and dim light between
0:00 to 05:00 (Fig. 3). The third experiment was conducted in April 2020, from
1 d before the full moon to 6 d after full moon; four light conditions using
different spectra were examined at nighttime (18:30 to 05:00): blue (476 nm),
green (530 nm), red (622 nm), dim light, and no light (SI Appendix, Fig. S3).

Monitoring of Spawning. Spawningwas determined using egg traps (cylindrical
transparent plastic containers; 7 to 9 cm in diameter and 8 to 15 cm in height)
placed on each coral fragment. Egg traps were inspected everymorning for the
presence or absence of spawnedeggs in the trap. If any, spawningwas recorded
at two levels ofmagnitude:minor (several eggs) ormajor spawning (>hundreds
of eggs). During the experimental periods, spawning of conspecific pop-
ulations was also monitored in the field (Gonggan). In situ spawning obser-
vation was performed by scuba at nighttime (21:00 to 22:30) 4 to 6 d after the
full moon. Moonlight intensity (lux) was recorded every minute during night-
time (18:30 to 05:00) using a light meter (TR-74Ui, T&D) on the roof of the
Lyudao Marine Station, located at Gonggan.

Statistical Analysis. One-way blocked ANOVAwas used to examine the effect of
the moonlight treatment on spawning day of D. speciosa in each experiment. In

the ANOVA, spawning day (days after full moon) was used as a dependent
factor, moonlight treatment as an independent factor, and fragments from
the same donor colonies as a blocking factor. For spawning day, we used the
major spawning day in each fragment for each experiment. For fragments
that did not have major spawning, minor spawning day was used. When
multiple major or minor spawning days were observed in a fragment, we used
the average of major or minor spawning days. Tukey’s honestly significant
difference (HSD) post hoc test was used for pairwise comparison among ex-
perimental treatments. Software R (version 3.6.3) with package car (version
3.0-10), package multcompView (version 0.1-8), and package lsmeans (version
2.3) was used for the analysis.

Data Availability.All study data are included in the article and/or SI Appendix.
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