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Abstract
Devastating bleaching of coral communities at Amitori Bay, Iriomote Island, Japan, occurred in 2016 during the third global 
mass bleaching event in 2014–2017. The present study documented changes in coral communities in Amitori Bay from just 
before until after the 2016 bleaching event (2016–2020), by measuring coral cover and recruitment at nine sites (with two 
additional sites in 2018) in the bay. Spawning rates of acroporid corals were also monitored from 2017 to 2019 by visual 
observation and using bundle collectors to observe how long the effect of bleaching persisted. Reductions of 64.7 and 89.5% 
from 2016 to 2017 were observed in cover and recruitment of all coral families, respectively. Coral cover of all coral families 
recovered to pre-bleaching levels by 2020 and recruitment in 2020 was about two times greater than the pre-bleaching level. 
These results mirrored those of acroporids. Spawning rates of Acropora corals increased significantly from 40.6% in 2017 to 
90.0% in 2019. Recovery of coral cover 4 years after the severe bleaching event was likely related to regrowth of remnants 
and of surviving juveniles of < 5 cm. The sudden increase in recruitment was likely driven by a combination of larval supply 
from other populations, increased numbers of reproductive adults, increases in spawning rates, and increased larval retention 
in the bay due to wind conditions in 2020. This study suggests that coral communities as in Amitori Bay will be critical for 
local-scale community persistence, serving as both source and sink populations.
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Introduction

Tropical coral communities are subject to various natural 
and anthropogenic disturbances, but one of the most urgent 
global threats is sea-surface temperature (SST) warming, 
which can cause coral bleaching, often resulting in mass 
coral mortality (Wilkinson 1998, 2000; Hughes et al. 2017, 
2018a). Severe bleaching events have become more frequent, 

having occurred once every 25 years in the 1980s to once 
every 5.9 years since 2010 (Hughes et al. 2018a). The most 
recent and severe global mass bleaching event occurred in 
2014–2017 (Hughes et al. 2018a; Eakin et al. 2019). At 
that time, many coral communities across the Indo-Pacific 
Ocean were severely impacted (Hughes et al. 2018a, but see 
Hédouin et al. 2020). For example, at Jarvis Island, in the 
central Pacific, live coral cover declined by 93% in 2016 
with nearly 100% mortality of non-massive genera (Bark-
ley et al. 2018). In the Chagos Archipelago, in the central 
Indian Ocean, Acropora-dominated communities shifted 
to dominance of massive Porites, with an 86% decrease of 
Acropora from 2012 to 2016 (Head et al. 2019). A similar 
trend was also observed at Huvadhoo Atoll, in the southern 
Maldives (Perry and Morgan 2017). Moreover, in the Great 
Barrier Reef (GBR), only 8.9% of the reefs escaped bleach-
ing (Hughes et al. 2017) and most reefs bleached severely, 
resulting in significant depletion of adult coral populations 
and subsequent suppression of larval recruitment in 2018 
(Hughes et al. 2019). It was most severe among acroporids, 
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and they were replaced by pocilloporids in the recruitment 
pool (Hughes et al. 2019), presumably affecting the recovery 
trajectory of those coral communities.

Post-bleaching trajectories of coral communities differed 
among reef locations and regions (Baker et al. 2008), with 
some reefs recovering to pre-bleaching coral coverage and 
composition (van Woesik et al. 2011; Gilmour et al. 2013), 
while others failed to recover and/or become dominated by 
algae or other benthic organisms (Stobart et al. 2005; Gra-
ham et al. 2015). In the past, many coral communities have 
taken a decade or more to recover after severe bleaching 
events (Adjeroud et al. 2009; van Woesik et al. 2011; Gil-
mour et al. 2013; McClanahan 2014; Graham et al. 2015), 
but for some, recovery was more rapid (e.g., 7 years in Palau, 
Golbuu et al. 2007; 3 years at lagoonal reefs in the Sey-
chelles, Koester et al. 2020). In some severely devastated 
coral communities, regrowth of remnant colonies and new 
recruits supplied by neighboring reefs were the main driv-
ers of recovery (Golbuu et al. 2007; van Woesik et al. 2011; 
Graham et al. 2015). In contrast, due to limited connectivity 
with other reefs, recovery of isolated coral communities in 
Western Australia was primarily driven by regrowth of coral 
remnants (Gilmour et al. 2013).

In 2016, coral communities in Japan also suffered severe 
mass bleaching, especially at Iriomote Island in the Ryukyu 
Islands (Fig. 1). There, 94% of corals bleached, compared 
with 7 – 70% at other islands (Biodiversity Center of Japan 
2017). In Amitori Bay, in northwestern Iriomote Island, 
more than 50% of corals were bleached at depths of 3–20 m 

in August 2016, with 32.5 and 3.9% of corals bleached at 
depths of 30 and 40 m, respectively (Murakami et al. 2017). 
In the bay, seawater temperatures exceeded 30 ℃ from 9 
to 29 August 2016, 12 m below the surface, a temperature 
significantly higher than in non-bleaching years (Murakami 
et al. 2017). During this period, no typhoon came close to 
the region until 17 September, whereas in a normal year, 
more than one typhoon strikes this region during July and 
August. Murakami et al. (2017) suggested that a lack of 
typhoons in July and August contributed to the persistence 
of elevated seawater temperatures in the bay.

The objective of the present study was to document 
changes in coral communities in Amitori Bay from just 
before until after the 2016 mass bleaching event and to 
understand factors that promoted recovery of its coral com-
munities. Acroporid coral communities, dominated by the 
genus Acropora, in the bay were hypothesized to be main-
tained by sexually produced recruits from within the bay 
and nearby areas (Nakamura et al. 2017) and adult acroporid 
cover decreases would therefore cause recruitment to decline 
in the area. To quantify the relationship between coral cover 
and recruitment, we recorded changes in both parameters. 
Because bleaching can cause substantial decreases in repro-
ductive output of Acropora corals (Ward et al. 2000; Baird 
and Marshall 2002), we also observed spawning rates of 
remnant Acropora colonies. Moreover, impacts of bleaching 
on reproduction of corals can be long-lasting (Levitan et al. 
2014; Johnston et al. 2020). We therefore documented the 
effects of bleaching of five Acropora coral species.

Fig. 1  Study sites in Amitori 
Bay, northwestern Iriomote 
Island, Japan
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Materials and methods

Study sites

Amitori Bay is located in northwestern Iriomote Island 
(24°15’ – 25’N, 123°40’ – 55’E) in the Yaeyama Dis-
trict of the southwestern Ryukyu Archipelago, in south-
western Japan (Fig. 1). This bay is an inner bay with an 
entrance ~ 2.2 km wide and a length of ~ 3.5 km. The deep-
est water is about 75 m at the mouth of the bay and it is 
about 30 m at its innermost point. Two rivers enter the 
bay. The bay is uninhabited, and there is no access to it 
from populated areas of the island. It was designated as a 
natural conservation area in 2015 due to minimal anthro-
pogenic impact. Before the 2016 bleaching event, coral 
communities in the bay comprised 317 coral species rep-
resenting 65 genera (Yokochi et al. 2019). Coral composi-
tion, abundance, and cover differ along the two sides of 
the bay and also vary with the distance from its mouth 
(Murakami et al. 2012; Yokochi et al. 2019).

Therefore, in 2016 and 2017, we selected nine sites in 
the bay, five sites (A1–A5, Fig. 1) along the Amitori side 
and four sites (S1–S4, Fig. 1) along the Sabasaki side. Two 
more sites (A0 and S0, Fig. 1) were added in 2018 outside 
the entrance to the bay. Three subsites were established 
within each site.

Coral cover and recruitment

Coral cover was estimated using 10 × 2 m belt-transects at 
each site at a depth of 5 m. One to three belt-transects were 
set per subsite. Five 1 × 1 m quadrats were randomly situ-
ated along each belt-transect. Coral assemblages within 
each quadrat were photographed and the areas covered 
by corals were determined using Image J (Schneider et al. 
2012), following which percent coral cover was calcu-
lated. When corals overlapped, only areas covered by the 
coral above were used for the area of the overlap. Corals 
were identified to the family level (Acroporidae, Poritidae, 
Pocilloporidae, and other families). Percentage cover of all 
coral families, referred to hereafter as “All-coral” cover, 
was the sum of the percentage cover of Acroporidae, Por-
itidae, Pocilloporidae, and other families. Surveys were 
conducted at A1–A5 and S1–S4 in 2016 and 2017, and at 
A0–A5 and S0–S4 in 2018, 2019 and 2020 (Fig. 1, Sup-
plementary Table 1). Surveys were conducted at the three 
subsites (Sub1–Sub3) of all sites from 2016 to 2019, but 
only at Sub2 of all sites in 2020, because of limited man-
power. The number of belt-transects and quadrats per site 
differed among years (Supplementary Table 1), with only 
five quadrats per site in 2020. Although low replication 

compromises the robustness of the data, we decided to 
show the data to supplement the outlined changes in coral 
cover of the bay in previous years.

The abundance of recruits (in this study used as proxy for 
coral recruitment) was assessed on ten pairs of 10 × 10 cm 
panels made of fiber-reinforced cement, which were 
deployed at each subsite at ca. 5 m depth in the vicinities of 
the belt-transect surveys. Two panels were fastened together 
with a 2-cm gap, allowing coral larvae to settle between 
them, while excluding grazers. Panels were never reused, 
and every year, new settlement panel pairs were deployed. 
Panel pairs were randomly set on substrates, at least 1 m 
apart. The lower surface of each lower panel was attached to 
the substrate using underwater epoxy glue. Panel pairs were 
pre-conditioned in flow-through aquaria for 3–4 weeks and 
were deployed about 1 month before the full moon of May 
(Supplementary Table 2), the expected major coral spawn-
ing period (Murakami et al. 2015). Settlement panels were 
retrieved about 1 month after the observed spawning (Sup-
plementary Table 2). Retrieved panel pairs were bleached 
in a chlorine solution for 1 week to eliminate organic matter 
and then dried for observation under a stereo microscope. 
Upper and lower surfaces of the upper panel and the upper 
surface of the lower panel (0.03  m2) were examined for 
each settlement panel pair. Coral recruits on panels were 
identified to the family level (Acroporidae, Poritidae, Pocil-
loporidae, and other families) based on skeletal morphol-
ogy (Babcock et al. 2003). Numbers of recruits on panels 
were counted for each family. Recruitment of all corals (sum 
of acroporids, poritids, pocilloporids, and other families) 
is referred to hereafter as “All-coral” recruitment. Settle-
ment panel pairs were deployed at sites A1–A5 and S1–S4 
in 2016, 2017, and 2020, and at A0–A5 and S0–S4 in 2018 
and 2019 (Fig. 1, Supplementary Table 3). In 2020, water 
conditions were very rough outside the entrance of the bay 
at the time of settlement panel deployment; thus, they could 
not be deployed at A0 and S0 in 2020. Moreover, settlement 
panel pairs were deployed at three subsites (Sub1–Sub3) in 
2016 to 2018, but only at Sub 2 in 2019 and 2020 because 
of limited manpower.

Spawning rate of surviving Acropora colonies 
after the 2016 bleaching

Spawning rates were observed for Acropora corals that 
survived the 2016 bleaching event, among which the most 
abundant species of colonies > 30 cm in diameter were 
Acropora gemmifera, A. nasta, A. cf. selago, and A. tenuis 
from 2017 to 2019 and A. hyacinthus in 2018 and 2019. In 
2020, observations were only conducted in April, due to 
restrictions imposed thereafter in response to the corona-
virus pandemic. Spawning was assessed through (1) vis-
ual observation by night diving and (2) bundle collectors 



 Marine Biology (2022) 169:104

1 3

104 Page 4 of 9

(funnel-shaped devices with plankton-net and plastic bottle 
for collection of bundles, which are capsules that contain 
eggs and sperm). Visual observation was conducted around 
A3 (Fig. 1) because of its proximity to the Amitori Center of 
the Okinawa Regional Research Center of Tokai University. 
Colonies > 30 cm in diameter of each acroporid species were 
observed spawning by night diving. Spawning of colonies 
(11 colonies in 2017 and 12 in 2018) was recorded once the 
release of egg-sperm bundles into the water column was 
observed. Bundle collectors were set on colonies > 30 cm 
in diameter in the late afternoon at various sites in the bay. 
These were checked the next morning to see if they con-
tained bundles. There were 21 collectors in 2017, 28 in 
2018, and 30 in 2019. In 2019, colonies observed visually 
were the same as those monitored with bundle collectors. 
These surveys were conducted from May to August in 2017, 
April to June in 2018, and April to June in 2019 (Supple-
mentary Table 4). Observed colonies largely differed among 
years, because tagging of corals or substrata was discour-
aged in the bay. From these surveys, spawning rates of five 
Acropora species were estimated as the ratio of the number 
of coral colonies that spawned divided by the number of 
coral colonies observed visually by night diving and with 
bundle collectors.

Analysis

All analyses were performed in R, version 4.1.1 (R Core 
Team 2021). To reveal the relationship between coral cover 
and recruitment in coral communities in Amitori Bay, 
we used data from sites A1–A5 and S1–S4 (Fig. 1) for 
2016–2020 because of the lack of settlement data for A0 
and S0 in 2016, 2017, and 2020 and coral cover data in 2016 
and 2017. Yearly variability of coral cover and recruitment 
were analyzed for All-coral, and for Acroporidae, Poritidae, 
and Pocilloporidae individually from 2016 to 2020 using 
Kruskal–Wallis tests. For cases in which significant differ-
ences were revealed, Steel–Dwass tests were conducted for 
multiple comparisons. Here, non-parametric tests were used, 
because the assumptions for parametric tests were rejected 
for lack of normality and homogeneity of variances using the 
Shapiro and Bartlett tests, respectively. Pearson’s correla-
tions were conducted to determine if there were some indi-
ces of stock–recruitment relationships between coral cover 
and recruitment for All-coral, Acroporidae, Poritidae, and 
Pocilloporidae.

Using the RVAideMemoire package in R, spawning rates 
were compared among years using Fisher’s exact test with 
Holm’s method. Tests were conducted on the five pooled 
species, and on Acropora gemmifera and A. tenuis, because 
numbers of observed colonies of the other three Acropora 
species were fewer than six each year.

Results

Mean coral cover varied significantly from 2016 to 2020 
(Table 1) and annual variation of All-coral cover paralleled 
that of acroporid cover (Fig. 2a, b). All-coral cover decreased 
significantly from 20.25 ± 1.59% (mean ± SE) in 2016 to 
7.15 ± 0.50% in 2017 (Fig. 2a), a relative reduction of 64.7%. 
In parallel, acroporid cover, which accounted for 66.4% of 
All-coral cover in 2016, showed a significant decrease from 
13.44 ± 1.49% in 2016 to 2.94 ± 0.35% in 2017 (Fig. 2b), a 
relative reduction of 78.1%. Between 2017 and 2020, the 
cover of All-coral and acroporids gradually increased to 
22.05 ± 2.91% and 12.34 ± 2.04%, respectively, reaching 
108.9% (All-coral) and 91.8% (acroporid) of the pre-bleach-
ing cover in 2016. By comparison, poritid and pocilloporid 
coral cover did not show a significant decrease from 2016 to 
2017 (Fig. 2c, d). Poritid cover, which accounted for more 
than 20% of All-coral cover, except in 2016 (8.0%), gradu-
ally increased from 1.61 ± 0.36% in 2016 to 4.88 ± 1.70% in 
2020. The cover of pocilloporids was less than 0.5% from 
2016 to 2020 (except for 2019; 0.76 ± 0.20%) and accounted 
for less than 5% of All-coral cover in all years.

Mean recruitment varied significantly from 2016 to 2020 
(Table 1, 2) and annual variation of All-coral recruitment 
showed a trend similar to that of acroporid recruitment 
(Fig. 2e, f). All-coral and acroporid recruitment decreased 
significantly between 2016 and 2017 (Fig. 2e, f), decreas-
ing from 11.95 ± 0.83 (All-coral) and 7.60 ± 0.66 (acroporid) 
recruits per panel pair in 2016 to 1.26 ± 0.12 (All-coral) and 
0.19 ± 0.03 (acroporid) recruits per panel pair in 2017, which 
represents relative decreases of 89.5% (All-coral) and 97.6% 
(acroporid). The number of All-coral and acroporid recruits 
gradually increased from 2017 to 2019 and a substantial 
increase was observed from 2019 to 2020 (Fig. 2e, f). All-
coral recruitment in 2020 was 25.08 ± 2.44 recruits per panel 

Table 1  Summary of results of the Kruskal–Wallis test on coral cover 
and recruitment for All-coral, Acroporidae, Poritidae, and Pocillopor-
idae for 2016–2020

X2 df P

Cover
 All-coral 160 4  < 0.0001
 Acroporidae 155 4  < 0.0001
 Poritidae 96.5 4  < 0.0001
 Pocilloporidae 20.4 4 0.00042

Recruitment
 All-coral 327 4  < 0.0001
 Acroporidae 358 4  < 0.0001
 Poritidae 79.8 4  < 0.0001
 Pocilloporidae 125 4  < 0.0001
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Fig. 2  Percentage cover and 
recruitment of All-coral (a, e), 
Acroporidae (b, f), Poritidae 
(c, g), and Pocilloporidae (d, 
h) between 2016 and 2020 in 
Amitori Bay. Boxplots show 
median and interquartile range; 
diamond marks show mean; sig-
nificant differences among year 
are displayed as lines (*p < 0.05, 
**p < 0.001, ***p < 0.0001). 
Note the different y-axis scales. 
The number of replicates for 
percentage cover was 15 quad-
rats per site in 2016, 45 in 2017, 
45 in 2018, 15 in 2019, and 5 
in 2020. Those for recruitment 
were 30 settlement panel pairs 
per site in 2016–2018 and ten in 
2019 and 2020
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Table 2  Numbers of coral 
recruits on settlement panels 
between 2016 and 2020 in 
Amitori Bay

Year 2016 2017 2018 2019 2020

Total 3167 339 1096 479 2257
Range per panel pair 0⎯81 0⎯16 0⎯22 0⎯55 0⎯97
Mean (± SE) per panel pair 11.95 ± 0.83 1.26 ± 0.12 3.40 ± 0.22 4.44 ± 0.67 25.08 ± 2.44
Mean (± SE) per  m2 398.36 ± 27.80 41.85 ± 3.95 113.48 ± 7.49 147.84 ± 22.46 835.93 ± 81.43
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pair, which was about seven times that in 2019 (3.18 ± 0.40 
recruits per panel pair). Acroporid recruitment in 2020 was 
20.19 ± 2.15 recruits per panel pair, which was 13 times that 
in 2019 (1.60 ± 0.21 recruits per panel pair). These recruit-
ment values were about two-to-three times greater than in 
2016 before the bleaching event. Compared to acroporids, 
poritid and pocilloporid recruitment was very low, < 2 
recruits per panel pair. However, similar trends to recruit-
ment of All-coral and acroporids were observed for poritids 
and pocilloporids (Fig. 2g, h). Poritid recruitment decreased 
significantly from 1.39 ± 0.24 recruits per panel pair in 2016 
to 0.31 ± 0.06 recruits in 2017 (Fig. 2g). Pocilloporid recruit-
ment also decreased significantly from 1.69 ± 0.28 recruits 
per panel pair in 2016 to 0.21 ± 0.03 recruits per panel pair 
in 2017 (Fig. 2h). By 2020, recruitment of poritid and pocil-
loporid recruitment had returned to 2016 levels.

There were no significant correlations between mean 
recruitment and mean cover for All-coral (Pearson’s 
R = 0.82, p = 0.088), Acroporidae (Pearson’s R = 0.79, 
p = 0.12), Poritidae (Pearson’s R = – 0.078, p = 0.90), or 
Pocilloporidae (Pearson’s R = – 0.14, p = 0.90) (Supplemen-
tary Fig. 1).

Spawning rates of Acropora increased from 40.6% in 
2017 to 90.0% in 2019 (Table 3). The spawning rate in 2019 
was significantly higher than in 2017 (p = 0.00015) and 2018 
(p = 0.046). The spawning rate of A. tenuis in 2019 was also 
significantly higher than 2017 (p = 0.00034), but not than 
2018 (p = 0.19). In 2017, only 1 of 13 observed colonies 
of A. tenuis spawned (spawning rate: 7.7%). In 2018, 5 of 
11 colonies spawned (spawning rate: 45.5%). In 2019, nine 
of ten colonies spawned (spawning rate: 90.0%). For A. 

gemmifera, the spawning rate did not increase significantly 
from 2017 to 2019 (p = 0.91). Among nine A. gemmifera col-
onies, six spawned in 2017 (spawning rate: 66.7%). In 2018, 
12 of 14 colonies spawned (spawning rate: 85.7%). Nine 
of ten colonies spawned in 2019 (spawning rate: 90.0%). 
Three other Acropora species also showed an increase in the 
spawning rate from 2017 to 2019 (Table 3).

Discussion

Following severe thermal stress and coral bleaching, reefs 
can undergo drastic changes in coral community compo-
sition (Graham et al. 2015; Hughes et al. 2017, 2018b), 
e.g., through the steady replacement of thermally sensitive 
corals by weedy and stress-tolerant corals (Darling et al. 
2013; Edmunds et al. 2014; McClanahan et al. 2014, 2020; 
Palumbi et al. 2014). For instance, in many reefs, thermally 
sensitive Acropora species have declined in number and/
or coverage following thermal stress events, while massive, 
stress-tolerant Porites were unaffected (Loya et al. 2001; 
Adjeroud et al. 2009; McClanahan 2014; Head et al. 2019). 
A similar trend was observed in this study. Acroporid cover 
in Amitori Bay declined significantly from 2016 to 2017, but 
poritid cover did not change.

Despite the 78.1% decrease in acroporid cover in Amitori 
Bay, post-bleaching recovery was rapid, compared to recov-
ery times reported from reefs in Palau (Golbuu et al. 2007), 
Japan (van Woesik et al. 2011), Australia (Gilmour et al. 
2013), Kenya (McClanahan 2014), and the Mexican Carib-
bean (Contreras-Silva et al. 2020), where recovery took a 

Table 3  Numbers of spawned and observed colonies and spawning rates of five Acropora corals from 2017 to 2019

Spawning observations were made visually with night diving and by using bundle collectors. V number of colonies observed by visual observa-
tion, C number of colonies monitored by bundle collectors. V (= C) shown in 2019 means that colonies observed by visual observation were the 
same as the colonies monitored with bundle collectors

Species Number of colonies 2017 2018 2019

V C Total of 
V and C

Spawning 
rate (%)

V C Total of 
V and C

Spawning 
rate (%)

V (= C) Spawning 
rate (%)

Acropora gemmifera Spawned 2 4 6 66.7 7 5 12 85.7 9 90.0
Observed 4 5 9 9 5 14 10

Acropora hyacinthus Spawned – – 0 1 1 20.0 2 66.7
Observed – – 0 5 5 3

Acropora nasta Spawned 1 1 2 40.0 0 2 2 50.0 3 100.0
Observed 1 4 5 0 4 4 3

Acropora cf. selago Spawned 2 2 4 80.0 0 6 6 100.0 4 100.0
Observed 2 3 5 0 6 6 4

Acropora tenuis Spawned 0 1 1 7.7 1 4 5 45.5 9 90.0
Observed 4 9 13 3 8 11 10
Total of spawned colonies 5 8 13 40.6 8 18 26 65.0 27 90.0
Total of observed colonies 11 21 32 12 28 40 30
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decade or more. Our study demonstrated that acroporid coral 
cover, dominated by Acropora, at Amitori Bay returned to 
pre-bleaching levels within 4 years after the severe bleach-
ing event of 2016. As many acroporids follow a competitive 
life-history strategy, characterized by rapid growth (e.g., 
species of the genus Acropora; Darling et al. 2012), quick 
regrowth of remnant corals, as also observed at Scott Reef, 
Australia (Gilmour et al. 2013), Palau (Golbuu et al. 2007), 
and Sesoko Island, Japan (van Woesik et al. 2011), may 
therefore have promoted fast recovery at Amitori Bay. In 
addition, rapid regeneration of remnant branching Acropora 
may also have helped recovery of coral cover, as observed 
in the Keppel Islands in the southern GBR, where coral 
cover recovered to or exceeded pre-bleaching levels in less 
than a year (Diaz-Pulido et al. 2009). Moreover, survival 
of juvenile Acropora (< 5 cm) may also have contributed 
to the recovery as observed at Sesoko Island, Japan, where 
small Acropora colonies survived the 1998 bleaching event 
and rapidly grew afterward (Loya et al. 2001; van Woesik 
et al. 2011). Further studies also found higher resistance of 
small corals to thermal stress (Nakamura and van Woesik 
2001; Papina et al. 2002; Bou-Abdallah et al. 2006; Alvarez-
Noriega et al. 2018). In Amitori Bay, we frequently observed 
Acropora colonies of ca. 5 cm and smaller in April 2017, 8 
months after the bleaching event (M. Nakamura, pers. obs.). 
As small Acropora may become more than double their sizes 
within 2–3 years at Iriomote Island (Muko et al. 2013), the 
small Acropora corals we observed may have helped the 
rapid recovery of acroporid corals in Amitori Bay. A note 
of caution regarding this study is that although coral cover 
recovered to the pre-bleaching level, the species composi-
tion likely changed due to different thermal tolerances and 
strategies of each species (Darling et al. 2012). In addition, 
sampling was reduced in 2020 because of limited manpower. 
Therefore, further analyses considering species composition 
with greater sample sizes would improve understanding of 
recovery states of coral communities in Amitori Bay.

All-coral recruitment decreased substantially in 2017 
in Amitori Bay, reflecting a significant decrease in acropo-
rid recruitment. The substantial reduction in recruitment 
after the severe bleaching event may have been caused by 
the reduction in local brood stock and brood stocks of con-
nected reefs (Gilmour et al. 2013; Hughes et al. 2019). The 
decreased acroporid cover in the bay likely accounts for much 
of the recruitment failure of 2017, because acroporid coral 
communities in Amitori Bay have been estimated to be main-
tained mainly by new recruits from within the bay and nearby 
areas (Nakamura et al. 2017). However, as Amitori Bay likely 
also receives larvae from other populations (Murakami et al. 
2020), the recruitment failure in 2017 could also have been 
caused by reduced brood stocks of connected reefs. For 
example, 70% mortality of acroporid corals was reported in 
2016 in Sakiyama Bay, lying to the west of Amitori Bay 

(Biodiversity Center of Japan 2017), and assumed to be a 
potential source population for Amitori Bay (Nakamura et al. 
2017). Another potential factor for the recruitment failure in 
2017 could be low spawning rates. Spawning rates of Acro-
pora species varied between 7.7 and 80.0% (40.6% of total, 
Table 3). Given that bleaching suppresses reproduction of 
corals (Ward et al. 2000; Baird and Marshall 2002; Levitan 
et al. 2014; Hagedorm et al. 2016; Johnston et al. 2020), low 
reproductive output likely reflected the 2016 bleaching event. 
As changes in fecundity of acroporid corals drive changes in 
recruitment (Hughes et al. 2000), the substantial reduction in 
acroporid recruitment in 2017 may have stemmed from both 
the reduction in brood stocks and suppression of reproductive 
capacity of remnant adult colonies.

The sudden, significant increase in acroporid recruitment 
in 2020 may be explained by several factors: (1) larval supply 
from connected reefs, (2) re-acquisition of reproductive ability 
of acroporid coral communities, (3) increases in brood stock 
of the bay due to the recovery of coral cover, and (4) a higher 
retention rate of larvae produced in the bay due to wind condi-
tions in 2020. Given that acroporid larvae take approximately 
3–5 days to obtain settlement competency after fertilization 
(Harii et al. 2007), recruitment from sites outside the bay is 
likely (Murakami et al. 2020). Regarding reproductive capac-
ity and brood stocks, the number of spawned acroporid corals 
increased year by year and the spawning rate reached nearly 
100% for 2–3 years after bleaching events, although changes 
from 2017 to 2019 differed among acroporid species. Moreo-
ver, with growth of remnant corals, adult brood stocks likely 
increased year by year. Larger numbers of acroporid colonies 
likely spawned in 2020, resulting in increased recruitment. 
Moreover, winds blew from the southeast on the spawning 
day in 2020, and then shifted to the northeast for the follow-
ing 3 days, according to data from the Japan Meteorological 
Agency (https:// www. data. jma. go. jp/ obd/ stats/ etrn/ index. 
php, in Japanese). Hence, larval retention was estimated to be 
higher than when winds blow from the south (Murakami et al. 
2020). These factors may partly explain the abrupt increase in 
acroporid recruitment in 2020.

The recovery of coral communities in Amitori Bay may 
be more rapid than intervals of recurrent bleaching events. 
Thermally sensitive corals such as acroporids are expected 
to be vulnerable and to have difficulty surviving in progres-
sively warming sea-surface temperatures (van Woesik et al. 
2011; Darling et al. 2013; Edmunds et al. 2014; McClanahan 
et al. 2014, 2020; Palumbi et al. 2014; Head et al. 2019; 
Hughes et al. 2019). However, our study demonstrated that 
acroporid coral cover reached pre-bleaching levels within 4 
years. This rapid recovery was likely dependent on regrowth 
of remnants and of surviving juveniles (< 5 cm). In addi-
tion, recruitment largely surpassed the pre-bleaching level 
after 4 years, which will contribute to further persistence 
of communities (Gilmour et al. 2013; Graham et al. 2015). 

https://www.data.jma.go.jp/obd/stats/etrn/index.php
https://www.data.jma.go.jp/obd/stats/etrn/index.php
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This could offer a glimmer of hope for the future of coral 
communities. However, it has recently been estimated that 
severe bleaching events will occur at increasingly shorter 
intervals (Hughes et al. 2018a). Our results therefore suggest 
that coral communities as in Amitori Bay will be critical for 
persistence of thermally sensitive acroporid species, serving 
as both source and sink populations when bleaching fre-
quency increases. Appropriate management strategies, such 
as frequent monitoring, protection from human impacts, 
i.e., tourisms, fishing, implementation of wider protected 
areas, including source-sink populations for larval connec-
tivity, will be necessary to ensure persistence of these local 
communities.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00227- 022- 04091-2.
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