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A B S T R A C T

Fertilization is a critical life history event and important to population dynamics. Successful fertilization relies
on encounters of compatible and viable sperm and eggs. Scleractinian corals that spawn their gametes directly
into the water column may experience limitations from sperm dilution and delays in initial sperm-egg en-
counters that can impact successful fertilization. Notably, the same issues can be experienced when conducting
ex situ larval culture. Therefore, experiments were completed using spawned eggs and sperm of the reef corals
Acropora tenuis, A. millepora and Favites colemani to determine the optimal ranges of sperm concentrations (< 103

to 107 mL−1) and temporal response patterns when crossing of eggs and sperm was delayed (30 min to 10 h).
The results showed that sperm concentrations below 103 mL−1 yielded low rates of fertilization for all three
species (< 30%), but that sperm concentrations at 104 mL−1 resulted in higher rates of fertilization for the
Acropora spp. (> 65%) and > 90% fertilization rates for F. colemani. Sperm concentrations of 105–107 mL−1

resulted in the highest observed fertilization rates for all three species (> 90%). High fertilization rates (> 80%)
occurred when eggs and sperm were combined after 30 min and up to 2 h after spawning for F. colemani and up
to 4 h for A. tenuis and A. millepora gametes. Fertilization rates were significantly reduced (< 30%) after a delay
of 4 h for F. colemani and after 6 h for the two Acropora species. No fertilization occurred after a 10-h delay in
combining gametes for all the tested coral species. Therefore, optimal fertilization success for these coral species
rely on sperm densities of ≥104–106 mL−1 and gametes should be combined within two hours after spawning
for optimising larval culture.

1. Introduction

Fertilization is a critical life history event and successful fertilization
contributes to population persistence (Hertwig, 1875 in Briggs and
Wessel, 2006). Successful fertilization depends on the effective de-
livery, interaction, and union of spermatozoa and eggs during periods
when gametes are viable (Riffell and Zimmer, 2007; Lehtonen and
Parker, 2014).
Many sedentary and sessile aquatic animals are broadcast spawners

that release gametes from the body into the water, and fertilization
takes place externally (Levitan and Sewell, 1998; Lasker et al., 2008).
Because successful egg-sperm encounters are much less certain and not
guaranteed, sessile organisms including many corals and echinoderms
have evolved to produce large quantities of gametes. These organisms
may also increase their fertilization success through synchronous re-
lease of eggs and sperm to maximise fertilization (Harrison et al., 1984;

Levitan et al., 1992; Babcock and Mundy, 1992; Oliver and Babcock,
1992; Lasker et al., 2008). Fertilization success is influenced by biotic
factors including gamete output and interaction, population density,
size and proximity of spawning adults, and abiotic factors such as water
depth, current velocity and turbulence (Levitan and Petersen, 1995;
Coma and Lasker, 1997a; Marshall et al., 2000; Farley, 2002; Marshall
et al., 2004). When gametes are released into the water column, sperm
dilution takes place, which can limit fertilization (Levitan and Petersen,
1995; Yund, 2000). Sperm dilution effects have been observed in
Acanthaster planci spawning events; when spawning males were sepa-
rated by about 60 m from spawning females, fertilization success was
significantly reduced to only 23% (Babcock and Mundy, 1992). In
broadcast spawning scleractinian corals, laboratory-controlled experi-
ments showed that fertilization events rarely occurred when colonies
were 30–40 m apart and this is due to insufficient mixing of gametes
and sperm dilution (Teo and Todd, 2018). An extreme case of sperm
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dilution has been observed in the echinoid Strongylocentrotus droe-
bachiensis where fertilization success may be reduced to as low as 15%
when a spawning male is> 1 m away from a female, highlighting that
broadcast-spawning marine organisms can be sperm-limited
(Pennington, 1985). Sperm concentrations and fertilization success can
also be reduced due to low population density of breeding adults and
the Allee effect (Allee and Bowen, 1932; Levitan and McGovern, 2005,
Hollows et al., 2007; Teo and Todd, 2018).
This problem was well demonstrated for corals in a field experiment

by Oliver and Babcock (1992) where fertilization in the water column
was determined following a coral spawning event on the Great Barrier
Reef. Water samples were collected around the reef at different times to
measure the number of eggs that could be fertilized in the laboratory
(fertilization potential). Results showed that fertilization rates were
very high in the field shortly after spawning followed by a steady de-
cline after 2–3 h as sperm dilution occurred. Similarly, fertilization
potential was high only on the major spawning night due to lower
sperm concentrations and rapid sperm dilution when fewer corals
spawned. Sperm-limitation can therefore increase the chance of gamete
wastage (unfertilized eggs) and reduces the reproductive fitness of the
individual (or population) thereby impeding successful reproduction
(Oliver and Babcock, 1992; Coma and Lasker, 1997b).
Broadcast-spawning organisms may also experience delays in

sperm-egg interactions depending on water flow velocity, distance to
each other of spawning individuals, gamete density, and sperm moti-
lity. Sperm viability can be short-lived in sea urchins (Pennington,
1985); and in corals, laboratory experiments have shown that sperm
flagellar motility may cease in less than two minutes and may remain
inactive in the absence of coral eggs (Morita et al., 2006). This is be-
cause egg-derived compounds induce several cascading signals to sperm
including flagellar motility activation and chemotaxis (Yoshida et al.,
1993; Coll et al., 1994; Morita et al., 2006, 2009). Therefore, significant
delays in the initial sperm-egg encounter could result in sperm im-
mobilization or loss of egg viability, or both, resulting in lower fertili-
zation rates or reproductive failure.
With the current and projected ongoing decline of live coral cover

on reefs around the world because of anthropogenic disturbances and
climate change (Hoegh-Guldberg et al., 2007; Hughes et al., 2017;
Hughes et al., 2018), populations of spawning corals are also declining.
Having fewer corals available to spawn may result in greater sperm
dilution in the sea in the future (Levitan et al., 2004; Glassom, 2014;
Nozawa et al., 2015). In addition, some conspecific coral populations
may become isolated from each other through coral mortality, in-
creasing delays in contact times for gametes after spawning (Gilmour
et al., 2013). Furthermore, gamete incompatibility among conspecific
colonies that remain within close proximity may further limit fertili-
zation success (Willis et al., 1997; Miller et al., 2018). Therefore, sperm
concentrations and viability are important factors to consider in la-
boratory experiments and hatchery operations during ex situ larval
production for coral propagation and restoration (dela Cruz and
Harrison, 2017).
The discovery of synchronous mass spawning of corals on the Great

Barrier Reef in the early 1980s significantly improved understanding of
the timing and mode of reproduction of reef corals and led to the de-
velopment of methods to successfully culture coral larvae from broad-
cast-spawning species (Harrison et al., 1984; Babcock et al., 1986;
Pollock et al., 2017). Further development of embryo and larval culture
and an understanding of factors controlling larval settlement and me-
tamorphosis (Heyward and Negri, 1999; Harrington et al., 2004) pro-
vided the basis for larger scale ex situ coral culture techniques that are
being adapted for mass production of larvae for the purpose of re-
habilitating degraded reefs (Petersen et al., 2008; Omori, 2011; Baria
et al., 2012; Villanueva et al., 2012; Guest et al., 2014; dela Cruz and
Harrison, 2017; Chamberland et al., 2017).
Gravid corals collected and held in aquaria tend to spawn at the

same time as colonies on the reef, thereby allowing gametes to be

collected in controlled conditions for use in experiments (Harrison
et al., 1984; Babcock et al., 1986). However, it is important to know the
effects of sperm concentration and gamete age on fertilization rates, as
these factors are significant for optimising embryo and larval produc-
tion. Egg-sperm ratios, and timing until rinsing to prevent polyspermy
(i.e. rinsing of sperm away from eggs to prevent double fertilization and
subsequent failed embryogenesis) are factors that also need to be con-
sidered in optimising fertilization rates. Previous experiments on sperm
concentration and delayed fertilization manipulations have shown
some variable outcomes in different coral groups (Willis et al., 1997;
Nozawa et al., 2015).
Therefore, the aim of this study was to test the effects of different

sperm concentrations and delayed gamete encounters on the fertiliza-
tion success of other coral species. The optimal sperm concentration
and contact time of gametes for maximising fertilization were de-
termined for two acroporid species, Acropora tenuis and Acropora mill-
epora, and Favites colemani corals in Bolinao, Pangasinan, northwestern
Philippines. Results of these experiments will be useful in improving
understanding of fertilization biology, which affects coral population
dynamics on reefs, and for developing effective approaches to large
scale ex situ coral larval culture.

2. Materials and methods

2.1. Coral collection

One week before full moon periods during the predicted spawning
seasons in 2014, fifteen gravid colonies of Acropora millepora (in
March), A. tenuis (April) and Favites colemani (May) were collected from
shallow areas (approx. 2–4 m depth) on Caniogan reef, Bolinao-Anda
Reef Complex (BARC), northwestern Philippines (Fig. 1, 16.29125 N,
120.00115E). Colonies had different colour morphs and growth forms
included that may indicate that these colonies were not genetically si-
milar. In addition, collected colonies were of similar sizes to reduce the
variability in the quantities and densities of gametes produced during
the peak night of spawning.
Gravid colonies were determined by breaking a portion of colony

branches to verify the presence of pink to dark pink maturing eggs
(Harrison et al., 1984). Collected colonies were quickly transported to
the hatchery facility at the Bolinao Marine Laboratory (BML) of The
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Fig. 1. The Bolinao-Anda Reef Complex map showing the location of Caniogan
reef where the corals were collected.

D.W. dela Cruz and P.L. Harrison Journal of Experimental Marine Biology and Ecology 524 (2020) 151286

2



Marine Science Institute, University of the Philippines. To reduce stress,
corals were placed in rectangular basins, 135 × 85 × 40 cm (length x
width x height), with seawater during transport. The colonies were then
carefully transferred to concrete tanks with flow-through seawater and
aeration in the hatchery facility. The concrete tanks measured
4.80 × 2.40 × 0.50 m (length x width x height) with maximum ca-
pacity of 5700 L and with a flow rate of 40 cubic m per hr. The water
coming straight from the sea was sand filtered through a series of ele-
vated reservoirs. Setting and spawning behaviour were checked peri-
odically by monitoring of colonies from 1800 up to 2200 h (sunset:
1836 h; Baria et al., 2012; dela Cruz and Harrison, 2017; Jamodiong
et al., 2018). During the predicted spawning periods, seawater flow and
aeration were turned off each evening at 1800 h to enable spawned
gametes to be collected for experiments. Acropora tenuis spawned at
approximately 1830 h, whereas A. millepora and F. colemani spawned
around 2030 h.

2.2. Sperm concentration experiments

When corals exhibited setting behaviours prior to spawning
(Babcock et al., 1986) at least 10 colonies were transferred to a
135 × 85 × 40 cm (length x width x height) polyethylene rectangular
tank filled with filtered seawater. The seawater was filtered by passing
it through a 1 μm standard non-toxic polypropylene aquaculture felt
filter bag with glazed surface finish. These colonies were the source for
concentrated sperm solutions for the experiments and are henceforth
referred to as “sperm-donor colonies”. A few hours prior to expected
spawning periods, at least 3 colonies, referred to as the “egg-donor
colonies”, were individually placed and isolated in separate circular
containers (height: 34 cm, diameter: 55 cm) that served as the source of
eggs for fertilization (this was done to avoid sperm contamination once
colonies were setting; after Willis et al., 1997). None of the same co-
lonies were used as a source of both sperm and eggs to avoid any ne-
gative consequences or interference during fertilization that might re-
sult from coral self-incompatibility at the colony level (Willis et al.,
1997).
After the sperm-donor colonies had spawned, egg-sperm bundles

were skimmed off the water surface and transferred to a 30 L capacity
polyethylene concentration basin (height: 34 cm, diameter: 33 cm)
containing an initial 10 L of filtered seawater. The egg-sperm bundles
were skimmed off the water surface by slowly dipping the lip of the
collecting container into the water surface allowing the egg-sperm
bundles to flow into the container. The material used to skim off the
egg-sperm bundles was a plastic cylindrical container about 500 mL in
volume. Careful collection of spawned gametes was done to reduce the
variability in the sperm density among the colonies used for the ex-
periments. Gamete bundles were gently agitated to facilitate gamete
separation. Sperm were then collected in a 10 L polyethylene container
by draining the water-sperm suspension through a customized faucet
with 60 μm plankton mesh at the bottom of the container. Sperm counts
were determined using a haemocytometer under a compound micro-
scope with built-in 110v white light source (after Willis et al., 1997).
In the separate containers with each egg-donor colony, egg-sperm

bundles from the colony with the highest amount of spawn (if two or all
of the three isolated colonies spawned at the same night) were skimmed
off the water surface and transferred to a separate non-toxic plastic
fertilization container (height: 34 cm, diameter: 33 cm) with approxi-
mately 10 L of 1 μm filtered seawater. Excess sperm was removed
thoroughly (sperm washing) by draining the water-sperm suspension
through a customized plastic faucet opening with 60 μm plankton mesh
at the base of the fertilization container and adding fresh seawater.
Sperm washing was done at least three times until a clear seawater
suspension was achieved, indicating the sperm had been washed away
(Willis et al., 1997).
Subsequently, ~ 2500 to 3000 eggs from the coral-egg colony were

added into individual polyethylene containers with 3 L of different

sperm concentrations; either< 103, 104, 105, 106, or 107 mL−1 sperm.
A separate container with no coral sperm was also prepared to check for
self-fertilization (control). Each sperm concentration treatment had
three replicates except for the 107 mL−1 of F. colemani, which had two
replicates due to insufficient sperm concentrate available. After 1 h of
exposure to sperm or seawater only treatments, sperm washing was
done three times in each of the fertilization containers as described
previously, and eggs were cultured and maintained in containers with
10 L of sperm-free seawater. Two hours after sperm washing (3 h after
spawning), three 60 mL sub-samples were taken from each replicate
(containing 50–150 eggs per sample) to determine fertilization success
under a dissecting microscope with external LED light source. Fertilized
eggs were typically characterized by the appearance of first cleavage or
the two-cell (blastomere) stages at this time after fertilization (Willis
et al., 1997; Okubo and Motokawa, 2007).

2.3. Delayed fertilization experiment

To examine the effect of delayed time until first gamete contact,
gametes were collected as described previously for sperm concentration
experiments. Immediately after sperm washing, ~2500–3000 eggs from
the egg-donor colony were distributed in containers with an initial 1 L
of sperm-free seawater. Sperm concentrate from the sperm-donor co-
lonies was collected and maintained in a separate container with gentle
aeration at ambient temperature (28–29 °C). Before the addition of
sperm into each fertilization container with eggs, (~100 eggs; N = 3),
samples were collected from each container to determine the status and
integrity of the eggs and any evidence of aging or deterioration (i.e.
swelling, deformed, lysing). One L of sperm concentration of 106 mL−1

was added in each treatment fertilization container (N = 3) at different
time intervals after gamete collection (30 min, 1 h, 2 h, 4 h, 6 h, 8 h and
10 h). The addition of 106 mL−1 sperm to the initial 1 L sperm-free sea
water with eggs yielded a final concentration of 105 mL−1 sperm in
each fertilization container (after Willis et al., 1997). Sperm washing
was conducted after 1 h of gamete contact time, and percent fertiliza-
tion was monitored 2 h after the addition of the sperm, adopting the
method from the sperm concentration experiment described above.

2.4. Statistical analysis

Analysis of Variance (ANOVA) was used to determine significant
differences in fertilization success between sperm concentration treat-
ments and between mixing times in the delayed fertilization experiment
treatments. Newman-Keuls Studentized Range test was conducted as a
post-hoc analysis for the results that showed significant differences.
Repeated measure ANOVA was used to determine significant dif-

ferences between the egg status (i.e. normal, swelling, deformed, lysing)
at specific time periods and through time (30 min, 1 h, 2 h, 4 h, 6 h, 8 h
and 10 h) in each species. To determine if the assumptions of ANOVA
were met, Shapiro-Wilk normality tests and Levene's test of homo-
scedasticity were used on each independent variable. Sphericity tests
were also conducted prior to repeated measure ANOVAs.

3. Results

For the experiment examining the effect of different sperm densities,
fertilization success varied significantly among different sperm con-
centrations for the three coral species (Table 1). Sperm concentrations
at 105–106 mL−1 resulted in near maximum fertilization rates (> 90%)
for all three species (Fig. 2). Post-hoc analysis showed no significant
differences between concentration ranges from 105 to 107 mL−1 for the
Acropora species and from 104 to 107 mL−1 for F. colemani (Table 2).
Fertilization success significantly declined at 104 mL−1 for both Acro-
pora species and at 103 mL−1 for F. colemani (Fig. 2, Table 2).
Delayed fertilization experiments were also completed to examine

the effects of gamete aging and the effects of delayed time to first
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gamete contact on overall fertilization success in these three species.
Significant differences were found among treatments with different
delays in first gamete contact time (Table 3). A very high fertilization
rate was achieved (with no significant differences) when eggs and
sperm were combined after 30 min and up to 4 h after spawning for A.
tenuis, and A. millepora. In contrast, fertilization success was sig-
nificantly reduced after a delay of 4 h for F. colemani and after 6 h for
the Acropora spp.
No fertilization was recorded after a 10 h delay before first com-

bining the gametes for A. tenuis, and A. millepora while no fertilization
occurred after a delay of 8 h for F. colemani (Fig. 3). Fertilization success
was very low (0–25%) for delayed gamete contact times> 6 h for the
Acropora species, and>4 h for F. colemani (Fig. 3, Table 4).
The trends of high fertilization rates up to 4 h and 6 h and low

fertilization after those periods mirror the condition of the eggs of the
three species. Repeated measures ANOVA showed significant differ-
ences in the condition of the eggs through time for all species (Fig. 4).
High proportions of healthy eggs were maintained in F. colemani for
only two hours and up to four hours for Acropora spp. cultures, after
which time significantly higher numbers of deformed or lysed eggs
were present (Fig. 4).

4. Discussion

Sperm concentrations strongly influenced the fertilization success of
the three coral species A. tenuis, A. millepora, and F. colemani. The re-
sults of this study are broadly consistent with previous reports where
maximum fertilization was achieved with high concentrations of sperm
(> 104 mL−1; Willis et al., 1997; Nozawa et al., 2015). The high fer-
tilization success (> 90%) in sperm concentrations between 105 and
107 mL−1 is likely due to the increased probability of sperm-egg en-
counters after spawning. While significantly lower rates of fertilization
were recorded in sperm concentrations of 104 mL−1 for the two acro-
porids, high fertilization (> 90%) was maintained at this sperm

concentration for F. colemani. This result contrasts with other phylo-
genetically related Favites species with the same growth form and
morphology as F. colemani examined in previous studies (F. abdita, F.
pentagona, F. valenciennesi) where< 50% fertilization success was
achieved at sperm concentrations of 104 mL−1 (Oliver and Babcock,
1992; Nozawa et al., 2015). This observation supports previous con-
clusions based on sperm concentration experiments that showed vari-
able fertilization success within and among different coral groups.
The fertilization success for A. tenuis and A. millepora gametes re-

corded in the present study differ from some acroporids examined by
Nozawa et al. (2015) but are very similar to the response of A. latistella
(Willis et al., 1997), and are consistent with the A. tenuis response re-
corded by Albright and Mason (2013), and Ricardo et al. (2015). Some

Table 1
ANOVA results for fertilization success of the three coral species tested under
different sperm concentrations (Control (no sperm), 103, 104, 105, 106,
107 mL−1).

Species Effect SS dF MS F P

A. millepora Intercept 67,204.4 1 67,204.4 6497.7 < 0.001
Concentration 2934.9 5 5868.4 567.3 < 0.001
Error 124.1 12 10.34

A. tenuis Intercept 73,496.4 1 73,496.4 11,091.9 < 0.001
Concentration 30,109.9 5 6022 908.8 < 0.001
Error 79.5 12 6.6

F. colemani Intercept 79,717 1 79,717 1891.3 < 0.001
Concentration 20,185 5 4037 95.8 < 0.001
Error 463.6 11 42.2

Fig. 2. Mean (± SE) fertilization (%) success in response to different sperm concentrations of the corals Acropora millepora, A. tenuis, and Favites colemani. NS = no
sperm.

Table 2
Newman-Keuls Studentized Range test for the fertilization success of the three
coral species tested under different sperm concentrations, α = 0.05.

Species Concentrations (mL−1) Group Mean (%) N

A. millepora 107 A 96.6 3
106 A 97.9 3
105 A 94.5 3
104 B 65.2 3
103 C 8.9 3
No sperm C 3.5 3

A. tenuis 107 A 95.9 3
106 A 99.4 3
105 A 96.7 3
104 B 77.5 3
103 C 8.1 3
No sperm C 5.8 3

F. colemani 107 A 92.9 2
106 A 95.2 3
105 A 92.5 3
104 A 91.9 3
103 B 28.4 3
No sperm C 14.7 3

Table 3
ANOVA results for the fertilization success of the three coral species tested
under different mixing times of gametes after spawning (30 min, 1 h, 2 h, 4 h,
6 h, 8 h and 10 h).

Species Effect SS dF MS F P

A. millepora Intercept 65,239.1 1 65,239.1 1225.6 <0.001
Time 33,779.9 6 5630 105.8 <0.001
Error 745.2 14 53.23

A. tenuis Intercept 60,124.2 1 60,124.2 3400.9 <0.001
Time 41,243.5 6 6873.9 388.8 <0.001
Error 247.5 14 17.7

F. colemani Intercept 50,320.1 1 50,320.1 8691.2 <0.001
Time 35,831.9 5 7166.4 1237.8 <0.001
Error 69.48 12 5.8
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of these variations in fertilization responses may be due to the inherent
differences in the species studied, differences in gamete health and egg
fecundity, the genetic affinity and gamete compatibility of the colonies
used, and even the lunar period during which the corals spawn within
an extended spawning season (Willis et al., 1997; Miller and Babcock,
1997; Omori et al., 2001; Morita et al., 2010; Okubo et al., 2010;
Nakamura and Morita, 2012; Hédouin and Gates, 2013; Isomura et al.,
2013; Paxton et al., 2015). Variation in results compared with previous
studies may also be influenced by the slightly different methods used in
the present study where the sperm were collected from several colonies,
as occurs in the natural environment. In contrast, previous studies have
used single controlled crosses with one colony used for eggs and a single
separate colony used for sperm. The use of sperm from a combination of
colonies may provide a higher chance for the eggs to be fertilized by the
more active and healthier sperm from each colony (Morita et al., 2006),
and overcome potential gamete incompatibility issues where only a
single colony is used for sperm (Fogarty et al., 2012; Isomura et al.,
2013; Iwao et al., 2014). This is demonstrated in polychaete worms and
corals where the higher number of participating spawning individuals
increased the chance of fertilization success in the absence of water
toxicants (Hollows et al., 2007; Teo and Todd, 2018).
For the three species examined in the present study, there were no

significant declines in fertilization rates in sperm concentrations of
107 mL−1, compared with lower concentrations of 105 and 106 mL−1.
Similar results were reported by Omori et al. (2001) with A. tenuis and
A. nasuta, and Willis et al. (1997) with A. latistella, but these results
contrast with results for some other coral species where fertilization
rates declined at higher sperm concentrations (Oliver and Babcock,
1992; Levitan et al., 2004; Chui et al., 2014; Lam et al., 2015). Reduced

Fig. 3. Mean (± SE) fertilization (%) success in response to delayed gamete mixing times for Acropora millepora, A. tenuis, and Favites colemani.

Table 4
Newman-Keuls Studentized Range test for the fertilization success of the three
coral species tested under different mixing times of gametes after spawning,
α = 0.05.

Species Time Group Mean (%) N

A. millepora 30 min A 84.7 3
1 h A 90.4 3
2 h A 90.7 3
4 h A 94.5 3
6 h B 19.7 3
8 h BC 10 3
10 h C 0 3

A. tenuis 30 min A 88.7 3
1 h A 92.3 3
2 h A 95.1 3
4 h A 91.2 3
6 h B 5.3 3
8 h B 1.9 3
10 h B 0 3

F. colemani 30 min A 92.5 3
1 h B 99.3 3
2 h B 98.7 3
4 h C 23.3 3
6 h D 3.4 3
8 h D 0 3

Fig. 4. Mean % (SE) health status of coral eggs in cultures associated with
delayed mixing time of gametes. Letters above bars denote consistent grouping
following post hoc results within (not between) each time period (Newman-
Keuls Studentized Range test).
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fertilization at high sperm concentrations (> 107 mL−1) was suggested
to be due to reduced dissolved oxygen, increased CO2 and changes in
pH of the surrounding water (Oliver and Babcock, 1992). Other re-
searchers have suggested that the decline in fertilization may be due to
polyspermy, which can occur when more than one spermatozoa ferti-
lizes an egg resulting in inhibition of embryo development (Styan and
Butler, 2000; Franke et al., 2002; Albright, 2011; Reuter et al., 2011).
Egg size and sperm-attracting chemical compounds present on the
surface of the eggs increase the chance of polyspermy in conditions of
highly concentrated sperm (Levitan, 1993; Coll et al., 1994; Marshall
et al., 2000; Kosman and Levitan, 2014).
However, eggs can potentially avoid polyspermy by either a fast-

block mechanism that involves opening the Na+ channel that depo-
larizes the egg membrane, or by a slower physical block process that
involves the internal release of Ca++ inactivating the binding receptors
on the vitelline membrane of the eggs in sea urchins (Schuel, 1984). In
addition, a sperm motility-suppressing compound is released by the egg
immediately after the initiation of fertilization (Morita et al., 2006).
The fast and slow-block polyspermy-preventive mechanisms are well
documented in sea urchins, some other marine invertebrates and frogs
(Lambert and Lambert, 1981; Grey et al., 1982; Schuel, 1984; Shen and
Buck, 1993; Gould and Stephano, 2003), but are poorly understood for
corals. Therefore, research on the possible existence of these poly-
spermy-preventive mechanisms in corals is strongly recommended.
Furthermore, for the purpose of ex situ coral larval culture, sperm
concentrations above 104 mL−1 and up to 106 mL−1 are recommended
to ensure higher fertilization rates and larval yield. In addition, sperm
washing is recommended to remove sperm after one hour in order to
maintain the water quality of the culture by avoiding reduced dissolved
oxygen and microbial blooms after the excess sperm die.
Fertilization of A. tenuis, A. millepora, and F. colemani can occur

within 30 min after spawning, consistent with different coral groups
examined in previous studies (Omori and Iwao, 2014; Maboloc et al.,
2016). However, since there is a time-lag for egg activation or for the
egg to release sperm-attractants, higher fertilization success can be
achieved when gametes are mixed about 30 min after spawning
(Babcock and Heyward, 1986; Coll et al., 1994; Morita et al., 2006).
Gamete viability of A. tenuis and A. millepora remained high up to 4 h
after spawning. This contrasts with the results of Oliver and Babcock
(1992) for Montipora digitata, Favites pentagona, and Platygyra sinensis
where>50% fertilization was achieved only up to 3 h after spawning.
Similarly, fertilization of F. colemani gametes in the present study de-
clined after 2 h. The fertilization responses recorded in the present
study show that gamete age is an important factor when rearing coral
embryos, and that gametes should be combined well within two hours
for F. colemani, and well within four hours for A. tenuis and A. millepora
after spawning to achieve maximum rates of fertilization and healthy
embryo cultures.
The observed susceptibility of F. colemani gametes to age effects

could have a substantial impact on fertilization success especially for
corals in situ where sperm-egg encounter is strongly controlled by the
proximity of participating spawning coral colonies and environmental
parameters that influence sperm dilution such as water depth, velocity,
and turbulence (Pennington, 1985; Babcock et al., 1994; Crimaldi and
Zimmer, 2014). However, this could possibly be compensated for by
producing faster and more active sperm that can increase the chance of
more quickly encountering an egg and initiating fertilization in a very
low sperm concentration environment. The relationships between ga-
mete physiology, longevity and sperm concentration, how these vary
between coral species, and their effects on fertilization success need
further detailed investigation.
The viability of gametes decreased over time, particularly when

eggs and sperm were mixed 6 h after spawning. Fertilization success
was<20% at this time for all three tested species, which is relatively
low compared to the results from Willis et al. (1997) who recorded>
60% fertilization for A. millepora gametes up to almost 8 h after

spawning. As the sperm and eggs used in these experiments were at the
same age and the effect of longevity was not investigated separately, it
is not known whether the loss of viability is mainly because of the status
of the sperm, eggs, or both. What is clear is that the increasing per-
centage of deformed and lysed eggs present with increasing time after
spawning is directly related with the decreased percentage of normal
eggs and consequent drop in fertilization success. In sea urchins, it is
known that cell death or apoptosis of unfertilized eggs is due to the
progressive loss in activity of extracellular regulated kinase or ERK
(Houel-Renault et al., 2013; Philippe et al., 2014). The opposite occurs
with starfish and other echinoderms, where apoptosis of unfertilized
eggs is delayed when the loss of ERK is arrested (Sasaki and Chiba,
2001, 2004). Whether a similar internal mechanism of chemically-
mediated programmed death or apoptosis occurs or simply necrosis in
unfertilized coral eggs is not known.
The results of this study combined with previous studies show some

species-specific fertilization outcomes from different sperm concentra-
tions and delayed contact times of gametes. This highlights the need for
more investigation of the responses of different coral species to these
aspects of coral fertilization. Understanding optimal sperm density and
gamete interaction periods is important for managing ex situ larval
culture activities to achieve higher fertilization, embryo and larval
yields, and for toxicology and environmental stress assays (Harrison
and Ward, 2001; Reichelt-Brushett and Harrison, 2005; Marshall, 2006;
dela Cruz and Harrison, 2017; Puisay et al., 2018).
Furthermore, given the ongoing decline in coral populations on

many reefs around the world, and particularly in the Philippines and
some other regions of Southeast Asia (Burke et al., 2011), populations
of corals are likely to face increasing sperm limitations (Levitan and
Petersen, 1995; Yund, 2000). Sperm limitation in the sea may impair
reproductive success in future as the abundance and biomass of gravid
corals that can spawn synchronously decreases. The isolation and re-
duction of adult spawning corals reinforces the need to re-establish
large numbers of breeding coral colonies of the same species during
coral restoration projects (dela Cruz and Harrison, 2017). This will
increase the likelihood of successful fertilization and production of
large numbers of coral larvae that can contribute to larval settlement
and recruitment to maintain coral populations in future.
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