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ABSTRACT: We examined the long-term reproductive consequence of bleaching stress on Caribbean corals in the Orbicella (formerly Montastraea)
species complex (O. annularis, O. faveolata, and O.
franksi). Over 2000 observations of spawning in
526 tagged corals in Panama were made from
2002 through 2013. Bleaching events were noted
in 2005 and 2010. At the population level, a reduction in spawning persisted for several years
following each bleaching event. In 2010, (1) the
bleaching event did not alter the timing of spawning, nor coral survivorship or tissue loss; (2) both
bleached and unbleached corals had a reduced
probability of spawning for several years following the bleaching event, and corals that visibly
bleached were less likely to spawn than corals that
did not visibly bleach; (3) the species that was
affected most by the bleaching event (O. annularis)
recovered the ability to spawn in fewer years
compared to the species least affected by the
bleaching event (O. franksi); and (4) in O. franksi,
the species with the widest depth distribution,
recovery in the likelihood to spawn was not depth
related, although individuals at greater depths were
less likely to bleach. In sum, corals that recover
from bleaching events can experience long-term
reduction in reproduction, over time scales that can
bridge the interval between subsequent bleaching
events. This may be catastrophic for the long-term
maintenance of the population.
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A severe coral bleaching event reduced the likelihood of
spawning in both visibly bleached and unbleached corals
for 4 years.
Photo: Raphael Ritson-Williams

INTRODUCTION
Corals that are stressed can experience a breakdown of the symbiosis with their photosynthetic
partners, resulting in a bleached appearance. This
bleaching stress is often induced by high temperatures and solar irradiance (Coles & Jokiel 1978, Fitt
& Warner 1995, Brown 1997, Hoegh-Guldberg 1999,
Eakin et al. 2010, Downs et al. 2013); it can also be
caused by low pH (Kaniewska et al. 2012) and other
stressors such as reduced salinity, pathogen infection,
and cold stress (reviewed in Brown 1997). Depending
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on the severity of the bleaching event, corals might
die or recover, with the algal symbionts recolonizing
the coral hosts after the stress is reduced (Eakin et al.
2010). More severe events typically lead to lengthier
recovery times for affected colonies, increasing the
mortality by delaying symbiont recolonization. Corals
that do survive bleaching events have diminished
growth (Suzuki et al. 2003), lower resistance to disease (Harvell et al. 1999), and reduced reproductive
output (Szmant & Gassmann 1990, Coles & Brown
2003).
The reproductive consequences of bleaching stress
include decrease in gametogenesis, egg size, fecundity, and spawning (Szmant & Gassmann 1990,
Mendes & Woodley 2002, Cox 2007). The reproductive costs of bleaching stress relate to the severity of
the bleaching event. Corals that appeared to recover
after 3 to 6 mo often did not show reproductive consequences (Szmant & Gassmann 1990, Cox 2007),
while corals that took ≥8 mo to recover had diminished gametogenesis in the months leading up to the
next spawning event (Szmant & Gassmann 1990).
Mendes & Woodley (2002) documented a 2 yr reduction in gonad development for mildly affected
(bleached for 2 mo, pale for 5 mo) and more severely
affected (bleached for 4 mo, pale for 7 mos) corals.
Corals on reefs exposed to frequent bleaching events
appear to partially acclimate to the stress and reproduce at a greater rate compared to corals on reefs
bleaching less frequently (Armoza-Zvuloni et al.
2011).
Members of the Orbicella (formerly Montastraea)
annularis species complex are dominant reef
builders of the Caribbean (Goreau 1959) and consist
of 3 taxa: O. annularis sensu stricto, O. faveolata, and
O. franksi (Knowlton et al. 1992, Weil & Knowlton
1994). O. faveolata separated from the other 2 taxa 3
to 5.5 million years ago (mya), whereas O. franksi
and O. annularis diverged 0.5 to 2 mya (Fukami et al.
2004). The 3 species are distinguished by slight differences in morphology, ecology, aggressive behavior, and genetics (Lopez et al. 1999, Fukami et al.
2004, Fukami & Knowlton 2005, Pandolfi & Budd
2008). Corals in this species complex are hermaphroditic external fertilizers that undergo annual mass
spawning (Szmant 1991, Van Veghel 1994, Van Veghel & Bak 1994, Van Veghel & Kahmann 1994,
Knowlton et al. 1997, Szmant et al. 1997, Hagman et
al. 1998, Levitan et al. 2004). Individual polyps of
corals annually produce a single gamete bundle containing sperm and eggs. These bundles become visible on the surface of the corals about 30 min prior
to spawning (termed ‘setting’). Once released, these

bundles rise to the surface and break apart where
they can be fertilized by non-self gametes.
All 3 taxa spawn 4 to 8 d after the full moon in late
summer or early fall, depending on the calendar date
of the lunar period and on latitude (Gittings et al.
1992, Knowlton et al. 1997, Szmant et al. 1997, Levitan et al. 2004). In Panama, the peak is in September
(Levitan et al. 2011). On the evenings of spawning,
synchrony is tight; most individuals within a species
spawn within around 20 min, and the range is approximately 1 h (Levitan et al. 2004, 2011). The
timing of these events is also highly predictable; at
our study site in Panama, O. franksi spawns approximately 115 min after sunset, while O. annularis and
O. faveolata spawn 225 and 235 min after sunset,
respectively, consistent with other locations in the
Caribbean (reviewed in Levitan et al. 2004). The cue
for spawning time appears to be sunset; regional
differences in spawning times can be explained by
adjusting for local sunset time, and corals can be
induced experimentally to spawn early by placing
them in darkness prior to sunset (Knowlton et al.
1997, Levitan et al. 2004, Brady et al. 2009). For an
individual coral colony, the standard deviation in the
timing of spawning across years is 7, 10, and 14 min
for O. franksi, O. annularis, and O. faveolata, respectively (Levitan et al. 2011). The variation among
corals within a species in spawning time has genetic,
environmental, and timing components; clone mates
spawn more synchronously than non-clone mates,
neighbors spawn more synchronously than more distantly located individuals regardless of relatedness,
and individuals with a mean spawn time closer to
sunset have lower yearly variation in spawn time
(Levitan et al. 2011).
Interspecific gametic compatibility varies across
these species. The 2 species with overlapping spawning times, O. faveolata and O. annularis, produce gametes that are largely incompatible with each other;
the exceptions are as infrequent as self-crosses and
not statistically different from 0% fertilization (Levitan et al. 2004). Two species with non-overlapping
spawning times, the early-spawning O. franksi and
the later-spawning O. annularis, have compatible
gametes (Levitan et al. 2004); however, they show
conspecific sperm precedence (Fogarty et al. 2012a).
Previous studies focused on detailed investigations
of aspects of gametogenesis and gonad development
in a small number of samples (~10 per treatment
group), over several months to 2 yr. Here we examine
spawning observations from a larger population of
tagged individuals across 3 congeneric species over a
12 yr period covering 2 bleaching events, as well as
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changes in percent live tissue cover as a function of
bleaching.

MATERIALS AND METHODS
Observations of coral spawning were conducted
at a permanent transect (100 m along the 4 m
depth contour × 30 m perpendicular to this contour)
on a reef at Bocas del Toro, Panama (9° 19’ 38’’ N,
82° 12’ 14’’ W). The site varies from 3 to 8 m in depth,
with Orbicella franksi in the deeper and O. annularis
in the shallower locations, but these species overlap
in depth and can grow into contact with each other
(Levitan et al. 2011). We observed, tagged, and genotyped 526 spawning corals for a total of 2340 observations of setting or spawning from 2002 through
2013. Of these colonies, based on morphological
and genetic data, 397 are O. franksi colonies (~375
unique genets), 119 are O. annularis (21 unique
genets), and 10 are O. faveolata (3 unique genets).
Coral ramets within a genet tended to be spatial
neighbors, but some spatial mixing was noted among
genets (Levitan et al. 2011).
Observations of spawning at this site began in 2000
(Levitan et al. 2004). The mapping, tagging, and
genotyping of individual corals observed to spawn
were initiated in 2002 and continued each year
through 2013. On each evening of observation, 6 to
12 divers surveyed the site from 19:45 h (approximately 15 min prior to the first observation of ‘setting’) to 22:30 h (approximately 30 min after the last
observation of spawning) from Day 4 through Day 7
following the full moon in September (Day 0 = day of
full moon). From 2002 until 2011, divers recorded the
setting and spawning times of any corals within the
transect observed to spawn, and colonies seen to
spawn for the first time were identified with a
weighted and numbered chemical light. These new
corals were then marked with a numbered aluminum
tag, depth noted, spatial position mapped, and a
tissue sample taken for genetic analysis. Colony
size (longest diameter, perpendicular diameter, and
height) was also recorded for each tagged coral. For
spawning corals tagged during previous seasons, the
tag number was recorded with the spawning observation. After 2011, because of the burgeoning
number of tagged colonies and time constraints, only
previously tagged corals were monitored. The percent cover of live tissue for each tagged coral was
recorded in September 2009, March 2011, September 2012, and September 2013 for O. franksi coral
colonies. This was not done for O. annularis, because
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the spatial dimensions of this often fragmenting
species would be somewhat arbitrary without a
complete genetic analysis of all fragments.
HOBO data loggers were placed on the reef to record water temperature and light intensity (luminosity per 0.093 m2 [= 1 ft2]), every 30 s, for the week
(Day 2 to Day 9 following full moon) of the coral
spawn in years 2007 through 2013. One HOBO was
placed at each meter of depth from 1 to 8 m. A series
of 9 additional HOBOs, spaced at approximately 8 m
intervals, were placed along the 4 m depth contour along the coral transect. Records of sea surface
temperature (SST) and degree heating weeks (DHW)
for the Bocas Del Toro region from 2002 to 2013 were
obtained from a twice-weekly 0.5° resolution composite satellite radiometer dataset provided by the
NOAA Coral Reef Watch (http://coralreefwatch.
noaa.gov/satellite/vs/index.php) monitoring program.
DHW is an index of accumulated thermal bleaching
stress based on SST values from the previous 12 wk
and represents the cumulative degrees of positive temperature anomalies from the highest mean monthly SST
values previously recorded at the location. Scores exceeding a threshold value of 4 indicate stress levels
likely to result in coral bleaching, while scores > 8 are
associated with widespread bleaching events (Liu et
al. 2003).
We noted 2 bleaching events. The first was in September 2005, which coincided with Caribbean-wide
observations of high SST and coral bleaching (Eakin
et al. 2010). We observed partial bleaching, particularly in O. annularis, but at the time did not record
which of our tagged colonies did or did not bleach. In
the summer of 2010, the bleaching was much more
severe, and included many cnidarian species including other corals, hydrozoans, gorgonians, corallimorpharians, and anemones (Fig. 1). This event was
ongoing during the September 2010 spawning event,
and for each tagged coral colony, the bleaching state
was recorded (normal, pale blotches, pale, white).
Because of the severity of the event, we returned to
the site during 10 to 13 March 2011 to record the
bleaching status and percent live tissue cover following this event.

RESULTS
Monitoring of spawning in our tagged colonies indicated that the number of spawning corals increased
each year until a bleaching event (2005 and 2010),
during and after which rates of spawning across the
reef were reduced (Fig. 2). In the years prior to the
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Fig. 1. Bleaching event at the transect. (A) Leptoseris cucullata; (B) Agaricia tenuifolia; (C) hydrozoan Millepora alcicornis; (D)
partially bleached Stephanocoenia intersepta and Colpophylia natans; (E) anemone Epicystis crucifer; (F) anemone Ragactis
lucida; (G) Scolymia cubensis; (H) Montastraea cavernosa; (I) Colpophylia natans, unbleached half is overgrown by the
sponge Chondrilla nucula; (J) octocoral Pseudopterogorgia spp. and hydrozoan Millepora alcicornis; (K) bleached transect
site; (L) corallimorpharian Rhodactis osculifera. Photos: Raphael Ritson-Williams

bleaching events (2004, 2009) we observed 129 and
347 of our tagged coral colonies spawning. During
the years of bleaching, there was a reduction of 38%
and 79% (2005) and 53% and 95% (2010) for Orbicella franksi and O. annularis, respectively. The overall increasing number of spawning O. franksi from
the first few years (2002−2007) to more recent years

(2008−2013) might be partially caused by divers collecting additional data on fertilization rates as well as
set and spawn time in those earlier years (see Levitan
et al. 2004). By 2008, all divers were focused on
collecting set and spawn times. In any case, the
increased attention to set and spawn times between
2007 and 2008 does not explain the declines in the
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Fig. 2. Mean number of coral colonies observed to spawn
per diver within the transect for Orbicella franksi and O.
annularis. Arrows indicate bleaching events in 2005 and
2010, numbers are total observed tagged corals spawning
(O. franksi above, O. annularis below)
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number of observed corals spawning during and following bleaching events. Although we did not collect
quantitative data on the fraction of coral polyps that
release gamete bundles during a spawn, we did note
qualitatively that during the years of bleaching, partially spawning colonies or colonies releasing only a
few gamete bundles were often observed.
Data on sea temperatures collected at our site since
2007 indicate that although peak and overall average
water temperatures in 2010 were not abnormally high
during the week of spawning, there was a notable absence of a thermocline that year, with negligible
changes in water temperature across depth, and
warmer average temperatures at depths of 5 to 8 m
than during any other monitored year (Fig. 3a). In all
other years in which we collected temperature data,
we observed a clear pattern of decreasing temperature with depth. Data collected from the CRW virtual
station for Bocas del Toro revealed high levels of thermal stress during the late summer and fall months of

Fig. 3. (A) Mean temperatures at
the transect site from 1 to 8 m
depth during coral spawning
weeks (6 to 7 d continuous data
collection yr−1), 2007 to 2013,
recorded by HOBO data loggers.
Data for 2010 are indicated with
filled circles and highlighted with
an arrow. Error bars are too small
to display. (B) NOAA Coral Reef
Watch (CRW) bi-weekly 50 km
resolution satellite estimates of sea
surface temperature (SST) and
degree heating weeks (DHW) for
Bocas del Toro, Panama (9.5° N,
81.5° W). Values for coral bleaching temperature threshold (Bleaching Threshold SST) and daily SST
climatologies derived from SST
Anomaly and HotSpot data provided by CRW, following methods
outlined at http://coralreefwatch.
noaa.gov/satellite/methodology/
methodology.php. DHW values > 4
are correlated with coral bleaching; values > 8 are considered high
risk for widespread bleaching and
coral mortality (Liu et al. 2003)

6

Mar Ecol Prog Ser 515: 1–10, 2014

2005, 2010, and 2011, with DHW index scores for each
year exceeding 8, indicating the presence of thermal
stress levels associated with widespread bleaching
(Fig. 3b). High thermal stress scores during 2005 were
driven by sharp early June increases in SST which
persisted through much of July, resulting in a period
of high cumulative thermal stress between late July
and mid-September. CRW data show that during
2010, when we observed extensive bleaching at the
monitoring site, SST increased above the maximum
mean expected values in mid-April and remained elevated until mid-October, resulting in the highest
DHW index scores recorded in Bocas from 2002 to
2013 (10.5 to 11.4), with cumulative stress levels peaking in September and remaining elevated beyond the
high bleaching threshold until the end of October. We
did not directly observe additional bleaching at our
spawning site during our September monitoring trip
in 2011 (or in 2012), but CRW data suggest that another thermal stress event occurred later that year, resulting in DHW scores as high as 9.5 from midOctober through mid-November.
Because the bleaching event was severe in 2010
and because we had noticed a population level effect
on spawning rates following the 2005 event, we
recorded the bleaching state of all tagged corals during the spawning event of 2010. Almost all tagged O.
annularis colonies bleached, most of the O. faveolata
bleached, and half of the O. franksi colonies bleached
in 2010 (Table 1). Although these species have overlapping depth distributions at this site, the differences in the proportion of bleached colonies, among
species, is correlated with depth distribution, with O.
annularis and O. franksi having the shallowest and
deepest distribution, respectively. Within species,
colonies that did not show signs of bleaching, or
showed a pale rather than bone white appearance,
had a deeper depth distribution (Table 1). In our survey on 10 to 13 March 2011 (5.5 mo after the September 2010 spawning/bleaching event), we detected no
signs of bleaching in any corals or mortality in any
tagged colonies.

We did not detect any effect of the 2010 bleaching
event on the timing of spawning for O. franksi.
Bleached (1 h 48 min ± 12 min SD past sunset) and unbleached corals (1 h 45 min ± 12 min) did not differ in
their time of spawning in 2010 (Student’s t = 0.60, nonsignificant, NS) and on average, individual colonies,
regardless of bleaching status, spawned within 10 min
(mean 10 min for both states, ±18 and ± 7 min for
bleached and normal corals, respectively) of their individual mean spawn time across non-bleaching
event years (Student’s t = 0.03, NS); the standard deviation for individual colony spawn time, across years,
for this site and species is 7 min (Levitan et al. 2011).
We did detect differences in the likelihood of
spawning associated with bleaching, not only during
the bleaching event, but for several years following
the bleaching event (Fig. 4). For O. franksi in the
year prior to the 2010 bleaching event, there was no
difference in the percentage of colonies spawning
between corals that were going to bleach in 2010 and
those that did not bleach in 2010 (Fisher’s exact test,
NS). Therefore, prior to the bleaching event, corals
that did bleach were no less reproductively active
compared to those that did not bleach. In 2010, during the bleaching event, corals that were bleached
were half as likely to spawn as unbleached colonies
(Fisher’s exact test, p < 0.0001), and overall, both
bleached and unbleached corals were half as likely
to spawn compared to 2009 (Fisher’s exact test, p <
0.0001). In 2011 and 2012, the differences in the likelihood of spawning between corals that did or did not
bleach diminished but was still significantly different, as was the overall likelihood to spawn compared
to 2009 (Fig. 6). By 2013, these differences were
no longer significant, but the overall percentage of
tagged corals observed to spawn was still slightly
and significantly reduced compared to 2009 (50% vs.
58%, Fisher’s exact test, p = 0.0326). For O. annularis,
the patterns were originally more striking, but the
recovery appeared to be more rapid. Only 4% of pale
colonies and 10% of bone-white colonies were observed to spawn in 2010, and all of these observations were of partially spawning colonies
in which only a small percentage of
Table 1. Proportion of Orbicella coral colonies that appeared normal color, pale
polyps released gamete bundles. The
(or pale blotches) and totally bleached (white) in September 2010. The mean
following year was also a poor year
(standard error) depth (m) of corals with different bleaching state is reported
for O. annularis (15% of pale and 0% of
white colonies observed to spawn), but
State
O. annularis
O. faveolata
O. franksi
by 2012, these proportions (59% for pale
Prop. Depth (SE)
Prop. Depth (SE) Prop. Depth (SE)
and 58% for white) were similar to 2009
Normal
0.01
4.0 (–)
0.20
5.20 (0.30)
0.49 5.61 (0.08)
(59%, 52%), the year prior to the bleachPale
0.81
3.18 (0.10)
0.80
3.90 (0.28)
0.50 4.34 (0.07)
ing event (Fisher’s exact test, NS for
White
0.99
2.49 (0.07)
0.00
–
0.01 4.67 (0.53)
2012 and 2013).
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Fig. 4. Proportion of colonies that spawned through time as a function of bleaching status in 2010: (A) bleached (any amount
of bleaching) versus normal in Orbicella franksi, (B) pale versus white in O. annularis (there were no normal colored O. annularis in 2010). Top and bottom significance levels refer to Fisher’s exact tests examining the likelihood of all corals spawning
in one year compared to 2009 (top) and the difference in the likelihood to spawn in that year between corals that bleached or
did not bleach in 2010 (bottom; NS: non-significant)

For O. franksi, we used a repeated measure, categorical analysis (CATMOD; SAS) to examine the proportion of individuals spawning as a function of 3
depth categories (< 4, 4−6, > 6 m), 2 states (bleached
or unbleached in 2010), and the repeated measure of
time (2010 to 2013, Fig. 5). We noted a significant
effect of bleaching state (p < 0.0001) and year (p <
0.0001), but not depth category (p = 0.17) or any 2- or
3-way interaction (Table 2). Thus, in this species and
after accounting for bleaching status, we could not

detect an effect of depth on the probability to spawn
during the bleaching event or in subsequent years,
nor any indication that corals recovered their likelihood to spawn as a function of depth.
We did not detect mortality in any tagged corals
from prior to the event in 2009 through the 2013 census. Overall, over this decadal monitoring period,
only 1 small O. franksi colony perished. Comparing
patterns of live tissue gain and loss from prior to the
bleaching event in 2009 to 2013, on average there
has been a 6% loss of tissue (±1% SE), but no significant difference in the degree of tissue loss or gain as
a function of whether the corals appeared bleached
during the 2010 event (F319, 1 = 0.61, p = 0.61). Overall, the largest shift in percent live tissue cover was

Table 2. Categorical analysis (CATMOD, SAS) of the observation of an Orbicella franksi coral colony spawning as a
function of State (bleached or unbleached in 2010) and
Depth category (< 4, 4−6, > 6 m) as main effects, and the
repeated measure of year (2010, 2011, 2012, 2013)

Fig. 5. Proportion of Orbicella franksi spawning as a function
of bleaching status in 2010 (normal or bleached), depth of
colony (shallow < 4 m; middle 4−6 m; deep > 6 m) and year.
Bleaching state and year significantly influenced spawning,
but not depth or any interaction (see Table 2)

ANOVA
Source

df

χ2

p

Intercept
Bleaching state
Depth
Year
State × Depth
Depth × Year
State × Year
State × Depth × Year

1
1
2
3
2
6
3
6

956.09
18.05
3.55
39.47
2.33
9.19
3.77
3.35

< 0.0001
< 0.0001
0.1696
< 0.0001
0.3116
0.1633
0.2876
0.7636
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noted between 2012 and 2013 (5% loss). Although
our annual visits to this site cannot capture all of the
relevant factors that might influence tissue growth
and loss, we did note a high degree of sedimentation
in September 2013, which might have contributed to
tissue loss.

DISCUSSION
The most striking result from these observations is
that conditions that resulted in bleaching events influenced the probability of coral spawning for several
years, even in corals that did not bleach, but more so
in corals that did bleach. The 4–5 yr recovery time of
spawning at the population level noted following
the 2005 bleaching event mirrored the more detailed
response noted during the 2010 bleaching event. In
Bocas del Toro, the 2010 event appeared to be much
more severe in Orbicella and widespread across
many taxa, compared to 2005, when bleaching was
serious and widespread across the Caribbean (Eakin
et al. 2010). O. annularis, which inhabits generally
shallower water, was nearly completely bleached
(99%) during the 2010 event and experienced near
complete reproductive failure, while O. franksi, with
an overlapping but slightly deeper distribution, experienced less intense bleaching of individuals, a lower
frequency of bleached individuals, and a higher probability of spawning. In O. franksi, bleached corals
were 50% less likely to spawn than unbleached conspecifics, but both bleached and unbleached individuals were less likely to spawn compared to years prior
and following the bleaching event. Although O. annularis appeared to be more stressed and was less likely
to spawn during the 2010 event, this shallower species, which also showed signs of bleaching in 2005,
exhibited a more rapid recovery over the subsequent
3 yr interval. Reefs with a history of frequent
bleaching events are more resilient to these events
(Armoza-Zvuloni et al. 2011). The pattern noted
among these Orbicella species indicates that this is
also true within a reef among species. In O. franksi, although there was a depth gradient in the severity of
the bleaching event, there was no evidence that
depth influenced the likelihood to spawn or the rate of
recovery of the likelihood to spawn over time; corals
that bleached, regardless of depth, had mostly, but
not entirely, recovered the ability to spawn over a 3 yr
interval.
The 2010 bleaching events did not significantly
influence the timing of spawning or the degree of
synchrony. It did affect the likelihood to spawn, and

qualitatively it was noted that during the 2010 event
many corals that did spawn, did so partially. This
set of results suggests that the reproductive consequence of bleaching in Orbicella is in energy lost
or diverted from reproduction to other functions. We
found no evidence that disrupting the coral association with its photosynthetic partner influences how
sunlight (Knowlton et al. 1997, Levitan et al. 2004,
Brady et al. 2009) or moonlight (Levy et al. 2007,
Sweeney et al. 2011) cue the timing of spawning.
We also did not detect any influence of the bleaching events on survivorship. In spite of reef-wide
bleaching among diverse taxa, Orbicella colonies at
our site were able to quickly recover their symbionts
and eventually recovered the ability to reproduce.
Other species did not fare as well, and although we
do not have quantitative data, most colonies of
Colpophylia natans (Fig. 1I) at our transect site perished from the 2010 event.
Monitoring of temperature data indicate that 2005
and 2010 were on the order of 0.5°C warmer in
September/October during the spawning season for
Orbicella. Detailed temperature profiles during the
week of spawning indicate that for 2010 (no data for
2005), the most striking feature was the absence of a
thermocline on this reef, resulting in water temperatures 0.5 to 1.2°C warmer than usual at the deeper
sections of this reef (4−8 m), exposing these corals
to unusually high temperatures in excess of 31°C.
Persistent temperature increases on the scale of 1°C
have previously been associated with mass bleaching events (Baker et al. 2008).
The likelihood of fertilization is a function of the
intensity of the spawning event for Orbicella on this
reef and other reefs in the Caribbean (Levitan et
al. 2004), and in other soft (Lasker et al. 1996) and
hard coral species (Oliver & Babcock 1992). Corals
that spawn on off-peak nights when a smaller fraction of corals release gametes appear to have near
complete reproductive failure (Levitan et al. 2004).
Even corals that spawn during peak nights, but at the
tails of the distribution of spawn time, have lower fertilization success than corals that spawn in tight synchrony with neighbors (Levitan et al. 2004). Although
we did not detect any evidence that these bleaching
events disrupted the timing of spawning, it did
severely reduce the population density of spawning
individuals and qualitatively reduced the reproductive output of those corals that did spawn. These factors would substantially reduce the likelihood of
sperm−egg encounters and fertilization success.
Reduced reproductive success may persist over several years as these corals slowly recover their repro-
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ductive potential. If bleaching events occur at a frequency of 2 to 3 events per decade, our data suggest
that at least these coral species would constantly be
in a condition of reproductive recovery and diminished reproductive output and success. In addition to
bleaching stress, the presence of macroalgae on reefs
can interact with Orbicella and reduce both egg size
and number (Foster et al. 2008). Thus both the increased thermal stress, and reduced herbivory, are
likely to reduce the reproductive potential of these
corals.
A secondary consequence of reduced spawning
density is the potential loss of conspecific sperm
precedence as a mechanism of reproductive isolation
(Fogarty et al. 2012a). Sperm precedence can only
discriminate among sperm types when they arrive at
an egg simultaneously, an event that is more likely
when corals spawn at high densities. Thus reduced
spawning intensity could facilitate hybridization
and reticulate evolution, as has been suggested for
Caribbean Acropora corals (Fogarty et al. 2012b).
Historically, massive slow-growing and long-lived
corals like Orbicella could likely persist through
good and poor reproductive years. However, with
the current decadal-scale reduction in coral cover of
Orbicella and other massive broadcast spawning
species (Edmunds & Elahi 2007, Carpenter et al.
2008), periodic bleaching events that cause persistent reductions in reproductive output and success
might lead to Allee effects (Levitan & McGovern
2005) and prove catastrophic for population recovery
over the long term.
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