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Abstract. Bleaching profoundly impacts coral reproduction, often for years after an event.However, detailed reproductive

characteristics of coral after bleaching have not been broadly described, especially as they relate to cryopreservation.
Therefore, in the present study we measured several reproductive characteristics in coral in Kaneohe Bay, Hawaii, for two
species, namely Fungia scutaria and Montipora capitata, during the bleaching period of 2014 and 2015. We examined

spawning periods, egg morphometry, sperm concentration, fresh and cryopreserved sperm motility exposed to different
concentrations of dimethyl sulfoxide, time of first cleavage, larval survival with fresh and cryopreserved spermatozoa,
infection success and settlement success. Many of these reproductive parameters were reduced in 2015, especially sperm
motility. Once the reduced-motility spermatozoa from 2015 post-bleach were cryopreserved, there was a steep decline in

post-thaw viability and this would prevent any substantive further use of these samples in reproduction for conservation
benefit. Worldwide, as bleaching events become more frequent, the ability to bank and conserve coral ex situ may be
significantly reduced. Thus, it is imperative that while genetic diversity is still high in these populations, intensive efforts are

made to bank coral species during non-bleaching periods.

Additional keywords: cryopreservation, Fungia scutaria, Montipora capitata, sperm, Symbiodinium.

Received 12 December 2015, accepted 5 April 2016, published online 17 June 2016

Introduction

Symbiotic partnerships are essential for the health and function of
biological systems, ranging from individuals to ecosystems
(Relman 2008).Most frequently, the basis for the symbiosis is the

exchange of nutrients between partners. Symbiotic relationships
allow animals and plants to grow in nutrient-poor environments
by using the rich metabolic proficiencies of micro-organisms. In

return, themicrobe in thesemutualistic partnerships usually gains
nutrients and/or a protected environment. Many tropical corals
host intracellular dinoflagellate symbionts, called Symbiodinium,

that are critical for their survival (Kawaguti 1944; McLaughlin
and Zahl 1959). These symbionts are characterised by their
clades, and each clade has certain geographical distribution and

temperature tolerance, beyond which they begin to stress (Baker
2003; LaJeunesse et al. 2004).

When the coral holobiont begins to stress, it can loose its life-
giving symbionts and bleach. Bleaching is a physiological

response to many environmental variables, including, among
others, temperature, water chemistry, solar irradiance and bac-
terial infections. Stress responses of coral have been described

for many years (Vaughan 1914), but mass bleaching phenomena
were first noted around the world in the mid-1970s and 1980s,
leading to subsequent coral mortality and concern for the

long-term survival of reefs (for a review, see Baker et al.

2008). These mass bleaching events correlate with El Niño
Southern Oscillation events, which produce elevated sustained
(10–12 weeks) sea surface temperatures approximately 18C
above the summer maximum, and in time can result in coral
mortality (Glynn and D’Crox 1990; Glynn 1996). As these
bleaching events became more common, it was realised that

they were tightly linked to the production of greenhouse gases
by our overuse of fossil fuels (Jokiel and Coles 1990; Glynn
1991, 1993; Goreau 1992; Fitt et al. 2001; Baker et al. 2008).

The report from the Intergovernmental Panel on Climate
Change (IPCC 2007) has predicted that, during the period
2012–40, coral reefs will experience more frequent bleaching

events closer together in time and has identified these bleaching
events as the greatest threat to the world’s reef systems.

Bleaching profoundly affects reproduction in coral often for
more than one season (Ward et al. 2002). In that study,Ward et al.

(2002) determined that although the global bleaching event in
March 1998 affected Heron Island coral extensively, some
individuals bleached whereas others did not. By November

1998 the ‘recovered’ coral had fewer polyps containing eggs
and testes and the existing eggs were smaller than the unbleached
colonies (Ward et al. 2002). Moreover, the subsequent bleaching
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event the following year wiped out all the reproduction in the
‘recovered’ coral (Cox and Ward 2002). An 11-year study on

marked coral individuals in Panama was conducted to determine
how likely coral are to recover from bleaching (Levitan et al.

2014).The resultswere extremely disturbingbecause they clearly

demonstrated the stressful long-term effects of warming leading
to the reduced reproduction on coral that visibly bleached, as well
as on those that did not bleach (Levitan et al. 2014). So, even

though corals were not conspicuously loosing their Symbiodi-
nium, the long-term stress was found to disrupt reproduction.

It is clear that bleaching has profound effects on the
reproduction of coral; however, detailed reproductive charac-

teristics of coral after bleaching are limited (Szmant and
Gassman 1990; Randall and Szmant 2009). Therefore, we were
interested in detailing the reproductive profile of Fungia

scutaria andMontipora capitata coral populations in Kaneohe
Bay (most of which bleached in October 2014), 9 months after
their recovery. We compared the details of their post-bleaching

reproductive profile to the more than 30 years of reproductive
data on F. scutaria in Kaneohe Bay (Krupp 1983; Schwarz
et al. 1999; Hagedorn et al. 2006, 2010, 2012, 2015a) and the
almost 20 years of data for M. capitata reproduction (Field

1998; Cox 2007; Padilla-Gamiño et al. 2011, 2014; Padilla-
Gamiño and Gates 2012; Hagedorn et al. 2015b). Nevertheless,
without consistent yearly reproductive profiles assessed

in a similar manner, these historical comparisons can only be
suggestive at best. However, this reproductive profile, pre-
sented here, may lay the fundamental groundwork to examine

future reproductive changes.
When coral experience a 18C increase in temperature for$6

weeks, they begin to bleach (Glynn andD’Crox 1990). The 2014

warming resulted in widespread bleaching of most species in
Kaneohe Bay, with 82%– 87% of the M. capitata, Porites
compressa and F. scutaria exhibiting bleaching (Nielson
2014). In the present study, during the 2015 bleaching event,

we examined spawning periods, egg morphometry, sperm
concentration, fresh and cryopreserved sperm motility exposed
to different concentrations of dimethyl sulfoxide (DMSO), time

of first cleavage, larval survival with fresh and cryopreserved
spermatozoa, infection success and settlement success for both
F. scutaria and M. capita. In addition, we investigated how

cryostress might affect fertilisation success, the time of first
cleavage and larval survival.

Materials and methods

Coral collection and husbandry

Whole individuals of F. scutaria (n¼ 60) and fragments of M.

capitata (n¼ 34) were collected from the shallow patch reefs in
Kaneohe Bay, Hawaii, in May and June of 2015. The n-values

reported throughout the paper indicate the number of individuals
used; this is complicated by the fact that M. capitata is a her-
maphrodite, but the eggs and spermatozoa of the same individual

were never crossed. In addition, to ensure genetic diversity,
corals were collected from different patch reefs throughout the
entire bay. Coral were maintained in flowing seawater tables

connected directly to Kaneohe Bay with natural temperature
and lower light exposure throughout the spawning season.

The F. scutaria colonies were kept in the same tanks after
spawning, butM. capitata were returned to the reefs. Collection

was performed with the appropriate permits from the state of
Hawaii’s Department of Land and Natural Resources (Special
Activity Permits #SAP 2011: 2011–1; 2012: 2012–63, 2013:

2013–47; 2014: 2015–17). No institutional ethics approval was
required for any of the experimental research described herein.

We had collected consistent data for spawning periods,

sperm motility and sperm concentration and post-thaw motility
for the two species between 2010 and 2015, and then used data
from other time periods for comparison.

Gamete collection

Gametes were collected using different approaches for each

species, as described previously (Hagedorn et al. 2012, 2015b).
Briefly, whole F. scutariawere collected on over 16 patch reefs
throughout Kaneohe Bay in June 2015. Two to four days after

the full moon in July, August and September, individuals were
isolated in bowls and allowed to spawn. Spawningwas observed
to occur between 1630 and 1830 hours. Once spawning was

observed, our research teammonitored each individual to check
for the release of either eggs or spermatozoa. Eggs were allowed
to remain in the bowl until spawning ceased, and were then

collected for experiments described below. Spermatozoa were
collected as they were released and immediately transferred to a
50-mL centrifuge tube using a transfer pipette. Every effort was
made to keep the spermatozoa as concentrated as possible for

use in the experiments described below. Eggs and spermatozoa
from each individual were kept separate until assessed, and then
IVF was conducted.

In contrast, M. capitata spawned 0–2 nights after the new
moon. To ensure genetic diversity, fragments (,10 cm� 10 cm)
were collected from intact colonies located on at least 20 patch

reefs throughout Kaneohe Bay. The M. capitata gametes were
collected from both individuals identified in our tanks and
multiple individuals from the surface of the south-facing lagoon
at the Hawaii Institute of Marine Biology. To collect egg–sperm

bundles from individuals, fragments were isolated in floating
pots, at 1930 hours and spawning commenced around 2100
hours. Bundles floated to the surface and were collected with

200-mL pipettes or transfer pipettes and were placed in 50-mL
centrifuge tubes with approximately 5mL eggs added to 10mL
seawater, which maintained a sperm concentration of 109 cells

mL�1. Because this species has a toxin in the eggs that can affect
the spermatozoa (Hagedorn et al. 2015b), the egg–sperm bundles
were allowed to break apart without agitation. After breaking

apart naturally, concentrated spermatozoa from each individual
were removed from the bottom of each tube and eggswere gently
washed with filtered seawater (FSW) by carefully refilling the
tube, allowing the eggs to float to the surface and then removing

the FSW below the eggs four to five times. For egg–sperm
bundles from multiple individuals, bundles were collected as
they were released to the surface of the lagoon with scoops.

Approximately, 5mL eggs was placed in 5mL seawater in a
50-mLconical plastic tube tomaintain the sperm concentration at
109 cells mL�1, as above. For the multiple individual collections

in the lagoon, only spermatozoa were used for further testing.
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Temperature measurements

Coral and larvae were maintained in an open system with suffi-
cient flow (,16L min�1) to maintain temperatures similar those

on the reef. To understand the differences in the temperature
profiles between our tanks and the bay that may contribute to
warming stress, bay temperature was measured by an in situ

weather station on Coconut Island and in the tanks by Hobo
loggers (HOBO Pendant� Temperature/Light 64KData Logger,
Onset, Bourne, MA, USA) taking measurements every 2min or

single static measurements at 1200 or 1500 hours everyday with
an Omega HH147U Data Logger Thermocouple (Stamford, CT,
USA). Warming stress that can lead to bleaching has two key
components: the temperature of the water and the intensity of the

light (Lesser and Shick 1989; Ferrier-Pagès et al. 2007). To
reduce irradiance, the tanks were covered with shade cloth.

Egg morphometry and assessment

After spawning, approximately 2–30 eggs from individual
F. scutaria (n¼ 18) were assessed, using computer-aided mor-
phometry (Olympus BX41, Center Valley, PA, USA, QImaging

Retiga 200R camera, Surrey, BC, Canada and NIH Image J
software, Bethesda,MD,USA), and amean diameter and volume
calculated. If any individual’s eggs were irregularly shaped, they

were not used in further reproductive experiments. These data
were compared with previous F. scutaria data taken in 2005 and
2007 using the same methods (Hagedorn et al. 2010).

In addition, during the imaging above, F. scutaria (n¼ 14)
eggs (,100) were also scored for debris and mucus in the water
and overall per cent abnormality (irregular shapes or sizes) using

a scale from0%, being no abnormal eggs, to 25%, 50%, 75%and
100% indicating progressively more abnormal eggs.

Sperm motility and concentration assessments

Spermmotility was assessed for each individual, colony orwild-

caught pooled sample before deciding whether to include those
spermatozoa in subsequent experiments as reported in previous
studies (Hagedorn et al. 2012). Each night, a low threshold of

motility was determined and spermatozoa below that threshold
were not used further. From previous studies (Hagedorn et al.

2012), we have determined some guidelines for rapid assess-

ments once the spermatozoa are collected. This was important
because the time available to work with coral spermatozoa was
limited to 2–5 h, depending on the species. Generally, the low
threshold for coral sperm motility is approximately 50%, but

during the studies in 2015we accepted a threshold as low as 30%
motility. In terms of sperm concentration, the low threshold
depends on how the spermatozoa will be used after thawing. For

fresh spermatozoa, concentrations ranging from 104 to 106 cells
mL�1 in the in vitro culture are successful, depending on the
species (Hagedorn et al. 2012). Generally, we used twice to

three times this concentration in the in vitro culture with cryo-
preserved spermatozoa because its post-thaw motility is often
50% less than its starting value. An additional consideration was

that after assessment only spermatozoa meeting both the con-
centration and motility requirements were pooled for use in
subsequent experiments, because including inferior samples
would result in little or no reproduction.

Spermatozoawere assessed for each individualF. scutaria or
M. capitata fragment or wild-caught pooled sample (M. capi-

tata) subjectively by eye following previously reportedmethods
(Hagedorn et al. 2012).

During spawning, efforts were made to collect spermatozoa

consistently from spawn to spawn.WithF. scutaria, spermatozoa
werecollected as theywereexpelled from themouth. In thecase of
M. capitata, 5mL of egg–sperm bundles were collected with

10mLFSW in a 50-mL centrifuge tube. Sperm concentrationwas
measuredusingcomputer-aidedspermanalysis (CASA;Hamilton
Thorne, Ceros II System, Olympus BX41 with a �10 objective
and a green filter) system.A3-mL spermsamplewas loadedonto a

specialised Standard Count 4 Chamber Slide (20mm; REF SC20-
01-04-B; Leja, The Netherlands) and three to five unique video
fields for each sperm sample were acquired. Some replicate

concentrations were taken using a haemocytometer to verify
accuracy of the CASA system to assess concentration.

Sperm cryopreservation

Using methods described previously (Hagedorn et al. 2012),
0.5-mL samples of F. scutaria spermatozoa were mixed 1 : 1
with 20%DMSO in FSW in 1.8-mL cryovials, held for 20min at

24–268C, cooled at 208C min�1 to –808C, quenched in liquid
nitrogen for at least 10min, thawed in 308C FSW and then post-
thaw viability was assessed.

Fertilisation success

Although sperm concentration and motility are important, fer-
tilisation success is the best indication that both spermatozoa

and eggs are healthy. To examine this, we added either fresh or
cryopreserved spermatozoa to fresh F. scutaria eggs. For F.
scutaria, approximately 100 eggs from eight female F. scutaria
were loaded into two parallel sets of 15-mL scintillation vials

filled with 4.995mL FSW, then 5 mL of either fresh (1� 108

cells mL�1, resulting in 1� 105 cells mL�1) or 5mL cryopre-
served spermatozoa (2� 108 cells mL�1, resulting in 2� 105

cells mL�1) were added to each vial and their fertilised eggs
counted 4 h later. The two sets of eight vials were fertilised with
two different sperm pools (A and B) of male spermatozoa (n¼ 3

males per pool at 55% and 36% fresh motility, respectively).
ForM. capitata, only fresh spermatozoa were used to assess

fertilisation success. IVF trials were conducted by adding one to
two egg–sperm bundles from two different individuals (n¼ 9)

into 5mL FSW in 15-mL glass scintillation vials. After 60min,
the bundles fell apart and egg numbers were recorded. Sperma-
tozoa in each vial yielded a final working concentration of 106

cells mL�1 and fertilised larvae were counted.
After 12 h, fertilisation success was assessed by counting the

number of developing larvae in each vial under a dissecting

microscope at �10 magnification.

Development

To determine the effect of bleaching on embryo development,

50F. scutaria eggs from each individual harvested after bleaching
were placed into 5mL FSW in a 15-mL scintillation vial after
fertilisation and the time to first cleavage inF. scutaria individuals
(n¼ 14) was determined. Seven treatments were used to examine
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the effects not only of sperm concentration, but also increasing
concentrations of DMSO. When we use cryopreserved sperma-

tozoa for fertilising fresh eggs, generally we try to freeze the
spermatozoa at a concentration for F. scutaria at 108 cells mL�1

with 10% DMSO (Hagedorn et al. 2012). These samples were

diluted 1 : 1000 for fertilisation, producing a concentration of 105

cellsmL�1 and 0.01%DMSO in the vial.Toohigh a concentration
of DMSO can cause developmental issues. To fully explore this,

we used seven treatments in the present study: (1) samples with no
spermatozoa; (2) spermatozoa at 104 cells mL�1; (3) spermatozoa
at 104 cells mL�1 and 0.01%DMSO; (4) sperm at 105 cellsmL�1;
(5) sperm at 105 cells mL�1 and 0.1% DMSO; (6) spermatozoa at

106 cells mL�1; and (7) spermatozoa at 106 cells mL�1 and 1%
DMSO.The time of first cleavage in the sampleswas examined on
a Wild dissecting microscope at �10 magnification 1, 2 and 4 h

after spermatozoa were added to the scintillation vial.

Larval survival

Toassess larval survival, wedistributed eggs from10F. scutraria

females equally into two 3-L bowls, each containing 500 000
eggs, with seawater reduced to 100mL. Eggs were then fertilised
with 1mL fresh or cryopreserved spermatozoa (fresh motility

54%; n¼ 6 males), resulting in 5� 105 cells mL�1 in the bowls
with fresh spermatozoa and 1� 106 cells mL�1 for the cryopre-
served spermatozoa with an average post-thaw motility of 13%.

Each bowl was gently swirled periodically for an hour, and then
topped up to 3L with FSW. All larvae in all bowls were cleaned
within 12 h using a series of sieves andFSWand thiswas repeated
every 24 h for 3 days. To assess survival, each bowl was mixed

well and 10 subsamples of larvae (20 mL–1 mL) were taken,
counted on a microscope (SZX7; Olympus) at a magnification of
�1.25 and then the samples replaced. If the sample volume was

,1mL, the counts were multiplied to equal a 1mL volume and
themean number of larvae per bowlwas reported as larvaemL�1.

In the present study,M. capitata egg–sperm fertilisation and

survival were assessed by IVF. This entailed crossing one
bundle each from two different individuals, allowing the bun-
dles to fall apart and cross-fertilise in 5mL FSW in a 15-mL

glass scintillation vial. Over three nights, 34 unique crosseswere
completed representing 14 individuals, and their developing
larvae were counted in each vial under a dissecting microscope
at �10 magnification 1 to 2 h after the bundles fell apart and at

the end of 3 days. The number of eggs in each vial was
maintained and assessed through larval survival and settlement.

Infection success

The ability of F. scutaria larvae to take up their Symbiodinium

after bleaching was examined on Day 4 of their development.
The surviving F. scutaria larvae were cleaned and divided into
small bowls of either 100 or 50mL FSW to yield 1000–2500

larvae mL�1. Then, 300mL brine shrimp essence (frozen brine
shrimp were crushed into FSW; the brine shrimp were then
filtered out and only the supernatant used) was added to each

small bowl of larvae 5min before the addition of Symbiodinium
to initiate a searching and feeding response from the larvae
(Schwarz et al. 1999). Symbiodinium were extracted and
cleaned as described previously (Schwarz et al. 1999; Hagedorn

et al. 2010) and concentrated to a density of 1� 107 mL�1

before being added to the small bowls of larvae to result in a final

concentration of 1� 106 mL�1 Symbiodinium in each bowl.
After infection, larvae were observed carefully over the 4-h

infection period to make sure they were swimming. At 4 h after

infection, larvae were cleaned several times by placing them in a
40 mm mesh sieve, rinsing with FSW until all excess Symbiodi-
nium had been removed, and then transferred into larger bowls

and returned to 3 L FSW. Larvae were cleaned by removing and
replacing 90% of the FSW each morning for 2 days, and then
infection success was assessed. At least 100 larvae from each
bowl were examined using an Olympus SZX7 microscope and

scored as infected if they contained at least one Symbiodinium.

Settlement success

TheF. scutaria larvae from the two bowls (described above) that
produced effective infections were used in settlement experi-
ments on Day 6, as described previously (Schwarz et al. 1999).
Briefly, infected larvae (n¼,100 per well) were placed in

12-well plastic plates (n¼ 4 per bowl) that had a 2- to 3-day
biofilm. These plates were left in running water for 2 days, the
larvae were counted and fresh FSW was renewed each day.

To get the Day 3M. capitata larvae to settle (n= 14), they,
were placed into 10mL FSW in 10-mL petri dishes with 1 to
2 cm chips of crustose coralline algae. Over three nights, their

settlement was assessed by counting the developing larvae in
each vial under a dissecting microscope at �10.

Statistical analysis

All data analyses were performed using Prism 6.0 (GraphPad,
San Diego, CA, USA) and Excel (Microsoft, Redmond, WA,
USA). All percentage datawere log transformed before statistical

analyses. For multiple group comparisons, normality was tested
graphically and data analysed. All analyses and post-tests are
specified in the Results, and all data are expressed as the mean
� s.e.m. For integer data, Chi-squared analysis was performed.

Results

Spawning period

From 2010 to 2015, the spawning of the two species was mon-
itored each month (Table 1). F. scutaria spawned from June to

October, depending on whether the full moon was early in the

Table 1. The number of observed monthly spawnings of Fungia

scutaria and Montipora capitata over a 5-year period

ND, no data for that month; NS, no spawning observed in that month

Fungia scutaria Montipora capitata

June July August September October May June July August

2015 1 2 1 1 1 1

2014 ND 1 1 1 1 1 1

2013 1 1 1 1 1 1 1

2012 1 1 1 1 1 1 1 NS

2011 1 1 ND 1 1 1 1 1

2010 1 1 1 1 1 1 1 1
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month. If it was later in the month, then usually there were only
four spawns in a summer, whereas an early full moon might

produce five spawns in a summer. M. capitata spawned three
times in a summer, usually June through August, but in 2014 it
spawned May–July.

Temperature measures

From assessing the meteorological records collected from the
weather station on Coconut Island, Kaneohe Bay experienced
year-long warming starting in the summer of 2014 through 2015,

whereby the average sea surface temperature in August and
October was 1–1.88C and 2.5–2.68C, respectively, above average
August and October sea surface temperatures for the previous 3
years. The temperatures in our tanks tracked the temperatures on

the reef�18C in mean monthly values from 2010 to 2013 and
2015 (see Fig. 1). In 2015, Kaneohe Bay was 28C warmer in July
and August than 2010–13. The meanmonthly photosynthetically

active radiation (PAR) values for Kaneohe Bay in July and
August for 2015 were 1110� 63 and 910� 74 mE m�1 s�1,
respectively. However, the mean irradiance levels in our tanks in

2015 were 1.1% or less of these values.

Egg morphometry

Measurements of mean F. scutaria egg volumes were compared

with previously recorded data (Hagedorn et al. 2010) from 2007
and 2005 (Fig. 2; Table 2), demonstrating differences in the
mean egg volumes for all years, with 2015 having the smallest
overall mean volume (P, 0.05, analysis of variance (ANOVA);

F¼ 154, Tukey’smultiple comparison test). The 2015mean egg
volume exhibited a –50.9% (2007) and –10% (2005) difference
in volume with comparison years.

Generally, in non-bleaching years, F. scutaria eggs were
extremely translucent white in colour and uniform in size, with
no debris or mucus surrounding the eggs. In 2015, all the egg

samples from the 14 stressed individuals had debris and mucus
surrounding the eggs, which was unusual. Moreover, 5� 2% of

the eggs were abnormal in shape, ranging from 0% to 50%
abnormal.

Sperm concentration

There was no difference in the mean sperm concentration for
F. scutaria between 2015 and 2010 and forM. capitata between

2015 and 2011 (Table 3; P. 0.05, Kruskal–Wallis test, Dunn’s
multiple comparison test). For F. scutaria, the sperm con-
centrations produced in July and August were averaged for each

year, whereas those for June and July were averaged for

M. capitata. These months were chosen because these are the
peak breeding months for these species during each summer.

Sperm motility

We examined total progressive motility for both F. scutaria and
M. capitata spermatozoa over multiple spawning events during
the summer of 2015 and compared them with previous motility

data from 2014 to 2010 (unpubl. data, Fig. 3). In 2015, F. scu-
taria had an average total progressive motility of 37.1� 3.6%
(n¼ 24), whereas M. capitata had total progressive motility of

40.5� 2.3% (n¼ 65). These mean total progressive percentage
motilities were one of lowest of the four or five comparison
years (F. scutaria: P, 0.05, ANOVA, F¼ 7.2, Dunnett’s

multiple comparison test; M. capitata: P, 0.05, ANOVA,
F¼ 26.2, Dunnett’s multiple comparison test).

Fertilisation success

The fertilisation success of stressed F. scutaria eggs and fresh

spermatozoa (105 cells mL�1; n¼ 22) was examined. Fertili-
sation success in 2015 was 47.3� 7.4% (n¼ 34), and reduced
compared with a previous year (2009), when fertilisation suc-

cess was 82.5� 4.8% (n¼ 14; P, 0.05, Student’s t-test). This
reflected a percentage change of 42.8% in the fertilisation
success between the two years. In contrast, M. capitata had a

fertilisation success of 69.0� 6.2% (Table 2), but we did not
have any previous data to compare this with.

Months
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T
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°C

)

July August Sept

2010 to 2013 Bay
2013 Tank
2014 Bay
2015 Bay
2015 Tank

20

22

24
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Fig. 1. Mean average sea surface temperature profile in KanoeheBay of non-bleaching years from 2010 to 2013

compared with bleaching years of 2014 and 2015, with comparative temperature profiles in our coral tanks in

2013 (non-bleaching) and 2015 (bleaching) for maintaining coral. Data are the mean� s.e.m.
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Time of first cleavage

We examined the time of first cleavage of the eggs from 2015
F. scutaria individuals (n¼ 14) exposed to different concentra-
tions of fresh spermatozoa (104, 105 and 106 cells mL�1). All the
eggs from each individual were subdivided into seven treatments

(see below for additional treatments). We were not concerned
about the fertilisation success within each treatment, only when
the first developmental cleavage occurred within the treatment.

Only 53.3%of eggs from stressed individuals (n¼ 14) exposed to
fresh spermatozoa cleaved at 1 h, with the remainder cleaving
after 2 h (35.6%) or 4 h (11.1%; n¼ 45 samples).

Larval survival

During 2015, F. scutaria larvae survival was measured in a pair-

matched set of bowls (n¼ 10) where eggs from the same female
were evenly divided into the bowls. One-half of the bowls was
fertilised with a pooled fresh sperm sample (n¼ 6 males, 54%

motility) and the other half was fertilised with the same

spermatozoa, but cryopreserved (see below). In addition,
M. capitata larvae were counted in their vials every day.

Larval survival fromDay 1 toDay 3was relatively similar for
both F. scutaria (44.2� 8.4%) and M. capitata (43.5� 6.5%;

Table 2).

Infection success

In addition to these previously described reproductive char-

acteristics reported here, the successful uptake or ‘infection’ of
Symbiodinium for F. scutaria was assessed in our in vitro sys-
tem. At the end of 6 days, two bowls of larvae remainedwith 114
and 39 larvae mL�1. These two bowls had reasonable infection

success of 82.9% and 63.6%, respectively. However, before the
introduction of the symbionts, the larvae were examined and
20%–40% of the larvae in the bowls were misshapen and often

fused into large associations. Nevertheless, even these devel-
opmentally abnormal larvae took up Symbiodinium. Infection
success in M. capitata was not examined because of horizontal

transmission of symbionts from adult to egg.
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Fig. 2. Egg volumes for Fungia scutaria over three different years spanning 10 years. (a) Mean egg

volume varied considerably among the years measured, but was largest in 2007 and smallest in 2015

(*P, 0.05). Data are the mean� s.e.m. Because s.e.m. values were small, this suggests that the egg

volumes of that year clustered close to themean in a year-class volume. (b) Continuity of egg volumeswithin

a year-class.
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Settlement success

One day after placement into the settlement trays, theF. scutaria
larvae were counted and were still actively swimming.
However, the following day most were dead, with a few lone

settlers in two wells. TheM. capitata settlement was counted 14
days after fertilisation. Preliminary observations in June 2015
showed that larvae were still swimming 10 days after develop-
ment with no settlement. Therefore, settlement was checked

daily from 10 days after development until settlement was
observed on Day 14; average settlement was 12.3� 3.0%.

Cryopreservation success

During the 2015 bleaching year, several reproductive factors
were affected even further when freezing and/or cryoprotectants
were involved. First, the fertilisation success ofF. scutaria using

cryopreserved spermatozoa was reduced during the 2015
bleaching season (Fig. 4). Specifically, the fresh Pools A and B
had a fertilisation success of 48.8� 8.4% and 42.3� 10.3%,

respectively, whereas their cryopreserved counterparts had a
fertilisation success of 3.6� 1.5% and 2.8� 1.0% s.e.m.,
respectively (P, 0.05, ANOVA, F¼ 15.8). Overall, there was

Table 2. Summary of reproductive characteristics in 2015 for Fungia scutaria and Montipora capitata

Data are the mean� s.e.m.

Reproductive characteristic Species Stressed (2015)

Spawning period (months) F. scutaria 4

M. capitata 5

Egg volume (mm3) F. scutaria 0.00151� 0.00002 (n¼ 139)

M. capitata Not measured

Sperm concentration (�107 cells mL�1) F. scutaria 21� 6 (n¼ 7)

M. capitata 18� 7 (n¼ 18)

Sperm motility (%) F. scutaria 37.1� 3.6 (n¼ 24)

M. capitata 40.5� 2.3 (n¼ 65)

Fertilisation success (%) F. scutaria 47.3� 7.4 (n¼ 34)

M. capitata 69.0� 6.2 (n¼ 9)

% Showing first cleavage at 1 h F. scutaria 53.1% (n¼ 14)

M. capitata Not measured

Larval survival on Day 3 (%) F. scutaria 44.2� 8.2 (n¼ 10)

M. capitata 43.5� 6.5 (n¼ 18)

Infection success (%) F. scutaria 73.3 (n¼ 2)

M. capitata Symbionts in eggs

Settlement (%) F. scutaria 0 (n¼ 96)

M. capitata 12.3� 3.0 (n¼ 34)

Table 3. Sperm concentrations of Fungia scutaria and Montipora

capitata over the past five spawning seasons

F. scutaria M. capitata

Mean s.e.m. n Mean s.e.m. n

2015 2.14� 108 5.57� 107 7 1.08� 109 6.92� 108 18

2014 1.42� 109 9.24� 108 9

2013 1.87� 108 5.29� 107 15 1.54� 109 2.82� 108 7

2012 1.80� 108 6.83� 107 8 4.54� 108 1.77� 108 2

2011 1.56� 108 7.88� 107 2 2.10� 108 1.10� 108 2

2010 8.73� 107 3.28� 107 4

2015
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Fig. 3. Sperm motility was reduced in the 2015 season for both species.

(a) Spermmotility forFungia scutaria in 2015was one of the lowest in 2015

compared with that in other years (P, 0.05). (b) Similarly, sperm motility

forMontipora capitata was one of the lowest in 2015 compared with that in

other years. Data are the mean� s.e.m. Bars with different symbols differ

significantly (*P, 0.5; †P. 0.05).
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an approximate tenfold loss of fertilisation success with the use

of cryopreservation in this stressed system.
As described above, almost half the embryos produced from

fresh eggs and fresh spermatozoa suffered a developmental

delay. In parallel subsamples, we examined the time of first
cleavage of the eggs exposed to fresh sperm concentrations of
104, 105 and 106 cells mL�1 and increasing concentrations of

DMSO (0.01%, 0.1% and 1%) in the vial. The cryoprotectant
concentration increased with the increasing concentration of
spermatozoa. Only 18.8% of eggs from individuals exposed to
fresh spermatozoa with cryoprotectants cleaved at 1 h, with the

bulk of samples cleaving at 2 h (50.0%) and less at 4 h (31.3%;
n¼ 16 samples). In general, the addition of DMSO delayed
development considerably from 1 to 2 h compared with devel-

oping larvae from eggs and spermatozoa with no added cryo-
protectant (P, 0.05, Chi-squared, d.f. 3.709).

Finally, compared with their fresh counterparts, the larvae

fertilised from cryopreserved spermatozoa were severely
compromised, with an average percentage loss of larvae from
Day 1 to Day 3 .90% (see Fig. 5). To determine whether the

larvae produced from fresh spermatozoa and cryopreserved
spermatozoa survived similarly in 2015, their larval survival
curves were compared and found to be different (P, 0.05,
linear regression, F¼ 7.5).

Discussion

During the ongoing bleaching event of 2015, we investigated
the reproductive characteristics of two coral species, namely
F. scutaria andM. capitata, because approximately 85% of their

populations suffered bleaching in the previous autumn of 2014
in Kaneohe Bay, Hawaii (Nielson 2014). We examined and
compared our observed measurements with previous data to
determine whether bleaching may have an effect on a specific

reproductive characteristic, such as sperm motility or sperm
concentration. In addition, we were interested in how the

addition of cryostress might further affect fertilisation success,
the time of first cleavage and larval survival. Our goal was to
determine the effects of bleaching on coral reproduction; how-

ever, much greater efforts are needed to examine natural vari-
ation and to help tease out the changes directly related to
bleaching stress. Nevertheless, our data (Table 2) form the

foundation for further reproductive studies.
Because our coral were held in tanks in an open seawater

system, one of our concerns was that we were studying a ‘tank

temperature effect’ and not the physiological changes due to the
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Fig. 5. Survival of Fungia scutaria larvae reared over 3 days under in vitro

conditions in 2015 as compared to larval survial in 2009 (Hagedorn et al.

2009). Using fresh sperm, the larval survival was excellent in 2009 with a

3.1% change between Day 1 and Day 3. However, these developmental

dynamics were very different for stressed 2015 material; specifically, the

survival of larvae produced from fresh and cryopreserved sperm decreased

to 57.3% and 98%, respectively, by Day 3. Data are the mean� s.e.m.
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Fig. 4. Loss of fertilisation success with fresh and cryopreserved spermatozoa in 2015. Two

pools (A and B) of different males (n= 3, each pool) where used to fertilise the eggs from eight

females. Data are the mean� s.e.m. Bars with different symbols differ significantly (*P, 0.5;

†P. 0.05).
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bleaching coral in the bay. To understand this, Fig. 1 charts the
summer temperature in the bay from 2010 to 2015 and in our

tanks in 2013 and 2015. In August of 2013, compared with the
temperature in the bay, the temperature in the tanks was approxi-
mately 18C greater, producing normal spawning and no bleach-

ing. This same 18Celevated differencewas observed in July 2015
in the tanks, but because this 18Cdifference in 2013 did not affect
the spawning or physiology of the coral we assumed that this held

true for 2015 as well. Thus, we felt confidant that temperature
variations produced by our tanks and seawater system were not
unduly affecting the physiological changes of the coral.

In terms of egg volume (see Fig. 2), this was reduced for

F. scutaria during 2015 compared with the previous year’s
measurements (Hagedorn et al. 2010). Although the mean size
of eggs for 2005 was only slightly larger than 2015, there was a

10% difference in mean egg volume. If you compare 2015 and
2007, there was a 51% difference in mean egg volume. In 2005,
there were a few eggs that were as large as the ones in 2007, but

no eggs in the other years matched the small eggs in 2015
(Fig. 2). These shifts in yearlymean volume could reflect natural
variation or possibly gradations in recovery. In 2002, there was a
bleaching event in Kaneohe Bay (Jokiel andBrown 2004), and it

is clear that bleaching can have multiple year effects on
reproduction (Levitan et al. 2014). Perhaps, 2005 was still a
recovery year and in 2007 the eggs were completely recovered.

In addition, the time of first cleavage appeared to be delayed
in 2015. The first cleavage in F. scutaria occurs at 1 h (Krupp
1983), but only 53.3% of eggs from 2015 individuals cleaved at

this time, with the remaining 46.7% of treatments cleaving at 2
or 4 h. Krupp’s (1983) study did not mention any variation in
the time of first cleavage, so again these two observation could

be just natural variation or it could be that the stress of
warming-reduced egg volume extended the time of first cleav-
age in F. scutaria.

We did not measure egg volume or the number of eggs per

bundle in M. capitata because handling of the eggs releases a
toxin in the eggs that has a negative effect on reproduction
(Hagedorn et al. 2015b). However, a previous study suggested

that heterotrophic feeding can maintain the number of eggs in
the egg–sperm bundles during bleaching for M. capitata (Cox
2007), suggesting that nutritional augmentation, through addi-

tional feeding or supplied food, may have some capacity to off-
set some reproductive effects of bleaching.

Although sperm concentration did not appear to change
much over the 5-year analysis, the mean sperm motility for

F. scutaria was reduced by 47% in 2015 compared with mean
motility for previous 4 years, and M. capitata had a reduced
mean motility of 44% in 2015 compared with the previous 3

years. Sperm motilities recorded in 2015 are significantly
different than many of the previous years, nevertheless, there
is at least one year in the sequence that it is not.

There was a further loss of reproductive capacity using
cryopreservation, as the result of a cascade of stressors. With
nearly a 50% decrease in mean fresh spermmotility in 2015, this

loss has a profound effect on the applicability of cryopreservation
to systems that have suffered bleaching. Once fresh, stressed
spermatozoa was cryopreserved in 2015, there was a further
loss of motility after thawing and reduced fertilisation success.

In non-bleaching years, the fertilisation success ofF. scutaria can

be as high as 82% with fresh spermatozoa and 60% with
cryopreserved spermatozoa (Hagedorn et al. 2012). In 2015,

fertilisation success for F. scutaria was approximately 46%
with fresh spermatozoa and approximately 3% with cryopre-
served spermatozoa, suggesting a tenfold loss of fertilisation

success for cryopreserved spermatozoa with bleaching stress.
Moreover, the cryoprotectant solutes altered development, caus-
ing a delay in the timing of first cleavage. These extraordinary

losses with both temperature and cryopreservation stressors on
the reproductive system make this conservation method almost
untenable during and after bleaching years.

In vitro larval survival forF. scutaria can vary. Occasionally,

a whole 3-L bowl will be lost, but this is rare. In non-bleaching
years, our larval survival is excellent. For example, F. scutaria
reared in bowls containing approximately 98 larvaemL�1 (n¼ 8

bowls) exhibited 3% loss from Day 1 to Day 3 (Hagedorn et al.
2009). However, in 2015, this was not the case. Stocking
densities varied from 32 to 136 larvaemL�1 andwere dependent

on the number of eggs a particular female produced, but there
was a 48% reduction in larval survival for F. scutaria by Day 3.
To determine whether the larvae produced from fresh sperma-
tozoa survived the same as in a previous year, the larval survival

curves between 2015 and 2009 were compared and found to be
different (P, 0.05, linear regression, F¼ 4.9). When the larval
survival of M. capitata was compared with historical data

(Vermeij et al. 2009), a 31% reduction in survival was noted.
Clearly more data are needed on larval survival to identify
whether this is a natural variation in spawning years or effects

due to bleaching.
Infection and settlement success may have also negatively

affected F. scutaria in 2015. These data suggest that the mean

infection success (73.3%) for F. scutaria was reduced compared
with previous reports of 96.8% (Schwarz et al. 1999). In addition,
in 2015, M. capitata settlement was reduced by over 50%
compared with 1997 numbers (Field 1998) and 100% in

F. scutaria. This complete loss of F. scutaria settlement con-
trastedwith the 70% settlement success observed atDay 8 in 1999
(Schwarz et al. 1999). This could have been due to the multiple

effects on reproduction over the 8 days before settlement, espe-
cially the larval malformations we observed in 2015, or it could
also have been due to our inexperience with settling F. scutaria.

However, we settle many other species quite effectively.
Rising water temperature has already greatly affected coral

populations around the world, and bleaching stress may affect
species differently. Recently, a long-term study on Orbicella in

the Caribbean (Levitan et al. 2014) suggested that, at the
population level, the negative effects of bleaching persist for
many years, causing a reduction in spawning; however, these

authors did not find the timing of spawning or coral survivorship
or tissue loss to be altered. Our studies corroborate some of the
findings of Levitan et al. (2014) in that the spawning period was

not altered in M. capitata or in F. scutaria during bleaching.
During the 2015F. scutaria spawning season, due to elevated
temperatures and bleaching we observed a reduction in egg

volume, delayed development and increased larval abnormali-
ties, which match well with previous observations. In Acropora
palmata, under bleaching conditions development was acceler-
ated, developmental abnormalities increased and larval survival

was reduced (Randall and Szmant 2009).
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A recent report summarised the long history of anthropogenic
changes in Kaneohe Bay over the past seven centuries, including

agricultural and human effects resulting in near extinction of the
coral in the bay (Bahr et al. 2015). These authors suggested that
these stressors have made Kaneohe Bay coral ‘super resilient’, so

the reproductive changes observed in 2015 may be far worse in
other less-resilient areas. Moreover, the IPCC (2007) has pre-
dicted that coral bleaching will occur more frequently around the

globe. So, regardless of whether the coral in Kaneohe Bay live
through these and future bleaching events, their reproductive
biology may have been affected by bleaching, suggesting that
future adaptationmaybe limitedby this reduction in reproduction.

Long-term studies of coral reproduction suggest dire con-
sequences for coral living in areas of high bleaching incidence
because the long-termnegative reproductive effectsmay ‘bridge

the interval between subsequent bleaching events’ (Levitan
et al. 2014), as was observed on Heron Island (Ward et al.

2002), thus compounding these reproductive issues. Given the

extraordinary energy expenditure needed for coral spawning
and the potentially terrible reproductive results before settle-
ment (noted here), we wonder whether a coral might have a
greater reproductive advantage in future years, if it does not

spawn after a bleaching event (Anthony et al. 2009; Schoepf
et al. 2013). In fact, this is the effective reproductive strategy of
many species (Ward et al. 2002).

The IPCC (2007) considers warming oceans and their related
and compounding threats, producing severely reduced repro-
duction, recruitment and adaptation of coral, as one of the

greatest threats to the survival of coral reefs worldwide. As
bleaching events become more frequent, the ability to bank and
conserve coral to maintain the biodiversity and genetic diversity

ex situ will become significantly reduced. Thus, it is imperative
that while genetic diversity is still high in these populations and
bleaching events not present in an area for that year, intensive
efforts should be made to bank coral species during non-

bleaching periods. This may require very flexible conservation
strategies to move to reefs with optimal, non-bleaching climates
in a particular year to maximise cryopreservation benefits.
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