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Coral reefs around the world are affected by numerous disturbances, such as
high-intensity cyclones and severe thermal anomalies, which are occurring with
increasing frequency and intensity. In 2019, our study site Pulau Bidong near
Terengganu, Peninsular Malaysia, was affected by the passage of tropical storm
Pabuk over this region, followed by a localized bleaching event later in the year.
This study investigated the changes in reef cover and composition over a 5-year
period between 2017 and 2021, before and after these successive natural
disturbances. At the beginning of our study, live coral cover was 46.11 + 7.56%
and the reef was in a “fair” condition. However, after the multiple disturbances in
2019, the live coral cover decreased by 68% to 14.63 + 4.35%, mainly due to the
decline of the dominant genera Fungia sp. and Acropora sp. The coral bleaching
triggered by the local heat stress event mainly affected the massive Fungia sp., as
the branching Acropora sp. were severely affected by the previous storm event
due to their mechanical vulnerability. After the successive disturbances, SIMPER
showed that the community composition in Pulau Bidong had changed. After the
disturbance, ‘dead corals covered with algae’ (DCA) now dominated the reef
benthos, whereas previously live corals (Fungia sp.) dominated the reef picture.
The nMDS plot showed a clear clustering of the benthic community composition
between years, with the disturbance survey transects clustered separately from
the years without disturbance. The B-diversity box plot showed that the reef
community was rather monotonous before the disturbances, but after the
consecutive disturbances in 2019, there was a higher variation in coral
diversity. Although Pulau Bidong experienced multiple disturbances, the
community structure recovered somewhat to pre-disturbance levels towards
the end of our study in 2021.
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1 Introduction

Coral reefs, sometimes referred to as “rainforests of the sea”, are
among the most productive and diverse marine ecosystems in the
world: they occupy less than 0.17% of the global ocean area (Spalding
et al,, 2001), but harbor over 33% of all marine species (Fisher et al.,
2015) and provide ecological goods and services worth approximately
US$30 billion annually (Moberg and Folke, 1999; Cesar et al.,, 2003).
The Indo-Pacific region, which comprises the ‘Coral Triangle’, is home
to 76% of the world’s reef-building corals and is recognized as a global
center of coral biodiversity (Veron et al., 2009). Malaysia, which lies on
the edge of the Coral Triangle, harbors a reef area of ~4,000 km®
consisting mainly of fringing reefs along the mainland (Burke et al,
2002). Peninsular Malaysia harbors a total of 323 species of hard corals
(Harborne et al,, 2000), while West Malaysia harbors 398 species of
hard corals (Huang et al., 2015).

Coral reef ecosystems are increasingly threatened by natural
(rising sea temperatures, ocean acidification and intense tropical
cyclones) and anthropogenic (overfishing, sedimentation and
nutrient pollution) disturbances (Wilkinson and Souter, 2008).
Tropical storms (i.e. cyclones, typhoons and hurricanes) cause
severe disturbance to coral reef ecosystems (Scoffin, 1993;
Harmelin-Vivien, 1994), ranging from removal of reef matrix,
fragmentation and detachment of coral colonies, to scouring by
sandblasting and burial of reef organisms (Done, 1992a; Fabricius
et al., 2008). When tropical storms make landfall, they have further
effects near the coast: decreases in salinity due to rainfall and
flooding (leading to coral bleaching) and changes in turbidity
(due to sand drift and sediment resuspension) (Sully and van
Woesik, 2019). Cyclones play a major role in the redistribution of
reef material and are important drivers in shaping geomorphology
and restoring reef habitats (Fabricius et al., 2008; De’Ath et al,
2012). The damage caused by tropical storms varies greatly and is
determined by the intensity and duration of the storm (Done,
1992a; Fabricius et al, 2008). On the reef side, vulnerability to
storms depends on the following factors: Location (windward front
reef vs. leeward back reef) (Perry and Smithers, 2006), community
type (branching vs. massive) (Fabricius et al., 2008) and stage of
coral development (newly settled young colonies vs. mature
undisturbed assemblages) (Madin and Connolly, 2006).

Coral bleaching, which is caused by extreme temperature
anomalies due to rising sea surface temperatures, leads to the loss
of intracellular symbiotic algae (zooxanthellae) (Hoegh-Guldberg
et al,, 2007; Hughes et al., 2017) and - after prolonged disruption of
the symbiosis - eventually to the death of the coral itself (Glynn,
1993; Berkelmans et al., 2004). Coral species differ in their
susceptibility to bleaching and subsequent death (Marshall and
Baird, 2000; McClanahan et al., 2004). This differential response to
thermal stress and the associated differences in mortality rates
ultimately lead to a change in coral community composition and
diversity (Marshall and Baird, 2000; McClanahan et al., 2007).
Differences in the severity of bleaching among coral taxa are
dependent on numerous factors, including: coral morphology
(branching vs. massive corals) (van Woesik et al., 2011; Swain
etal, 2016), depth (shallow reefs vs. deeper reefs) (Grimsdich et al.,
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2010), light intensity (local irradiance and surface reflectance)
(Dunne and Brown, 2001), water flow (lagoon reefs vs. open
ocean reefs) (Nakamura and van Woesik, 2001; McClanahan
et al, 2007), turbidity (Williams et al., 2010; Sully and van
Woesik, 2019), coral colony size (smaller/juvenile colony vs.
larger/mature colony) (Pratchett et al., 2013; Wagner et al., 2010),
symbiont type (Clade C vs. Clade D) (Sampayo et al., 2008; Howells
et al, 2013), topographic complexity (elevated, open, crevice,
overhang) (Lundgren and Hillis-Starr, 2008; Gorospe and Karl,
2011), temperature history (high temperature fluctuations vs. stable
temperature regimes) (Schoepf et al., 2015, 2019; Barshis et al,
2018), and bleaching history (acclimatization vs. adaptation) (Bay
and Palumbi, 2015; Matz et al., 2018).

Malaysia rarely experiences severe tropical storms due to its
proximity to the equator, as the weak Coriolis forces prevent the
formation of strong storms in this region (Chang et al., 2003; Zuki and
Lupo, 2008). Nonetheless, a number of storms have passed through this
area - Tropical Storm Greg in December 1996, Typhoon Vamei in
December 2001 and more recently, Tropical Storm Pabuk in January
2019. As for coral bleaching in Malaysia, it has been estimated that up
to 40% of corals on the reefs of Peninsular Malaysia died after the first
global bleaching event, while between 5-6% of Malaysian corals may
have died during the second global mass bleaching event (Reef Check
Malaysia, 2011). Finally, after the 3 global mass bleaching event, there
was a 5.6% decline in live corals between 2014 and 2017 (Reef Check
Malaysia, 2020).

Numerous studies have been published on the effects of tropical
storms and coral bleaching as individual disturbances on coral reef
ecosystems (Goreau et al., 2000, Fabricius et al., 2008; Guest et al., 2012;
Beeden et al., 2015; Hughes et al,, 2017; Baird et al.,, 2018; Burt et al,
2019; Eakin et al., 2019; Harrison et al., 2019). However, there is very
little research on the effects of storms and bleaching (as multiple
disturbances) on coral reef ecosystems (Madin et al., 2018; Ribas-
Deulofeu et al,, 2021). In January 2019, Cyclone Pabuk, originating
from the South China Sea and travelling in a northwesterly direction,
passed through the waters off the coast of Peninsular Malaysia before
moving into the Gulf of Thailand. Between April and August of the
same year, during the bleaching season, a localized bleaching event
occurred on Pulau Bidong. Our study aims to address this research gap
by investigating the impacts of tropical storms and bleaching (as
successive disturbances) over a 5-year period, between 2017 and
2021, in Pulau Bidong. Thereby, our research will investigate the
temporal changes in coral cover and benthic composition due to
consecutive disturbances (i.e. Cyclone Pabuk and a localized
bleaching event) in 2019- analyzing both the pre-disturbance (2017
and 2018) and post-disturbance (2020 and 2021) periods; at a shallow,
remote reef in Pulau Bidong on the edge of the South China Sea.

2 Materials and methods
2.1 Study site
The study site, Pulau Bidong (5°37'7.60"N latitude and 103°

3'47.84"E longitude) (Figure 1), is an archipelago consisting of six
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well-vegetated, low-lying islands located 15 kilometers off the coast
of Terengganu. Until the end of 1991, the island was a former
Vietnamese refugee settlement. Today it is uninhabited and hosts a
UMT research station on its northwestern coast (Roslan et al,
2017). Pulau Bidong has a good population of live corals (46.67%)-
and the health of the reef is rated as fair (Reef Check Malaysia,
2020). It is the only island in Terengganu that is not designated as a
marine park by the Department of Fisheries.

Sampling was conducted over 5 years (2017-2021) at Pantai
Pasir Cina, Pulau Bidong. Repeated benthic surveys were performed
at adjacent transects to evaluate changes in coral community
structure in response to successive disturbances. Additionally, in-
situ sea-water temperature HOBO loggers were deployed in the
sampling site to monitor and record seawater temperatures
throughout the study period.

2.2 Benthic survey methodology

The quantification of changes in the benthic community of the
reef were carried out using the Coral Video Transect (CVT)
technique, which was optimized by Safuan et al. (2015). An
underwater camera (Panasonic LUMIX DMC-FT4) with an
underwater housing (LUMIX 40 m Marine Case) was used to
record 1080p high definition (HD) videos of the reef corals and
benthic substrate along a 100 m transect tape. The transect belt was
divided into 4 sub-transects, each 20 m long, with a 5 m gap
between them. In this way, each transect had 4 sub-transects
as repeats.

The 100 m long transect tape was laid along the reef bottom,
following the reef contour and running parallel to the coastline. The
video recordings were made with the camera pointing vertically
downwards onto the reef substrate, at a distance of 50 cm (+ 10 cm)

10.3389/fmars.2025.1552229

above the substrate. To minimize parallax error and keep the
camera at a fixed distance perpendicular to the substrate, a 50 cm
long reference rod was attached to the camera housing. The diver
swam at a speed of 4 meters/min so that the camera had enough
time to focus on the substrate and avoid image blurring. In addition,
a dive computer (Mares Puck Pro) was used to record dive depth
and track dive times.

Between 2017 and 2019, 3 transects were recorded each year
during the same period (August of each year). However, in 2020
and 2021, due to COVID lockdown restrictions, only a single
transect was recorded each year (April 2020 and March 2021). As
the transects towards the end of our study could not be replicated
due to the COVID lockdown, we therefore had to consider all the
transects in our study as independent transects.

A total of 50 non-overlapping frames were automatically
extracted from the video of each sub-transect (50 frames per 20
m replicate), with 50 points overlaid on each frame and analyzed
using the software ‘Coral Point Count with Excel Extension’ (CPCe)
version 4.0 (Kohler and Gill, 2006). A total of 38 video recordings
were analyzed in our study, resulting in 1,900 images and 95,000
points. Five types of main benthic categories were used in our study
- corals (C), bleached corals (BC), algae (ALG), other invertebrates
(OT) and dead corals (DC). Percent cover for the coral (C) category
was based on 79 genera identified by Affendi and Faedzul (2011)
based on Scleractinus species found in Peninsular Malaysia, as well
as data from Veron (2000) and Kelly (2016). The percentage cover
of bleached corals (BC) included the above 79 living coral genera in
bleached form. Percent cover of algae (ALG) was based on 6 algal
species. The category Other (OT) included all living organisms,
such as anemones, sponges, sea urchins, etc. The percentage of dead
corals (DC) were recorded as either dead coral, recently dead coral,
dead coral with algae, debris and diseased corals. The substrate was
identified as sand, rock or silt. This percentage of coral taxa (genera)
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was used to determine the changes in coral community structure in
our study area.

2.3 Statistical Analysis

The statistical analysis of the data in our study was performed
using the software Plymouth Routines in Multivariate Ecological
Research (PRIMER) Ver. 7.0 (Clarke and Gorley, 2006) and R 4.0.3
(R Core Team, 2020). Prior to statistical analysis, the data set was
square root transformed. A one-way similarity analysis (ANOSIM)
was performed to test for significant differences in benthic
community composition between years. A percent similarity
analysis (SIMPER) was conducted to determine the percent
similarity of the benthic categories that contributed most to the
observed differences between years.

A non-metric multidimensional scaling test (nMDS) was used
to visualize the differences in community composition across years.
To show which coral genera and benthic categories were
responsible for these differences, significant correlation vectors
(‘envfit’ in vegan) were superimposed on the nMDS plot.
Hierarchical agglomerative clustering (CLUSTER analysis) based
on the similarity profile test (SIMPROF) (‘simprof function in the
clustsig package) was used to generate the concentration ellipses in
the nMDS diagram based on posterior grouping of years. In
addition, we also estimated [-diversity dispersion by estimating
the distance to the group centroid for each year (‘betadisper’ in
vegan). Differences in [-diversity dispersion between years were
tested using PERMANOVA. Finally, we used the non-parametric
Mann-Whitney U-test for our univariate statistical analysis- to test
for significant differences in the temporal distribution of our study
and to determine differences between groups of benthic cover.

The Degree Heating Weeks (DHW) metric was used to measure
the thermal stress on coral reefs caused by prolonged periods of
elevated sea surface temperatures. Using in-situ HOBO-logger
seawater temperatures from our study site, we used the National
Oceanic and Atmospheric Administration (NOAA) coral bleaching
methodology to calculate DHW's and also to categorize bleaching
thresholds. At 4 °C-weeks- corals experience moderate heat stress
and may start to show signs of bleaching; while at 8 °C-weeks-
corals experience high thermal stress and are at significant risk of
widespread coral bleaching.

3 Results

The percentage of live corals at the beginning of our study was
46.11 + 7.56% in 2017 and the health of the reef was classified as
‘fair condition” according to Chou et al. (2002) (Figure 2a). After
successive disturbances in 2019, the live coral population decreased
by 68% to 14.63 + 4.35% (‘poor condition’). By the end of our study
in 2021, coral cover had returned to pre-disturbance levels. The two
dominant genera (Fungia sp. and Acropora sp.) accounted for
83.01% of living corals in our study. Fumngia sp., the most
abundant taxa, recorded an 84.62% decrease in genera coverage
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from 26.40 + 8.77% in 2018 to 4.06 + 3.05% in 2019 after the
successive disturbances (Mann-Whitney U-test, Z = 3.534, p <
0.001) (Figure 2b). The second most abundant genera, Acropora sp.
recorded a 65.44% decrease in genera after successive disturbances
from 19.13 + 10.22% in 2018 to 6.61 + 5.35% in 2019 (Mann-
Whitney U-test, Z = 2.555, p = 0.011) (Figure 2b). Towards the end
of our study, both genera returned to near their pre-
disturbance abundances.

The proportion of dead corals at the beginning of our study was
34.04 + 7.68% in 2017, while they dominated half of the reef
benthos (49.24 + 6.58%) after successive disturbances in 2019
(Figure 2a). After disturbance, the proportion of dead corals
remained high and was dominated by both ‘dead corals with
algae’ (DCA) and ‘coral rubble’ (R). The percentage of algae in
the benthos was low (~4%) at the beginning of our study
(Figure 2a). However, in 2018, there was a sudden increase in
algal cover by 312% to 16.18 + 4.66%. After the subsequent
disturbances in 2019, the percentage benthic algal cover was
~15%. The abiotic substrate of the reef showed a decrease in
percentage cover after the disturbances (9.71 + 11.79% in 2017 to
only 2% in 2019) (Figure 2a). However, immediately in the
following year (2020) - sand contributed to an eightfold increase
in abiotic benthic cover to 16.86 + 12.04% (Mann-Whitney U-test,
Z = -1.852, p = 0.064). All above values of percentage cover
throughout our study can be found in Supplementary Table 1.

Coral bleaching was minimal on the reefs in Pantai Pasir Cina.
The only bleaching observed in our study was during the local
bleaching season (April-October 2019) (Figure 3), where a
maximum of 17.03 + 7.55% of corals were bleached, compared to
only ~2-3% in other years (Figure 2a). Bleaching was mainly
observed in Fungia sp. Pulau Bidong experienced 0 °C-weeks
(Degree Heating Weeks) throughout the whole study period,
except for a few months between February 2020 and June 2020
(local bleaching season) - when a few hot-spots were detected by
our in-situ temperature hobo loggers (Figure 3). Nonetheless,
temperatures never crossed the 4 °C-weeks temperature
thresholds required when bleaching is likely to be observed,
according to NOAA Coral Reef Watch bleaching methodology. A
one-tailed ANOSIM test showed a significant difference in benthic
reef community composition across years (GLOBAL R = 0.339, p <
0.001) (Supplementary Table 2). Pairwise ANOSIM tests between
years showed that all were significant, except for the pairs 2017 and
2021’ and 2020 and 2021’. SIMPER analysis revealed that prior to
the successive disturbances, live corals comprised almost half of the
reef’s benthos (Fungia sp. and Acropora sp.) (Figure 4). However,
after the 2019 disturbance, ‘dead corals with algae’ (DCA)
dominated the reef and accounted for 49.52% of the reef benthos,
followed by bleached Fungia sp. (13.98%) and coral rubble (9.20%).
Towards the end of our study- ‘dead corals with algae’ (DCA)
remained high (31.77%) and also remained the dominant category.
While the genus Fungia sp. (23.38%) and Acropora sp. (13.96%)-
both showed slight recovery, nevertheless, coral rubble cover was
consistently high (18.60%).

The nMDS plot (Figure 5) shows that the composition of the
benthos in Pantai Pasir Cina formed distinct groups based on the
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FIGURE 2

(a) Graphs showing the percentage benthic cover in Pantai Pasir Cina over 5 years (2017-2021) (% Cover + Standard Error). The vertical lines
represent the dual disturbance events in 2019- with the red vertical line denoting the storm disturbance, while the two blue vertical lines denote the
thermal stress event period (April-August 2019). The values for the points in the graph can be found in the Supplementary Table 1. (b) Graphs
illustrating the percentage cover of the dominant major live coral taxa cover in Pantai Pasir Cina across the 5-years (2017-2021) study period. Values
represent Mean % Cover + Standard Error bands. 2019 (in bold) is the disturbance year.

SIMPROF analysis (Supplementary Figure 1), with the resulting
posteriori clusters grouped according to the different years. Before
the successive disturbances in 2019, the differences in community
composition were mainly determined by live corals (Fungia sp.,
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Acropora sp., Porites sp., and Montipora sp.), dead corals (DC) and
rocks (RCK).However, in 2019, following the sequential
disturbances, the community formed a clear cluster on the right
hand side of the nMDS plot and was dominated by bleached corals
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Pulau Bidong in-situ HOBO-logger seawater temperatures (January 2017 — September 2021) (Top). NOAA Coral Reef Watch Degree Heating Weeks
(DHW) based on in-situ HOBO-logger seawater temperatures for Pulau Bidong (January 2017 — September 2021) (Bottom).

(Fungia/B sp., Acropora/B sp., Porites/B sp., Pavona/B sp.,
Symphyllia/B sp., Pocillopora/B sp.), ‘dead corals with algae’
(DCA), ‘other algae’ (OA) and Lobophora sp. (LOB) (Figure 5).
Towards the end of our study in 2021, the nMDS cluster showed a
curved return with ‘coral rubble’ (R) determining the benthic
community composition. The CLUSTER/SIMPROF Dendrogram
corroborated the findings of the above nMDS results with the two
main branches separating into disturbance year (left) and non-
disturbance years (right) (Supplementary Figure 1).

The box plots of B-diversity showed that the reef community in
Pulau Bidong was stable, with a varied coral and benthic cover in
2017 (B-dispersion: ~ 0.25) (Figure 6). Between 2018 and 2019, the
community experienced rising B-dispersion; with 2018 (B-
dispersion: ~ 0.35) indicating community disruption and 2019 (-
dispersion: ~ 0.45) signaling both ecosystem wide-disruption and
chaotic re-organization. Following the successive disturbances, in
2020- there was a decline in B-dispersion to ~ 0.30 indicating a
stable community state forming. Finally in 2021, 3-dispersion value
(~ 0.28) was similar to 2017, but nonetheless, the community
composition was different (Figure 4).

4 Discussion

The reef landscape in Pantai Pasir Cina underwent a significant
change in the composition of the benthic community due to the
consecutive disturbances during our study. Before the double
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disturbance by storm and bleaching events, the reef was
dominated by living scleractinian corals (especially Fungia sp. and
Acropora sp.) at the beginning of our study. After the disturbances,
there was a shift in the main components of the benthic
composition - live corals decreased significantly while dead corals
increased, so that the post-disturbance community was dominated
by ‘dead corals covered with algae’ (DCA). These changes in the
composition of the living assemblage immediately after the multiple
disturbances could be due to the differential susceptibility of
different taxa to disturbance by cyclones and bleaching (Aronson
and Precht, 1995; Baird et al., 2018).

After the storm disturbance, the percentage of living taxa of
Acropora sp. decreased by half compared to the beginning of our
study. Branching taxa colonies are most susceptible to storm waves
due to the mechanical vulnerability of their morphology, causing
them to break and fragment easily (Loya et al., 2001; Baird and
Marshall, 2002). In 2020, the year after the storm event, the
population of the genus Acropora sp. continued to decline. The
die-off of Acropora sp. may have continued after the 2019
disturbances in several ways: Firstly — following the storm event,
Acropora sp. were forced to divert their energy to repair and
regeneration. This reduced their energy reserves (lipid stores)
which are also critical for surviving thermal stress, as corals rely
on these reserves to sustain themselves while their symbiotic algae
(zooxanthellae) are lost. Hence, following the heat stress event
(April - August 2019)- corals began to bleach even at minimal
thermal stress levels and were less likely to survive prolonged
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bleaching, due to their already depleted energy reserves (Nystrom
et al., 2000; Berkelmans et al., 2004; Graham et al., 2015; Heron
et al,, 2016; Hughes et al,, 2017; Madin et al,, 2018). Additionally,
the minor subsequent heat stress (even 0 °C-weeks) triggered
bleaching due to these corals’ baseline stress levels already being
high (i.e. lowered stress threshold). Therefore, the compounding
effect of the thermal stress following the physical disturbance lead to
the sustained mortality of the genus (Thompson and van Woesik,
2009; Heron et al., 2010; Guest et al., 2012; Carrigan and Puotinen,
2014; Liu et al,, 2014; Eakin et al., 2019; Barott et al., 2021).
Secondly, torrential rains following the storm may have resulted
in runoft of nutrients and sediments from the surrounding island of
Pantai Pasir Cina, leading to algal takeover or smothering of the
already stressed Acropora sp. This double occurrence of disturbance
events may have ultimately led to a persistent and further mortality
of the genus (Dollar and Tribble, 1993; Guillemot et al., 2010).
Towards the end of our study, the branching Acropora sp. were
able to recover quite quickly, and the taxa were similarly
represented as at the beginning of our study. Although
mechanically susceptible morphologies such as Acropora sp. can
suffer severe to sometimes catastrophic damage following major
disturbance, they are simultaneously opportunistic and grow
rapidly, dominating reefs following disturbances (van Woesik
et al, 1991; Osborne et al., 2011). Conversely, faster-growing
Acropora sp. corals, which are responsible for the structural
complexity of reefs, are sometimes severely affected by storm
disturbances and, depending on the intensity and frequency,
sometimes cannot recover, leading to shifts in reef assemblage
composition towards simpler, massive morphologies (Cheal et al.,
2017; Madin et al., 2018; Torda et al., 2018; Ribas-Deulofeu et al.,
2021). However, in our study- Tropical Storm Pabuk resulted in
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sustained winds below 100 km/h — which are known to cause only
localized moderate damage, including the breakage of branching
corals and limited structural reef damage, compared to stronger
cyclones that can flatten reefs (Harmelin-Vivien, 1994; Fabricius
et al,, 2008; Baird et al., 2018). Furthermore, weaker cyclones
generate less destructive waves which aren’t strong enough to
topple larger colonies or de-stabilize reef frameworks, leading to
patchy recoverable damage (Madin and Connolly, 2006; Puotinen
et al., 2020). Hence, it is plausible that Tropical Strom Pabuk only
caused minor damage to branching Acropora sp. corals and didn’t
cause significant structural damage, leading to their quick recovery
post-disturbance. Although the abundance of massive Fungia sp.
decreased significantly (~84%) after the subsequent storm and local
bleaching, the abundance immediately increased back to pre-
disturbance levels towards the end of our study. Massive
morphologies are more resilient to storm damage and suffer
minimal scour from impact injury and are generally only toppled,
dislodged or uprooted (Hughes and Jackson, 1985; Harmelin-
Vivien, 1994; Madin and Connolly, 2006). In addition, massive,
slow-growing corals are not only less affected by physical
disturbance from storm events, but are also more resistant to
bleaching induced by thermal stress; they are known to dominate
assemblages following disturbance (Madin and Connolly, 20065
Fabricius et al., 2008).

The only significant bleaching observed in Pantai Pasir Cina
during the local heat stress event involved Fungia sp. while the other
dominant living taxa (Acropora sp.) bleached only slightly.
Although bleaching of Fungia sp. increased sevenfold during the
bleaching period compared to previous years, the effects of this
thermal anomaly were short-lived as the cover of living taxa
recovered the following year. As previously stated, following the
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initial storm disturbance, damaged coral tissues diverted their
energy from growth and reproduction to repair and maintenance.
This depleted their lipid and carbohydrate reserves, which would
otherwise have been used for surviving thermal stress events.
Hence, even modest temperature increases triggered bleaching in
already weakened corals (Nystrom et al., 2000; Berkelmans et al.,
2004; Graham et al., 2015; Heron et al., 2016; Hughes et al., 2017;
Madin et al,, 2018). For example, following Cyclone Yasi in the
Great Barrier Reef in 2011 - a subsequent bleaching event resulted
in 70-90% coral mortality in damaged reefs, compared to just 30-
50% in un-disturbed reefs (Hughes et al,, 2017). Furthermore,
storms and cyclones break branching corals, flattening reefs and
thereby reducing shading. This results in a destruction of
microhabitat conditions whereby it alters local hydrodynamics,
reducing water flow and increasing heat retention around corals
(i.e. creating hot-spots). Therefore, localized bleaching in damaged
reefs is triggered earlier, than would otherwise have happened in
non-disturbed reefs (Berkelmans et al., 2004; Madin et al., 2018).
Additionally, massive corals are less susceptible to bleaching due to
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their thick tissue, as they contain a higher density of fluorescent
tissue pigments that protect them from UV radiation. The
expansion and contraction of these thick tissues provides
pathways to regulate the radiant heat reaching the zooxanthellae,
while the retraction of these tissues provides self-shading for the
symbiotic algae (Salih et al., 2000; Dove et al., 2001; Loya et al., 2001;
Hoogenboom et al., 2017). Conversely, only insignificant bleaching
was observed in Acropora sp. as the population in our study area
was decimated by the initial storm damage and was mostly dead
and covered with algae or fragmented into debris.

The percentage of dead corals fluctuated during our study
period and consisted mainly of ‘coral rubble’ (R) and ‘dead corals
covered with algae’ (DCA). After the numerous disturbances
(especially the storm), the reef benthos was dominated by ‘dead
coral covered with algae’ (DCA), which was attributed to the algal
proliferation of the reef benthos after the storm event (Fabricius
et al., 2008; Guillemot et al., 2010; Chong-Seng et al., 2014; Harii
et al., 2014). Similarly, ‘coral rubble’ (R) accounted for ~17% of the
reef benthos after the storm disturbance and determined the
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composition of the benthos towards the end of our study. Coral
rubble composition was mainly determined by the break-up and
fragmentation of branching Acropora sp. following the storm
disturbance (van Woesik et al., 1995; Fabricius et al., 2008; Madin
et al.,, 2014; Beeden et al., 2015; Baird et al., 2018).

In terms of algae cover, there was an anomalous increase in algae
cover in 2018. Between 2017 and 2018, the algae cover in the study
area increased fourfold, which could be due to possible nutrient
loading from the nearby UMT marine research station (Littler et al,
2006; Fong and Paul, 2011). After the passage of Cyclone Pabuk in
this region, ‘dead coral with algae’ (DCA) dominated the reef benthos
in Pantai Pasir Cina, demonstrating the typical pattern of algal
dominance/take-over following coral mortality after a disturbance
event. Numerous studies have shown that after the passage of a
storm, the loss of living corals leads to an immediate opening of space
for recolonization in an otherwise spatially restricted environment.
This leads to competition between coral larvae and algae and can
result in algae overgrowth of the reef benthos, preventing coral
recruitment, inhibiting regrowth of surviving coral fragments and
regeneration of partially damaged colonies, and ultimately delaying
reef recovery (Emslie et al., 2008; Guillemot et al., 2010; Harii et al.,
2014; Gouezo et al., 2015; Torda et al., 2018; Ribas-Deulofeu et al.,
2021). In addition, typhoon rainfall leads to nutrient runoff, which
can also promote algal proliferation (Blanco et al., 2008; Fabricius
et al,, 2008; Chong-Seng et al., 2014).

Sand, rock and silt cover in Pantai Pasir Cina was relatively low
throughout our study period, with the exception of 2020. In the year
following the multiple disturbances, cover increased eightfold,
which was entirely due to sand. Following the passage of Tropical
Cyclone Pabuk in 2019, the reef benthos at Pantai Pasir Cina was
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immediately dominated by dead corals and algae-covered rubble
fragments covering the now empty substrate below. However, in the
following year, 2020, the bare substrate of the reef was revealed as
the coral debris was removed from the reef area by water currents.
Cyclonic disturbances cause catastrophic damage to the reef
substrate, from breaking and detachment of corals to tearing and
removal of the reef matrix (Done et al., 1992b; Scoffin and Walton-
Smith, 1993; Harmelin-Vivien, 1994). After storms, land or river
runoff leads to the removal of coral rubble and the opening of reef
spaces for recolonization (Emslie et al., 2008; Chumkiew et al.,
2016).The reefs at Pantai Pasir Cina and Pulau Bidong as a whole
were able to withstand the successive disturbances they were
exposed to in a relatively short-time period. The reef went
through five phases: a pre-disturbance phase (2017), stress
accumulation phase (2018), disturbance events’ phase (2019),
community re-organization phase (2020) and finally reaching a
state of novel equilibrium in (2021). At the end of our study period
the Live Coral (LC) cover was some-what similar to our pre-
disturbance (2107) era. This recovery could be attributed mostly
to the recovery mechanisms of the fast-growing genus (Acropora
sp.) and the resilience of the massive morphologies (Fungia sp.); as
the storm event resulted in patchy moderate damage (i.e. mainly to
Acropora sp.) and the subsequent heat stress event caused bleaching
(i.e. mainly to Fungia sp.) - as these corals were already at their
stress threshold limits. Following the storm disturbance event,
broken Acropora sp. fragments re-attached themselves to suitable
substrates (Lirman, 2000; Cetz-Navarro et al.,, 2016) and
survivorship usually depends on fragment size (> 5cm) - having
higher success rates as they have greater energy reserves and being
less susceptible to predation (Bruckner and Bruckner, 2001).
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Conversely, Fungia sp. are shown to regenerate from partial
mortality with as little as 20% remaining tissue (Kramarsky-Winter
and Loya, 1996) and have been observed to have > 80% survivability
post-storm owing to their sturdy form (Gilmour, 2004).
Furthermore, Fungia sp. corals demonstrated their resilience to
thermal stress, even when they were already at their stress threshold
levels from the initial disturbance, through numerous mechanisms.
Firstly, the expansion and contraction of their thick tissues provide
pathways to regulate the radiant heat reaching their zooxanthellae,
in addition to these thick tissues containing higher density of
fluorescent tissue pigments that protect them from UV radiation
(Salih et al., 2000; Loya et al., 2001; Hoogenboom et al., 2017).
Secondly, Fungia sp. produce anti-oxidants (e.g. superoxide
dismutase) that mitigate oxidative stress from high light/heat
(Dove et al., 2008). Thirdly, they host thermally tolerant
Symbiodiniaceae (e.g. Cladocopium or Durusdinium spp.) which
are more resistant to heat stress, and can modulate symbiont
density seasonally; reducing susceptibility to bleaching (Fitt et al.,
2000; Yamashita et al., 2014). Lastly, unlike colonial corals, Fungia
sp. free-living form allows it to reposition itself to avoid excessive
light or sediment stress (Hoogenboom et al., 2012).

Storm disturbances can reset a reef’s topography, creating
available substrate for coral larval recruitment. While larval
dispersal can replenish planulae in storm-damaged areas (Hughes
et al,, 2019), the remoteness of our study site may result in limited
larval input (Graham et al., 2015); and it isn’t thought that this is
one of the forms of recovery of the reefs in Pantai Pasir Cina.

Although the reefs in Pantai Pasir Cina were able to recover
relatively quickly following these consecutive disturbances, owing to
the fact that the storm damage was moderate and the minimal thermal
stress inducing bleaching due to the corals already being at peak stress
levels (from the initial disturbance); nonetheless, the increasing
intensity and magnitude of the storms and thermal anomalies calls
into question the recovery potential of the reefs in this region in the
future. The incomplete recovery of coral communities due to shorter
recovery times means that communities are constantly in a state of
primary succession, transitioning to simpler morphologies, creating
novel reef ecosystems dominated by opportunistic species, and in
extreme cases leading to ‘dead aquatic habitats’.

Our study was limited in scope as sampling was carried out at a
single sampling site. Comparing our study site with a control (i.e.
undisturbed near-by reference site) would provide a comparative
assessment of how these disturbance events influenced reefs in this
region. Additionally, 2-years following the disturbance events didn’t
provide adequate data to understand the reef’s recovery trajectory,
as it was in the very early stages of recovery. Future research
prospects should take the above limitations into consideration.
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