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Abstract Molecular approaches have advanced our under-
standing of reef coral biodiversity. However, in some taxa,
they have yet to deliver a robust taxonomy that reflects dif-
ferences in the ecology and biology of species. For example,
Porites cf. cylindrica and P. aff. lutea, which have different
morphologies and life histories, are clustered close together
in a complex containing several other Porites species when
analyzed using both single locus molecular markers and
thousands of SNPs from ezZRAD data. This suggests the
possibility of recent or ongoing speciation and/or hybridi-
zation between these species. Here, we used the timing of
gamete release and gamete compatibility to test reproductive
boundaries between the two. At Orpheus Island (Australia),
P. cf. cylindrica and P. aff. lutea spawned on the same night,
while at Sesoko Island (Japan), they did not. Furthermore,
when spawning occurred during in vitro breeding trials, the
eggs did not cleave, suggesting that P. cf. cylindrica and
P. aff. lutea are not interbreeding. Breeding trials can help
resolve species identities in taxa for which molecular and
morphological data provide unclear results.
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Introduction

Molecular methods have revolutionized our understand-
ing of the systematics and taxonomy of scleractinian corals
(Romano and Palumbi 1996; Kitahara et al. 2016). Nuclear
and ribosomal markers proved highly effective at resolv-
ing the evolutionary relationships within many taxa, such as
among genera in the families Faviidae and Mussidae (Huang
et al. 2011, 2016) and among species in the genus Pocil-
lopora (Schmidt-Roach et al. 2014). More recently, next-
generation sequencing genomic approaches have provided
sufficient resolution to resolve relationships among species
in genera that had proved intractable to single marker stud-
ies, such as the Acropora (Bridge et al. 2024). However, in
other species-rich genera, complex evolutionary scenarios
are hard to disentangle (Kitahara et al. 2016), and interspe-
cific hybridization is often called into question (e.g., Veron
1995). Using a reduced representation genomic approach
(ezRAD), an Indo-Pacific wide study of the genus Porites
recovered 15 distinct molecular lineages (Terraneo et al.
2025), a small fraction of the nominal species currently
listed at the World Register of Marine Species (WoRMS)
(Hoeksema and Cairns 2024). These included two lineages
(clade V and clade XV sensu Terraneo et al. 2025) that com-
prise numerous closely related nominal species with vastly
different morphologies and life histories. In particular, clade
V sensu (Terraneo et al. (2025)) clusters close together com-
mon, widespread, and ecologically significant species, such
as P. cf. cylindrica, P. aff. lutea, and P. cf. lobata. This sug-
gests complex evolutionary dynamics, including, for exam-
ple, recent speciation and incomplete lineage sorting, such
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as in species with large effective population sizes. Alterna-
tively, these results might suggest hybridization and intro-
gression, encompassing inbreeding between nominal spe-
cies. Further research is needed to refine our understanding
of species boundaries within this clade.

Conflicts among different lines of evidence to determine
species boundaries are not unusual in taxonomy. Indeed,
there are dozens of species definitions in the literature (Wil-
lis 1990). One influential definition was the Biological Spe-
cies Concept of Mayr (1963). The definition of species as
interbreeding units seems intuitive; however, it cannot help
resolve fossil lineages, and it is often impossible to cross
individuals to test for breeding compatibility if they occur
in geographically disparate locations. De Queiroz (1998)
attempted to resolve competing species definitions. He
defined a species as an independent evolving metapopulation
lineage and suggested that the plethora of species concepts
outlined by evolutionary biologists should be regarded as
“operational criteria” to provide different lines of evidence
to distinguish these lineages. This suggests that multiple
lines of evidence are required to produce a robust taxonomy.
A recent study, for example, showed how integrating differ-
ent lines of evidence encompassing coral colony morphol-
ogy, genomics, and reproductive biology can shed light on
species boundaries, also in a challenging genus like Acro-
pora (Ramirez-Portilla et al. 2022).

Here, we use reproductive biology as an alternative
line of evidence to help clarify complex genomic patterns
retrieved for P. cf. cylindrica and P. aff. lutea and determine
the presence of mating compatibility and breeding barriers
by attempting to cross these species at Orpheus Island (Palm
Islands—QLD, Australia) and Sesoko Island—(Okinawa,
Japan).

Material and methods
Sample collection and morphological identification

A total of 72 fragments of colonies of P. cf. cylindrica and
P. aff. lutea were collected over three spawning seasons. In
the first experiment, 23 fragments (13 P. cf. cylindrica and
10 P. aff. lutea) were collected in Pioneer Bay (-18°36'64°’N;
146°29"28"°E) (Palm Islands, Orpheus Island—QLD, Aus-
tralia) between one and four days after the full moon in
November 2017 (Babcock et al. 1986; Baird et al. 2021). In
the second experiment, 28 fragments (14 P. cf. cylindrica
and 14 P. aff. lutea) were collected in front of Sesoko Island
(26°38°0.00°N; 127°51'56.24"°E) (Okinawa, Japan) between
one and five days after the full moon in May 2018 (Hirose
and Hidaka 2006). Finally, in the third experiment, 21 frag-
ments (11 P. cf. cylindrica and 10 P. aff. lutea) were col-
lected in Pioneer Bay (Palm Islands, Orpheus Island—QLD,
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Australia) between one and four days after the full moon
in November 2018 (ESM. 1). Fragments > 20cm? were col-
lected using a hammer and chisel from colonies that were
tagged and then photographed using a Canon G15 camera.
Fragments were placed into aquaria at either Orpheus Island
Research Station (OIRS) from James Cook University (JCU,
Australia) or Sesoko Marine Research Station, University of
the Ryukyus (Japan), with running sea water until spawn-
ing. Specimens were identified following comparison to type
material and original descriptions.

Spawning observations, gamete collection, and ex situ
breeding trials.

Porites species are generally gonochoric (Baird et al.
2009), meaning each colony is either male or female,
although at Sesoko Island P. cf. cylindrica also showed
gonochoric females and male-dominated hermaphrodites
(Inoha et al. 2024). Determining the sex of each colony of
Porites before spawning is not possible without destructive
sampling. Therefore, in order to separate gametes of dif-
ferent sexes at spawning, fragments were isolated in indi-
vidual 20 L buckets 00:30 h prior to sunset. Fragments were
observed every 00:10 h from 18:00 to 1:00—the following
morning, for spawning. Following spawning, the sex of each
colony and the time of gamete release was recorded. The
gametes were collected using Pasteur pipettes and brought
to a temperature-controlled room for the breeding trials. In
particular, sperm was collected directly from colonies using
large pipettes during release, and concentrations were moni-
tored visually to produce concentrations of approximately
10 sperm/mL (Hagedorn et al. 2009). Around 5000 eggs
were mixed with sperm from the two different species in
separate containers and allowed to sit for 00:30 h. Nota-
bly, no eggs were observed in the P. cf. cylindrica sperm
used at Sesoko Island. After this time, three replicates of
around 50 eggs for each treatment (i.e., around 150 eggs for
each intraspecific mix) were examined under a dissecting
microscope for cleavage, which would indicate successful
fertilization. Similarly, eggs and sperm from the same nomi-
nal species were crossed and left undisturbed for 00:30 h to
allow fertilization and were used to test for viability of the
gametes. For each cross, a control of clean eggs was also set
up in order to check for sperm contamination or self-fertili-
zation. Observations were repeated every 00:30 h for 2:00 h
in triplicates. If cleavage was observed, the crosses were
checked until a fertilization success of 80% was reached.

Results and discussion

From the observation and breeding trials, reproductive iso-
lation between P. aff. lutea and P. cf. cylindrica was sug-
gested in all three sets of experiments, either due to dif-
ferences in spawning times between the two species, or
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incompatibility of the gametes. The apparent reproductive
isolation, along with distinctive morphologies and life his-
tories, might indicate that both nominal species could be
evolving independently.

Spawning times

Experiment 1: November 2017 Orpheus Island.

In 2017 at Orpheus Island, the release of eggs and sperm
differed by between 2:00 and 2:30 h, with P. cf. cylindrica
always spawning earlier in the evening. In particular, in
November 2017, of the 23 colonies collected, eight colo-
nies of Porites cf. cylindrica and three colonies of P. aff.
lutea spawned between November 7 and November 9. Of
the spawning P. cf. cylindrica colonies, 62% (n=8) were
females, as were 67% (n=3) of the spawning P. aff. lutea
colonies. Sperm release in P. cf. cylindrica started between
20:30 and 20:40; egg release started between 21:00 and
22:00. Egg release in the two P. aff. lutea colonies occurred
between 21:50 and 22:30, and the one male colony released
sperm at 23:00 (Fig. 1, ESM. 1).

Experiment 2: June 2018 Sesoko Island.

In June 2018, of the 28 colonies collected, three P. cf.
cylindrica and four P. aff. lutea spawned ex situ at Sesoko
Island. All three P. cf. cylindrica colonies (100%) that
spawned were males, compared to two of four (50%) of
the spawning colonies of P. aff. lutea. The time of gamete
release differed between the two species by two days. All
P. cf. cylindrica colonies spawned on June 3, and all P. aff.
lutea colonies spawned on June 6. Sperm release for P. cf.
cylindrica started at 21:30, while for P. aff. lutea, eggs were

released between 21:45 and 22:30, and sperm release started
at 22:30 (Fig. 1, ESM. 1).

Experiment 3: November 2018 Orpheus Island.

In 2018 at Orpheus Island, P. aff. lutea and P. cf. cylin-
drica did not spawn at the same time (Fig. 1, ESM. 1). In
November 2018, of the 21 colonies collected, eight spawned
ex situ: three P. cf. cylindrica and five P. aff. lutea. Two
colonies of P. aff. lutea spawned two nights in a row. Two
colonies of P. cf. cylindrica released sperm on November 25
and November 26; one colony spawned eggs on November
26. Two colonies of P. aff. lutea spawned sperm on Novem-
ber 27, while one colony released eggs. Finally, four colo-
nies released sperm on November 28. Both sperm and eggs
release in P. cf. cylindrica started at 20:30, while P. aff. lutea
spawned sperm always at 22:00, and eggs at 22:30 (Fig. 1,
ESM. 1).

Differences in spawning times and gamete incompat-
ibility are the main barriers to gene flow among sympatric
populations (Knowlton 1993; Knowlton et al. 1997; Dai
et al. 2000) and species with as little as 1:30 h difference
in spawning times have proven to be genetically divergent
(e.g., Knowlton et al. 1997; Fukami et al. 2003). Indeed,
differences on the scale of hours are sufficient to maintain
species boundaries in Acropora and Orbicella in relation to
the diffusion and dilution of sperm in the ocean (van Oppen
et al. 2002; Fukami et al. 2003; Levitan et al. 2011; Wei
et al. 2012). In Acropora, field-based observations showed
a sudden drop in sperm concentration as early as 0:30 h after
spawning, decreasing the chances for gametes’ encounter
and thus hybridization (Fukami et al. 2003). Estimates of
fertilization potential for Orbicella showed that sperm has
maximum fertilization potential for about 1:00 h, after which
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Fig. 1 Ex situ spawning day and time at Orpheus Island (Great Bar-
rier Reef, Australia) and Sesoko Island (Okinawa, Japan) for the years
2017 and 2018. For each colony, the nominal species is highlighted

with different colors, and the released gametes (eggs or sperm) with
different symbols
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dilution and aging decrease the chances of breeding (Levitan
et al. 2004). From the data collected in our work and previ-
ous spawning observations on Porites at the same location
(Willis et al. 1985), 1:30 h seems to be the time threshold
after which fertilization potential decreases in Porites.

Breeding trials

Results are summarized in Table 1. At Orpheus Island
in 2017, from the eight colonies of P. cf. cylindrica that
spawned, we were able to successfully cross 50% of the

Table 1 Results from the ex situ fertilization trials within and
between Porites aft. lutea and Porites cf. cylindrica at Orpheus Island
(Queensland, Australia) in 2017 (a) and 2018 (b) (Experiment 1 and

within-species trials (four successful fertilization out of
eight trials). The egg controls did not fertilize, indicating
that there was no contamination from other sperm. In par-
ticular, on November 7, eggs and sperm of P. cf. cylindrica
successfully crossed at 23:20 (TAUSP3 x TAUSPS) and
23:39 (TAUSP1 x TAUSPS), 1:30 h after mixing—=84.14%
fertilization (n of total eggs=150), and 73.75% (n of
total eggs =140) fertilization. Finally, 4.6% of the eggs
were fertilized at 23:30 (TAUSP3 x TAUSP2—n of total
eggs = 152). No other fertilization occurred between P. cf.
cylindrica gametes on that night. On November 8, eggs and

2), and at Sesoko Islands in 2018 (c¢) (Okinawa, Japan) (Experiment
3). Proportions of fertilization are shown. DAFM =days after full
moon

(a) EXPERIMENT 1 Eggs
Year Site DAFM Sperm P. cf P. cf. P. cf. P. cf. P. cf. P. aff
cylindrica cylindrica cylindrica cylindrica cylindrica lutea TAUSP11
TAUSP3 TAUSP4 TAUSP1 TAUSP19 TAUSP21
2017 Orpheus Island 3 P. cf. cylindrica 4.6% 0 0 - - -
TAUSP2 (7/152) (0/150) (0/150)
P. cf. cylindrica 84.14% 0 73.57% - - -
TAUSPS (138/164) (0/150) (103/140)
P. aft. lutea 0.66% 0 - - - -
TAUSPS (1/150) (0/150)
4 P. cf. cylindrica - - - 0.64% 87.2% 0
TAUSP6 (1/154) (75/86) (0/150)
Egg control 0 0 0 0 0 0
(0/156) (0/150) (0/150) (0/150) (0/82) (0/150)
(b) EXPERIMENT 2 Eggs
Year Site DAFM Sperm P. aff P. aff
lutea lutea
TIP8 TIP28
2018 Sesoko Island 6 P 80% (120/150) 0
lutea (0/150)
TIP10
P. aff 74.66% 0
lutea (112/150) (0/150)
TIP27
Egg control 0 0
(0/156) (0/150)
(c) EXPERIMENT 3 Eggs
Year Site DAFM Sperm P. aff
lutea
T11
2018 Orpheus Island 3 P. aff 73.85% (113/153)
lutea
T13
P. aff 64.61% (84/130)
lutea
T19
Egg control 0

(0/150)
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sperm of P. cf. cylindrica TAUSP21 x TAUSP6 crossed at
22:56—87.2% fertilization (n of total eggs =86), 1:40 h after
mixing. Only one egg was fertilized at 22:56 (TAUSP19 x
TAUSP6)—0.64%; thus, this was not considered significant.
The eggs of one colony (TAUSP4) were never fertilized dur-
ing the trials, so we cannot exclude infertility for this colony.
No interspecific crosses occurred during the non-choice
breeding trials experiments between P. cf. cylindrica and
P. aff. lutea. Similar results are common in closely related
Acropora species that spawn in synchrony in Taiwan (Wei
et al. 2012). Nevertheless, we could not confirm the fertility
of P. aff. lutea colonies using within-species crosses given
the lack of synchronous spawning of male and female P. aff.
lutea colonies in 2017.

In Okinawa in June 2018, fertilization was observed
within 50% (n=4) of P. aff. lutea within species crosses on
June 5. Fertilization occurred at 00:30, 1:30 h after gam-
etes mixing—TJP8 x TIP10, 80% fertilization (n of total
eggs=150), and 74.55% TIP8 x TIP27 (n of total eggs =150
eggs). The eggs of one colony (TJP28) were never ferti-
lized; as such, we cannot confirm the fertility of this colony.
No colonies of P. cf. cylindrica spawned during the same
night as P. aff. lutea; thus, no breeding trial was conducted
between the two (Table 1b).

At Orpheus in November 2018, fertilization was observed
in 100% (n=2) of P. aff. lutea within species crosses—
November 26. The egg controls showed no contamination
from foreign sperm for all the mixes. Fertilization occurred
at 00:15 (T11 x T19) and 00:30 (T11 x T13)—64.61% (n
of total eggs=130) and 73.85% fertilization (n of total
eggs=153), 1:40 h after mixing. No colonies of P. cf. cylin-
drica spawned on the same night as P. aff. [utea in 2018;
thus, no species crosses were conducted (Table 1c).

Our results should be carefully interpreted as, overall,
only a small proportion of colonies spawned ex situ, par-
ticularly in Okinawa, where more than half of the colonies
of both P. cf. cylindrica and P. aff. lutea failed to release
gametes. Recent work focusing on ex situ spawning trials of
Porites in Palau has similarly documented spawning propor-
tions of just 14-35% in monitored colonies and only 18% in
histological sections over different seasons (Bennett et al.
2024). Similarly, Glynn et al. (1994) found relatively low
proportions (30-67%) of gametes in Porites in the eastern
Pacific, suggesting reproductive output in Porites popu-
lations could be naturally low in any given year. For our
study population in Okinawa, it is also highly likely that
colonies were sampled before the peak spawning month. In
fact, spawning of Porites in Okinawa occurs predominantly
around the 7th full moon after the winter solstice (Hirose &
Hidaka 2006, Baird et al. 2022), whereas our experiments
at Sesoko occurred around the 5th full moon. Neverthe-
less, there is no reason to suggest that gametes will be less
fertile earlier in the reproductive season. In addition, coral

reproductive output is sensitive to environmental factors
(Baird et al. 2009), and prolonged and elevated sea water
temperatures at Sesoko in 2017 (Singh et al. 2022) might
have affected the reproductive output of the population.
These factors, alone or in combination, could account for the
reduced spawning observed and might have influenced the
outcome of both intra- and interspecific fertilization trials.

Conclusions

Together with genomic and ecological data, controlled
breeding experiments can offer insights into reproductive
barriers, helping to distinguish between closely related spe-
cies. Our findings suggest that P. cf. cylindrica and P. aff.
lutea could be reproductively isolated species in the study
locations, maintained by differences in spawning times and
gamete incompatibility. The observed time gaps in spawn-
ing, ranging from hours to days, could significantly reduce
the potential for hybridization, reinforcing their status as
independently evolving species. These findings align with
previous research on coral reproductive isolation and suggest
that temporal separation in spawning is a key mechanism
maintaining species boundaries in Porites. Additionally, the
apparent failure of interspecific crosses in our breeding tri-
als further supports the presence of intrinsic reproductive
barriers, although more trials and observations would be
needed to provide a definitive conclusion. Building on these
results, future studies should prioritize reproductive trials
as a crucial tool for refining coral taxonomy and clarifying
intricate evolutionary patterns. Integrating reproductive biol-
ogy with genomic approaches will be essential for resolv-
ing taxonomic uncertainties, particularly in species-rich
and morphologically variable coral genera. Expanding such
studies across diverse geographic regions and environmental
conditions will further enhance our understanding of coral
speciation, hybridization potential, and the mechanisms
maintaining species boundaries.
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