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Abstract A mass coral bleaching event occurred in the 
summer of 2022 in subtropical Hong Kong, driven by two 
marine heatwaves (MHWs) with high intensities of 1.56 
and 0.86 °C above a mean climate condition, both MHWs 
7 days with a short gap of 4 days during the strong La Niña 
year. A transect survey was conducted at nine study sites 
in three regions, which revealed widespread coral bleach-
ing with bleached coral cover ranging from 2.4 to 70.3%. 
In situ environmental data revealed the presence of a ther-
mocline and halocline. Local conditions, including depth 
and wave exposure, significantly influenced the bleaching 
response. Shallow-water (2–4 m) corals were primarily 
affected, particularly in sheltered and moderately sheltered 
sites that exhibited higher levels of bleached coral cover 
(42.97 ± 15.4% and 44.93 ± 29.4%, respectively) compared 

to the exposed sites (31.8 ± 5.2%). Bleaching in deep waters 
(4–6 m) was minimal, with only a few colonies of Gonio-
pora at two of the three sheltered sites exhibiting bleach-
ing (1.7 ± 1.5%). Heat stress resistance differed between 
coral genera. Recovery rate for four common coral genera 
is low for Acropora tumida. Additionally, a minor hypoxia 
event was found to cause mortality of non-coral benthos at 
a sheltered site (Sharp Island). These findings highlight the 
alarming impact of extreme heatwaves on subtropical coral 
communities and underscore the importance of monitoring 
coral bleaching.

Keywords Hong Kong · Marine heatwave · Coral 
bleaching · Wave exposure · Thermocline · Halocline

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s00338- 024- 02533-5.

 * Jian-Wen Qiu 
 qiujw@hkbu.edu.hk

 * Leo Lai Chan 
 leochan@cityu.edu.hk

 Tzu Hao Chung 
 jefferyth.chung@connect.polyu.hk

 Walter Dellisanti 
 walter.dellisanti@bio.ku.dk

 Keng Po Lai 
 kengplai@cityu.edu.hk

 Jiajun Wu 
 jiajunwu@cityu.edu.hk
1 Department of Food Science and Nutrition, 

The Hong Kong Polytechnic University, 
Hung Hom, Hong Kong Special Administrative Region, 
China

2 State Key Laboratory of Marine Pollution, City University 
of Hong Kong, Hong Kong Special Administrative Region, 
China

3 Marine Biology Section, Department of Biology, University 
of Copenhagen, Helsingør, Denmark

4 Department of Biology, Hong Kong Baptist University, 
RRS815, Sir Run Run Shaw Building, Ho Sin 
Hang Campus, 224 Waterloo Road, Kowloon Tong, 
Hong Kong Special Administrative Region, China

5 State Key Laboratory of Marine Pollution 
and Department of Biomedical Sciences, City 
University of Hong Kong, P5840, Yeung Kin Man 
Academic Building, 83 Tat Chee Avenue, Kowloon, 
Hong Kong Special Administrative Region, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-024-02533-5&domain=pdf
http://orcid.org/0000-0003-4326-1158
http://orcid.org/0000-0003-1336-4578
http://orcid.org/0000-0001-8135-6030
http://orcid.org/0009-0004-3412-4164
http://orcid.org/0000-0002-1541-9627
http://orcid.org/0000-0002-2755-3268
https://doi.org/10.1007/s00338-024-02533-5
https://doi.org/10.1007/s00338-024-02533-5


1236 Coral Reefs (2024) 43:1235–1247

Introduction

Marine heatwaves (MHWs) refer to periods of abnormally 
high ocean temperatures relative to the average temperature 
in a specific region. MHWs can be categorized into four 
levels of intensity based on the multiples of the 90th percen-
tile difference from the mean climatology value (i.e. 1–2 × , 
Category I, moderate; > 4 × , Category IV, extreme) (Hob-
day et al. 2018). During the period 1925–2016, the annual 
occurrence of MHWs increased globally, as measured by 
frequency (134%), duration (117%), and total MHW days 
(154%) (Oliver et al. 2018). Large-scale MHWs have been 
reported to cause mass mortality of the foundation species in 
coastal ecosystems, such as seagrasses, corals, and sponges 
(Garrabou et al. 2009; Arias-Ortiz et al., 2018; Leggat et al., 
2019; Bell et al., 2023). Besides, MHWs can impact ecosys-
tem functions and services, leading to lower productivity of 
both capture and culture fisheries and, eventually, massive 
economic losses (Smith et al. 2021). With the warming of 
the global ocean in the twenty-first century, the frequency, 
duration, and severity of MHWs will continue to increase, 
causing more severe degradation in marine ecosystems 
(Smale et al. 2019; Smith et al. 2022).

Warming events can cause coral bleaching and induce 
coral disease outbreaks, and extensive MHWs could make 
corals difficult to recover from bleaching, leading to coral 
mortality (Leggat et al. 2019; Roberts et al. 2019). Although 
corals are known to be susceptible to MHWs, local condi-
tions such as eddies, wave exposure, and high sea urchin 
density can modulate the impact of MHWs on coral survival 
(Donovan et al. 2021; Wyatt et al. 2023). Furthermore, coral 
species usually exhibit differential sensitivity to MHWs 
(Fordyce et al. 2019). Monitoring the temporal changes in 
thermally tolerant and susceptible species can help predict 
the long-term fate of a coral ecosystem (Loya et al. 2001). 
Nevertheless, since most studies of MHWs have been con-
ducted in tropical coral ecosystems (Pearce and Feng 2013; 
Fordyce et al. 2019; Donovan et al. 2021), there is relatively 
little information on the impacts of MHWs on subtropical 
coral ecosystems (Bridge et al. 2014; Couch et al. 2017; Mo 
et al. 2022).

Hong Kong is located 128 km south of the Tropic of 
Cancer on China’s southern coast (Fig. 1a). Its climate is 
monsoonal, with cool, dry winters and hot, wet summers. 
Precipitation is highly seasonal in Hong Kong, with a 
monthly mean of 453.2 mm in the wet season to 28.8 mm 
in the dry season (HKO 2022a). Due to the influence of the 
Pearl River, Hong Kong waters can be divided into a western 
estuarine zone, a central transitional zone, and an eastern 
oceanic zone (Morton and Morton 1983). Seawater tem-
peratures in Hong Kong exhibited a strong seasonality, with 
monthly mean readings varying from 25–29 °C in the wet 
season to 17–21 °C in the dry season (Goodkin et al. 2011; 

Dellisanti et al. 2023). Due to the subtropical climate and 
influence of the Pearl River discharge, scleractinian corals 
in Hong Kong do not form reefs; they instead develop into 
colonies on rocks, mainly in the eastern oceanic waters. As 
the turbidity of the water is usually high, corals in most loca-
tions grow along shores in shallow waters, seldom extending 
to more than 10 m depth (Morton and Morton 1983). Nev-
ertheless, in several protected bays, coral communities are 
well-developed, with coral cover reaching more than 70% of 
the substrate (Yeung et al. 2021). In the subtropical Hong 
Kong waters, only three coral bleaching events have been 
reported, including (1) the summer 1997 event that affected 
the whole of Hong Kong waters (McCorry 2002), (2) the 
summer 2014 event that affected six sites in Port Shelter 
associated with high-temperature and low dissolved oxygen 
(Xie et al. 2017), whereas (3) the summer 2017 event that 
affected eight sites in the eastern waters (Xie et al. 2020). 
Due to the lack of in situ monitoring of environmental data 
or the use of environmental data with low spatial resolu-
tion only (one datum per month for each parameter), these 
previous studies were not able to determine the correlation 
between the formation of MHWs and coral bleaching or 
between the cessation of MHWs and coral recovery.

Here, we report a coral bleaching event that occurred 
in the summer of 2022 in Hong Kong after an extended 
period of MHW. A preliminary spot-check survey at sev-
eral sites indicated that the spatial extent of the event was 
unprecedented. A quantitative field survey was conducted to 
determine the patterns of coral bleaching at nine sites span-
ning three regions and recovery at the severest bleaching 
site in the eastern waters of Hong Kong. We hypothesized 
that the impact of MHW and the associated coral bleach-
ing in Hong Kong would be widespread across the territory 
and modulated by local environmental factors, including 
depth and wave exposure. Furthermore, we postulated that 
the bleaching response would exhibit variation based on the 
specific coral composition observed at each site. The data on 
sea surface temperature was obtained from the Hong Kong 
Government’s long-term monitoring programme and used 
to define the MHW threshold and the MHW events. Several 
environmental parameters, including temperature, dissolved 
oxygen, and salinity, were also measured in situ at different 
water depths during the surveys to determine the contribu-
tions of local conditions to coral bleaching (Donovan et al. 
2021; Wyatt et al. 2023). Sites with different levels of wave 
exposure were chosen, and at each site, transect surveys were 
conducted in relatively shallow (2–4 m) and relatively deep 
(4–6 m) waters to quantify coral bleaching and recovery. Our 
study was one of the few empirical studies documenting how 
environmental gradient can modulate the effects of MHWs 
on subtropical coral communities. These results contribute 
to determining local drivers of coral bleaching and highlight 
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the need to incorporate MHW hotspot identification in man-
aging coral health.

Materials and methods

Coral bleaching survey

A coral bleaching survey was conducted on August 1st, 2nd, 
and 4th after recreational divers reported the first sighting 
of coral bleaching on July 25th on social media. The coral 
communities were surveyed in three regions, including the 
Northeastern (22°31′48″ N, 114°18′00″ E), Hoi Ha Wan 
(22°28′26″ N, 114°30′00″ E), and Port Shelter (22°20′27″ N, 
114°18′10″ E). The regions shared similar characteristics of 

high salinity and low turbidity compared to western waters 
and covered a wide spatial range of coral communities in 
Hong Kong (Yeung et al. 2021). Each region randomly 
selected a sheltered, moderately sheltered, and exposed site 
(Fig. 1a). The wave exposure of each site was estimated 
based on its location within a bay. Sheltered sites are situ-
ated in the innermost part of the bay, surrounded by land, 
which minimizes the impact of waves. Moderately sheltered 
sites are positioned in the middle section of the bay. Exposed 
sites, on the other hand, are located near or in the outermost 
region of the bay, directly exposed to waves from the open 
water and lacking any natural shelter to mitigate the effects 
of wind. These sites are known to host a coral community 
with at least 18% coral cover in the shallow water (Yeung 
et al. 2021). A video-transect survey method was used to 

Fig. 1  a Map of Hong Kong 
showing the selected regions for 
surveys, including northeastern 
(NE), hoi ha wan (HHW), and 
port shelter (PS). Triangles, 
circles, and squares indicate 
sheltered, moderately exposed, 
and exposed sites, respectively. 
The site names are as shown 
in the map. The asterisk sign 
represents the SST monitor-
ing station. The MHW events 
detected in 2022 b The arrows 
indicate the MHW events dur-
ing summer (highlighted area)
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quantify coral bleaching at each site (Xie et al. 2020), fol-
lowing a quick spot-check to locate the area with the highest 
coral coverage. As a preliminary survey showed that the 
severity of bleaching was depth dependent, two 100-m tran-
sects were laid parallel to the shoreline, at 2–4 m depth chart 
datum (c.d.) (shallow water) and 4–6 m c.d. (deep water). A 
video clip of each transect was recorded at a resolution of 
1920 × 1080 pixels using an Olympus Tough TG-6 camera. 
During the survey, a SCUBA diver swam above the transect 
at a speed of ~ 10 m per minute, with the camera pointing 
downward to capture a belt of about 0.75 m wide of the 
benthic substrate. In the laboratory, video clips were played 
and paused every 4 s to record the benthic types at 5 fixed 
points on each frame. The substrate was classified as living 
coral, recently dead coral, rock, rubble, sand, and others. 
Living corals were identified to at least the genus level, and 
the bleaching status was classified using the colour chart 
of CoralWatch (Siebeck et al. 2006; Montano et al. 2010; 
Nielsen et al. 2022), with a drop of at least two between the 
darkest and lightest parts of a coral colony, or the darkest 
and the lightest colonies of the same transect representing 
bleaching. On average, 841 points for each transect were 
analysed.

Sharp Island, the site with the most severe bleaching, 
was selected to conduct follow-up surveys to determine the 
consequence of the bleached coral colonies. A total of 25 
completely bleached colonies, including five colonies of five 
common species (Acropora digitifera, Goniopora columna, 
Pavona decussata, Platygyra carnosa, and Porites lutea), 
were tagged using a steel stake with a unique number tag. 
The colonies were photographed biweekly in the field after 
the coral bleaching survey, and the recovery status scored in 
the laboratory: 0—no recovery, 1—< 1/3 surface area recov-
ered, 2—1/3—2/3 surface area recovered, and 3—> 2/3 
surface area recovered. Coral recovery was defined as an 
increase by 2 or more colour scores (Siebeck et al. 2006). 
The post-bleaching monitoring was completed at week 12 
when all the tagged colonies either recovered or died (see 
examples in Fig. 5). The scores of all colonies for each spe-
cies were averaged as a Recovery Index (RI) to represent the 
recovery capability of each species over time.

Environmental data

The sea surface temperature (SST) data measured by the 
Hong Kong Observatory (HKO 2022a) from 1974 to 2022 
was used to define the climatological mean and identify 
and determine the severity of MHWs for 2005–2022. The 
data were taken at a monitoring station at North Point 
(Fig. 1a) daily in the morning and afternoon. Consider-
ing the warming effect of sunlight and air-sea heat flux 
on SST, the SST measured in the afternoon was used (De 
Szoeke et al. 2021). An MHW was defined as a period of 

the SST higher than the 90th percentile of the seasonally 
varying threshold that lasted for at least five days based on 
a 30 year historical baseline period (Hobday et al. 2016). 
Both climatological mean and MHWs were calculated 
using an 11 day window and smoothed by a 31 day mov-
ing average (Hobday et al. 2016). The heatwave intensity 
(HWI) and the duration (HWD) of each MHW event iden-
tified were calculated. The HWI is the average temperature 
deviation exceeding the MHW threshold throughout its 
duration. The characteristics of each MHW event were 
assessed with counting the number of days when the SST 
exceeded 30 °C.

To provide site-specific information on the environmen-
tal parameters, seawater temperature, salinity, and dissolved 
oxygen (DO) were measured in situ during the first coral 
bleaching survey using a multi-parameter sonde (YSI EXO2 
Water Quality Sonde) calibrated in the laboratory before 
each sampling day. At each survey site, five measurements 
of each parameter were taken as replicates at each metre, 
from the surface to nine metres depth, to reveal the vertical 
profile of the water column and examine any stratification 
among or near the coral communities.

Data analysis

Utilizing the in situ environmental data, the physical profile 
of the water column at each site was depicted by averaging 
the five measurement replicates at each metre and examin-
ing the differences. The coral composition at each site and 
depth were also delineated by pooling the data points from 
the video transect.

A comparison of environmental parameters between 
depth and wave exposures was conducted. The environ-
mental variables in in situ measurements were extracted. 
The measurements in different metres were pooled into two 
different depth ranges: Shallow (2–4 m) and deep (4–6 m) 
water. The measurements were averaged for each depth and 
site and comparisons using ANOVA with post hoc Tukey 
HSD tests were conducted to detect statistically significant 
differences.

To indicate the recovery status of each selected coral spe-
cies over time, the initial RI of each species was compared 
with the RI recorded during the recovery period. Paired 
t-tests were conducted to indicate the recovery when the 
statistical significance was detected.

All statistical tests were performed using RStudio 
v2023.09.0 software (RStudio Team 2020). The LMM anal-
ysis was conducted using the package ‘lmerTest’ (Kuznet-
sova et al. 2017).
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Results

The 2022 summer MHWs

The daily sea surface temperatures (SSTs) recorded by the 
Hong Kong Observatory (HKO) in 2022 were compared 
to the MHW threshold and the climatological mean, which 
were calculated based on the baseline period of the last 
30 years. Two MHW events were identified during the sum-
mer of 2022 (Fig. 1b). These MHWs occurred from July 
10th to July 16th and from July 21st to July 27th, which 
coincided with or preceded the first sighting report of coral 
bleaching on July 25th, as reported by recreational divers 
(personal communication).

In the available SST data from 2005 to 2021, there were 
1 to 4 MHW events per year; however, there was no MHW 
in 2011. The intensity of these MHW events, as measured 
by the heatwave magnitude index (HWI), ranged from 0.03 
to 1.18 °C above the threshold (Supplementary Table S1). 
During the two MHWs in 2022, the daily mean SSTs were 
0.06 to 2.08 °C and 0.99 to 2.00 °C higher than the MHW 
threshold, respectively. Compared to previous MHWs, the 
first MHW in 2022 ranked 1st in intensity (1.56 °C above the 
threshold) and 9th in duration (7 days). The second MHW 
ranked 8th in intensity (0.86 °C above the threshold) and 9th 
in duration (7 days). The fact that there was only a 5 day gap 
between the two MHWs raises concerns about the capacity 
of local corals to withstand repeated thermal stress.

The characteristics of the water column 
during the MHW

The environmental data collected during the survey (Fig. 2) 
revealed apparent declines in water temperature and DO 
with depth, with the surface layer at around 3–4 m having 
temperatures around 30 °C and DO levels between 6 and 
8 mg/L. In the layers below 6 m temperatures dropped to 
about 23.5–27.5 °C or lower, while DO levels decreased 
to around 1.40–5.36 mg/L or lower. These parameters var-
ied significantly between depths (temperature: F1 = 65.961, 
p < 0.05, DO: F1 = 18.541 p < 0.05; Table 1) and among sites 
with wave exposures (temperature: F2 = 5.554, p < 0.05, DO; 
F2 = 11.932 p < 0.05; Table 1). The Tukey HSD test for 
both parameters revealed differences between sheltered and 
exposed sites but no significant differences between moder-
ately exposed sites and sheltered or exposed sites. At Sharp 
Island (PS), a sheltered site, the surface water temperature 
was exceptionally high, at 32.2 °C, while the dissolved oxy-
gen levels were low, at 1.40 mg/L. These suggested that 
these areas experienced different water temperature levels 
due to varying levels of wave exposure and stratification.

The salinity showed an opposite trend to temperature, 
which varied from 31.64 to 33.5 PSU in the surface water 

to 33.35–35.67 PSU in the deep water (Fig. 2). Since the 
full-strength seawater should have a salinity of ~ 35 PSU, 
surface water in some sites, with a salinity of only 31 to 33 
PSU indicated minor levels of freshwater dilution. Signifi-
cant differences in salinity were observed between depths 
(F1 = 46.115, p < 0.05; Table 1), but no significant differ-
ences were found between wave exposures (F2 = 1.529, 
p > 0.05; Table 1), and the interaction between these factors 
was also not significant (F2 = 0.828, p > 0.05; Table 1). In 
the NE and HHW waters, the salinity differences between 
the surface and bottom layers were minimal, typically 
increasing by approximately 2 PSU across the entire water 
column. At PS, the salinity exceptionally increased by 3–4 
PSU, accompanied by a more contrasting halocline.

Coral communities and the bleaching response

The coral communities at the study sites were predomi-
nantly composed of one to three coral genera: Pavona, 
Platygyra, and Porites (Fig. 3). Each site exhibited a dif-
ferent dominance pattern and proportion of these genera. 

Fig. 2  The water temperature (first column), dissolved oxygen (DO, 
second column), and salinity (third column) changes along the water 
column in the sheltered (red triangle), moderate (blue circle), and 
exposed (green square) sites in the NE (first row), HHW (second 
row), and PS (third row). The red dotted line for water temperature 
represents the threshold of coral bleaching (30 °C); the red dotted line 
for DO represents the threshold of hypoxia (2 mg/L)
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Coral Beach in HHW was exclusively dominated by 
Pavona, accounting for 82.7% of the coral cover. Crescent 
Island and Shelter Island were solely dominated by Platy-
gyra, with percentages ranging from 46% to 93.9%. Port 
Island exhibited a co-dominance of Platygyra (59.8%) and 
Porites (20.5%). Tung Ping Chau showed a co-dominance 
of Pavona (50.5%) and Platygyra (34.8%). The Pier of 
Hoi Ha Wan, Au Yue Tsui, and Sharp Island displayed 
a co-dominance of Pavona (26% to 58.3%) and Porites 
(16.8% to 34.8%). Finally, Bluff Island exhibited a co-
dominance of Porites (27.3%), Pavona (23.2%), and Platy-
gyra (16.6%) (Fig. 3).

Coral bleaching was observed across all study sites, indi-
cating a territory-wide event (Fig. 3). The severity of bleach-
ing varied among sites and water depths, ranging from 2.4 to 
70.3%. In shallow water, the bleached coral cover in the shel-
tered and moderately sheltered sites was generally higher, 
with a mean cover of 42.97 ± 15.4% and 44.93 ± 29.4%, 
respectively. The exposed sites had a lower mean coral cover 
of 31.8 ± 5.2%. In deep water, coral bleaching was found 
only at two of the three sheltered sites, with only Goniopora 
observed as the bleached genus, but the affected colonies 
were few, with only 1 affected colony corresponding to 2.4% 
coral cover at AYT and 2 affected colonies corresponding 
to 2.7% coral cover at the Pier. Goniopora was mainly dis-
tributed in the deep water; only a small percentage of this 
genus (0.08% at AYT and 0.06% at the Pier) had undergone 
bleaching. In shallow water, this genus was uncommon, with 
a 2.4% coral cover at AYT and absence at the Pier, but its 
bleaching incidence was high, which indicates its suscepti-
bility to bleaching. There is no coral bleaching at the mod-
erately sheltered and exposed sites. Platygyra and Pavona 
exhibited more considerable differences in bleached coral 
cover between sheltered, moderately sheltered, and exposed 
sites, with 62.7 ± 1.2–75.2 ± 0% at the sheltered and mod-
erately sheltered sites, and 31.1 ± 6.2%–47.8 ± 19.7% at the 
exposed sites (Table 2). Pavona exhibited fewer differences, 
with a mean bleached coral cover of 23.2 ± 17.5% at the 
sheltered sites and 19.0 ± 10% in the exposed sites (Table 2). 
The differential responses of these coral genera to bleaching 

events likely also influenced the observed patterns of bleach-
ing severity across the study sites.

Post‑bleaching recovery

Coral colonies revisited after the bleaching event was cat-
egorized into three groups: Fully recovered, partially recov-
ered, or completely dead, within a timeframe of 12 weeks 
(Fig. 4). The final recovery index (RI) in the last week 
was significantly different among the species  (H4 = 13.68, 
p < 0.05; Fig. 4). A. digitifera had a notably lower value of 
1.2 compared to the other species, which had values ranging 
from 2.6 to 3.0 (Fig. 4). It is worth noting that two colonies 
of A. tumida did not survive, contributing significantly to the 
low recovery index observed for this species.

On the other hand, the other species generally exhibited 
a high capability for recovery, with a mean recovery index 
of 2.6, 2.6, 2.8, and 3.0 for P. decussata, P. lutea, P. car-
nosa, and G. columna, respectively. This result indicates 
that most colonies of these species either fully or partially 
recovered. The recovery progress, as indicated by the signifi-
cant enhancement of the RI throughout the survey period, 
varied among the different species. G. columna quickly 
recovered, with all colonies fully recovered within four 
weeks after bleaching. In contrast, P. carnosa exhibited the 
slowest recovery, with one of the colonies taking 12 weeks 
to recover. The colonies of P. decussata and P. lutea expe-
rienced either full or partial recovery within 2 to 8 weeks 
after bleaching.

Discussion

The potential cause of MHWs and hypoxia in 2022

The MHWs occurred in 2022 were associated with an appar-
ent water column stratification, with a surface layer tempera-
ture ranging from 30 to 32 °C, dissolved oxygen (DO) levels 
of 6 to 8 mg/L, and a salinity of 31 to 33 PSU. The bottom 
layer had a temperature of 22 to 26°C, DO levels of 2 to 

Table 1  ANOVA of the 
environmental parameters 
measured in situ 

df Sum of square Mean square F p

Temp wave 2 26.46 13.23 5.554  < 0.05*
depth 1 157.09 157.09 65.961  < 0.05*
wave*depth 2 2.41 1.20 0.505  > 0.05

DO wave 2 7.213 3.607 11.932  < 0.05*
depth 1 5.605 5.605 18.541  < 0.05*
wave*depth 2 1.487 0.743 2.459  > 0.05

Salinity wave 2 1.45 0.725 1.529  > 0.05
depth 1 21.856 21.856 46.115  < 0.05*
wave*depth 2 0.785 0.393 0.828  > 0.05
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4 mg/L, and a salinity of 33 to 35 PSU. The warm surface 
water layer likely caused the widespread coral bleaching, 
while the low-oxygen layer only caused minor hypoxia in the 
sheltered site of PS (Sharp Island), resulting in mass ben-
thos mortality at that location (Fig.S2, Appendix I). Simi-
lar stratification of the water column has been previously 
well-documented during the warm season in Hong Kong 
(Morton and Morton 1983; Xu et al. 2012), but how such 
a stratification affected benthos is largely unknown, except 
that stratification-associated hypoxia had been reported to 
cause widespread death of benthos during the summer in 
Tolo Harbour (Fleddum et al. 2011) and Mirs Bay (Bin-
nie Consultants Ltd1995). The strong stratification in the 
north-eastern waters of Hong Kong was attributed to the 
high temperature in the surface water coupled with a low 
upwelling of cold water from the South China Sea (Li et al. 
2014). Here, we recorded a small-scale mass mortality event 
at the hypoxia-affected site at Sharp Island in the summer of 
2022 (Appendix I in Supplementary Information), support-
ing this explanation.

Like the MHW events in the South China Sea (SCS) 
surrounding Hong Kong (Yao and Wang 2021; Zhao et al. 
2023), high sea surface temperatures (SST) in Hong Kong 
are usually induced by air-sea heat flux and solar radiation. 
During each wet season, the dominant currents (CCC and 
SCSWC) in the northern SCS, including Hong Kong waters, 
are warm but seldom exceed 30 °C (Kang et al. 2021). The 
warming effect becomes more severe when a La Niña event 
forms in the summer while El Niño decays, as the robust 
western North Pacific subtropical high is formed simulta-
neously (Chen et al. 2012). This reduces cloud cover and 
increases solar radiation reaching the sea surface (Yao and 
Wang 2021). Meanwhile, the southwest monsoon weakens 
or disappears, preventing the cold upwelling current from 
reaching the coast. In July 2022, La Niña developed while 
El Niño decayed, according to the World Meteorological 
Organization’s monitoring (https:// commu nity. wmo. int/ 
en/ activ ity- areas/ clima te/ wmo- el- ninola- nina- updat es). 
An extreme subtropical high formed on July 8th, inducing 
abnormal weather conditions with reduced cloud cover (11% 
below normal), prolonged sunshine period (28.9 h above 
normal), and higher daily solar radiation (2.58 mJ  m−3 above 
normal). These conditions caused July 2022 to become the 
hottest month since 1884, breaking many high-temperature 
records in Hong Kong, including the highest mean tempera-
ture for all months (30.3 °C), the highest number of days 
with a daily maximum temperature equal to or higher than 
35.0 °C for all months (10 days), and the highest number of 
very hot days for all months (21 days) (HKO 2022b). There-
fore, the scorching weather was likely the triggering factor 
for the MHWs in the summer of 2022.

Based on the above findings, the water column stratifica-
tion in 2022 began with the annual intrusion of the cold, 

hypersaline, and low-oxygen bottom water in the early 
wet season. On July 8, 2022, the subtropical high induced 
scorching weather, greatly enhanced the air-sea heat flux and 
raised the SST above the coral bleaching threshold. Con-
currently, with the developed La Niña event and decaying 
El Niño, the southwest summer monsoon weakened signifi-
cantly, unable to transfer the cold upwelling current to the 
coastal waters of Hong Kong. Without the mixing effect of 
storms and under extremely hot weather conditions, a ther-
mohalocline was formed, triggering the MHW associated 
with a minor hypoxia event, as reported in this study.

Coral bleaching and recovery

The summer 2022 MHWs had a significant impact on coral 
bleaching, while the local conditions, including depth and 
wave exposure, primarily modulated the spatial distribution 
of heat stress and, consequently, coral bleaching in Hong 
Kong waters. Coral bleaching predominantly occurred in 
shallow water, typically within a depth range of 1 to 3 m 
below the surface. The extent of bleached coral cover 
exhibited an apparent variation corresponding to the wave 
exposure gradient, whereby areas with lower wave expo-
sure demonstrated a higher degree of bleaching. The coral 
composition had a relatively lower overall influence, with 
only the common and sensitive genus, Platygyra, demon-
strating a significant impact. Additionally, two other com-
mon coral genera, Porites and Pavona, exhibited varying 
levels of bleaching among locations. Still, their impact on 
the bleaching response of the entire coral communities was 
found to be insignificant. In the deep water of two of the 
three studied sheltered, 3 colonies of Goniopora also suf-
fered from bleaching, indicating this genus is particularly 
susceptible to heat stress, which may explain its rare occur-
rence in shallow water.

Previous reports showed that hyposalinity stress might 
be a causal factor for coral bleaching in local waters. For 
instance, in the summer of 1997, McCorry (2002) reported 
coral bleaching in nine sites, with the most severe bleach-
ing occurring at Sham Wan in the southern waters, result-
ing in the complete death of the coral community. Moder-
ate-to-mild bleaching and mortality levels were observed 
in north-eastern to eastern waters, where 10.9% to 12.3% 
of coral cover was bleached, and 3% to 25.4% of coral 
cover was dead. Because Sham Wan is located in the tran-
sitional zone, her results are consistent with the greater 
influence of freshwater insurgents in the southern waters 
closer to the Peral River Estuary. In the summer of 2014, 
Xie et al. (2017) reported localized bleaching only in the 
Port Shelter area, with moderate bleaching levels (30.6%) 
recorded in Sharp Island and minor bleaching recorded 
in seven other sites, where 0.8% to 10% of coral cover 
was bleached. The 2017 bleaching event documented by 

https://community.wmo.int/en/activity-areas/climate/wmo-el-ninola-nina-updates
https://community.wmo.int/en/activity-areas/climate/wmo-el-ninola-nina-updates
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Xie et al. (2020) revealed more extensive but scattered 
bleaching in locations along the north-eastern to eastern 
waters, with 5.9% to 57.6% of coral cover affected. These 
studies demonstrated that hyposalinity could also trigger 
bleaching in protected bays without adequate tidal flush-
ing. Here, our study confirmed a spatial pattern of coral 
bleaching response associated with the wave exposure gra-
dient. This is because heat from air-sea heat flux evenly 
spreads to different locations, while wave advection driven 
by tidal changes or ocean swells reduces heat accumula-
tion in more exposed sites (Wyatt et al. 2020), resulting in 
a predictable impact on local coral communities. Although 
previous reports of coral bleaching occurred during the 
summer, it was difficult to disentangle the influences of 
heat and low salinity. With the in situ measurements of 
environmental factors, our study showed that the 2022 
summer bleaching events were caused by heat stress, not 
hyposalinity.

Twelve weeks after the initial coral bleaching event, a 
follow-up survey was conducted to assess the consequence 
of bleached coral at Sharp Island. No further bleaching was 
observed on the tagged coral colonies, and the recovery sta-
tus varied among five locally common species. A. tumida 
showed the worst performance, with a recovery index of 
only 1.2 and a relatively high mortality rate (Fig. 4). P. car-
nosa took the longest time to recover but eventually showed 
a good recovery. G. columna, P. decussata, and P. lutea 
generally exhibited good recovery, with only some colonies 
experiencing partial mortality. Although the environmen-
tal stress in this bleaching event differed from the previous 
event (heat stress versus hyposalinity stress), our results also 
indicated a relatively higher mortality rate for A. digitifera, 
consistent with the observation of Xie et al. (2020). Since 
branching-form Acropora corals contribute significantly to 
habitat topography, providing vital support for high bio-
diversity in coral habitats (Ferrari et al. 2016), the loss of 
Acropora could lead to a dramatic reduction in the value of 
the coral community as a habitat for other species. In addi-
tion, contrary to the general understanding that massive cor-
als are thermally tolerant (Van Woesik et al. 2011), our study 
showed that the massive coral Platygyra was highly suscep-
tible and had a high bleached cover under thermal stress. 
Furthermore, the minor decline observed in other genera 
during each bleaching event should not be overlooked, as 
coral recruitment and larval survival rates are low in Hong 
Kong (Chui and Ang 2017).

The implication of the 2022 MHWs

The 2022 MHWs and their implications are significant 
in the context of global coral bleaching events. Previous 
MHWs associated with El Niño, such as the 1997–1998 
event, caused widespread and severe coral bleaching, result-
ing in significant mortality in reefs across various regions, 
including Kenya, Vietnam, and Japan (Wilkinson 1998). 
The 2014–2017 MHW is considered the most damaging 
event on record, affecting reefs worldwide for an extended 
period (Eakin et al. 2019). However, Hughes et al. (2018) 
discovered that the warming effect during the La Niña years 
has been intensifying, comparable to the El Niño events. 
From 1985 to 2006, the sea surface temperature (SST) in the 
Coral Triangle increased at 0.2 °C per decade, and thermal 
stress in the northern and eastern parts was linked to La Niña 
(Peñaflor et al. 2009). In Hong Kong, the annual average 
of HWI also increased by 0.05 per year (Appendix II, Fig. 
S3). Since 2000, more instances of mass coral bleaching 
associated with La Niña have been reported, particularly 
in subtropical reefs worldwide. Examples include the mass 
coral bleaching in the Fiji Islands in 2000 (Cumming et al. 
2000), the extensive bleaching along 1200 km of coastline 
in Western Australia from 2010 to 2011 (Moore et al. 2012), 
and the record-high SST-induced mass coral bleaching in 
the Beibu Gulf of the South China Sea in 2020 (Chen et al. 
2022; Feng et al. 2022). These subtropical reefs are con-
sidered refuges for coral reefs under climate change, and 
certain subtropical corals have been reported to exhibit heat 
stress tolerance (Begar et al. 2014; Dellisanti et al. 2020, 
2023). However, prolonged and intense MHWs can still 
lead to mass coral bleaching and threaten these ecosystems. 
Therefore, it is crucial to investigate the effects of La Niña 
on different tropical and subtropical regions and explore the 
potential interactions between MHWs and other stressors, 
such as hypoxia, as examined in this study (Fig. 5).

Before this study, there had been no reported cases of 
MHW-associated mass coral bleaching or benthos mortal-
ity in Hong Kong. Although MHW events have occurred 
almost yearly since 2009 (except for 2011), their severity 
did not lead to coral bleaching (Supplementary informa-
tion, Table S1). In the past, coral bleaching events were 
considered to be triggered by hyposalinity resulting from 
heavy rainfall (Xie et al. 2017, 2020), although they did 
not have high-resolution environmental data to disentan-
gle the effects of high temperature or low salinity. The 
occurrence of mass coral bleaching induced by MHWs, 
as observed in this study, highlights the issue of under-
standing the differential heat stress tolerance among local 
corals. Duprey et al. (2016) investigated the sensitivity 
of various local coral genera to water quality associated 
with eutrophication and identified the coral’s tolerance to 
different physical water parameters. The results provided 

Fig. 3  The coral generic composition in shallow (upper box) and 
deep waters (lower box) quantified by per cent healthy and bleached 
cover in each location (AYT: au yue tsui, CI: crescent island, TPC: 
tung ping chau, Pier: the pier in HHW, CB: coral beach, PI: port 
island, Sharp: sharp island, Shelter: shelter island, Bluff: bluff island). 
The number in brackets in each graph represents the total bleached 
coral cover

◂
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valuable insights for predicting potential variations in 
coral composition under future eutrophication conditions. 
Given the escalating threat of global warming, similar 
studies, whether conducted in laboratories or observed 
in the field, are essential to gather relevant information 
for predicting the future impact on coral communities. 
Moreover, understanding heat stress tolerance is crucial 
for restoration programmes aiming at reestablishing local 
coral communities.

This study also revealed depth-dependent bleaching due 
to the presence of thermocline, which was not extensively 
discussed in previous bleaching reports. The transect surveys 
conducted in shallow and deep waters documented distinct 
coral communities and varying levels of bleaching across 
different sites. For instance, the coral community in Bluff 
Island was co-dominated by Porites, Pavona, and Platygyra, 
with moderate bleaching observed in shallow water, while 
only Goniopora showed minor bleaching in deep water. The 
variation in coral community composition with depth has 
been previously established in Hong Kong, even within a 
few metres below the water surface (Tam and Ang 2008). It 
contributes to the differences in bleaching levels.

Table 2  Mean bleach coral cover of Platygyra, Porites, and Pavona 
aross sheltered, moderately sheltered, and exposed sites in shallow 
and deep waters

Depth Wave exposure Platygyra Porites Pavona

Shallow Sheltered 62.7 ± 1.2 61.0 ± 1.1 23.2 ± 17.5
Moderately sheltered 70.3 ± 5.1 75.2 ± 0 4.0 ± 0
Exposed 47.8 ± 19.7 31.1 ± 6.2 19.0 ± 9.9

Deep Sheltered 0 0 0
Moderately sheltered 0 0 0
Exposed 0 0 0

Fig. 4  Changes in recovery of five common species during 12 weeks 
after the bleaching event in Sharp Island. The statistically significant 
changes are indicated by asterisks (except G. columna due no differ-
ences among the replicates)
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