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Abstract

The impacts of (repeat) bleaching events and the differential heat stress susceptibility of hard coral taxa are largely unknown
in Malaysia, although it is part of the greater coral triangle. Here we determined bleaching trajectories of 46 hard coral taxa
across- and within-reef scales based on data recorded during the first reported back-to-back coral bleaching occurrences in
Malaysia between May 2019 and September 2020. Although the severity of coral bleaching in both years did not correspond
to the rather small magnitude of heat stress observed, i.e., Degree Heating Weeks (DHW) of 1.05 °C-weeks and 0 °C-weeks
in 2019 and 2020 respectively, we observed high levels of bleaching (55.21% and 26.63% of all surveyed colonies in 2019
and 2020, respectively). Notably, the bleaching response for both consecutive years was highly taxon-specific and signifi-
cantly varied across- and within-reef scales. Mortality rates overall were low following the 2019 event, likely due to a rapid
decrease in heat stress. Five of the 46 surveyed hard coral taxa exhibited more severe bleaching in 2020, despite a lower heat
stress load. Interestingly, we observed low bleaching of ascribed susceptible taxa such as Acropora and Montipora, while we
found taxa considered to be resilient, e.g. Heliopora and Porites, to exhibit severe bleaching, suggesting a reversal of bleach-
ing hierarchies of taxa over time. Our findings provide a foundation for further coral bleaching studies in a region with few
published records to enable more accurate regional assessments and to follow the trajectory of future coral bleaching events.
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Introduction

Coral bleaching refers to the whitening of coral tissue
due to the disruption of the coral-Symbiodiniaceae rela-
tionship under heat stress. Although several stressors can
induce bleaching (Jaap 1979; Lesser 2011; Réadecker et al.
2021), the association between the coral host and its specific
algal endosymbiont assemblage is considered to contribute
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to bleaching susceptibilities of coral taxa (Baker et al.
2004; Hume et al. 2020). Under non-stressful conditions,
photosynthetic Symbiodiniaceae algae provide the coral’s
energy requirements to build calcium carbonate skeletons,
which in turn provide the backbone of the three-dimen-
sional structure of coral reefs and habitat for one third of
all described marine species (Muscatine 1990; LaJeunesse
et al. 2018).

The spatial and temporal extent of thermal stress events
are increasing in all ocean basins (Skirving et al. 2019; Eakin
et al. 2022; Reimer et al. 2024), making the understanding of
the cumulative and interactive impacts of repeat (i.e., back-to-
back) bleaching events a critical component for accurately pro-
jecting the future of reef ecosystems and to implement active
interventions (Hughes et al. 2021; Voolstra et al. 2021). It is no
longer feasible to fully understand the impacts of coral bleach-
ing by investigating isolated events, nor to assess ecosystem
states without considering the legacy effects of previous dis-
turbances (Hughes et al. 2019; Slattery et al. 2019; Johnston
et al. 2020; Evensen et al 2022; Lachs et al. 2023). In particu-
lar, because coral species exhibit differential susceptibility to
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heat stress, forecasting the trajectories of tropical coral reefs
is not possible without knowledge on the response of vari-
ous hard coral taxa to repeat thermal stress events (Hackerott
et al. 2021; Hughes et al. 2021; Wall et al. 2021; Evensen et al.
2022). Furthermore, it is critical to understand coral bleaching
by considering within-reef heterogeneity (Pineda et al. 2013;
Fordyce et al. 2019; Voolstra et al. 2020). Such knowledge
contributes to understanding how environments drive bleach-
ing outcomes and stipulate adaptive responses (Thomas et al.
2023). Ultimately, dynamic physico-chemical and environ-
mental reef settings (Oliver and Palumbi 2011) in combina-
tion with coral holobiont genotypes drive bleaching outcomes
(van Woesik et al. 2022), which makes it necessary to assess
bleaching responses within and between coral taxa and across
environmentally distinct reef sites (Safaie et al. 2018; Suggett
and Smith 2020).

In Peninsular Malaysia, a region with over 4000 km? of
coral reef cover and over 500 hard coral species (Huang et al.
2015), severe heat stress exposure is predicted to result in
annual severe coral bleaching by as soon as 2035 (van Hooi-
donk et al. 2020). However, detailed surveys of coral bleach-
ing severity, associated mortality, and recovery are not yet
available for Malaysian reefs. The first general mass bleach-
ing observations in Malaysia were made during the severe
pan-tropical coral bleaching event in 1998 (Kushairi 1998).
In 2010, partial investigations of taxon-specific bleaching
responses identified a putative change in bleaching suscep-
tibilities of taxa (Guest et al. 2012), and severe bleaching
was observed across the east coast of Peninsular Malaysia in
2010 (Tan and Heron 2011; Guest et al. 2012). Nonetheless,
these observations were based on a single survey at each site,
and neither differences between reef sites and environments
(e.g., across depth), nor bleaching outcomes (e.g., bleaching
driven mortality) were investigated (Claar and Baum 2019).

Here, we report on the spatial and temporal bleaching
trajectories of 46 hard coral taxa across the first observed
back-to-back coral bleaching events in Peninsular Malaysia.
These findings are contextualized to previous mass bleach-
ing events in this region (Tan and Heron 2011; Kimura
et al. 2014) to provide a brief historical context of previous
thermal stress events and assessment of putative changes
in taxon-specific bleaching susceptibility. The differential
bleaching susceptibility of taxa as a function of wind and
water depth is also explored.

Methods
Reef sites
The eastern coast of Peninsular Malaysia is a dynamic envi-

ronment with significant seasonal fluctuations in rainfall,
wind force, and sea temperatures predominantly influenced
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by the region’s monsoon cycle (Moten et al. 2014). As such,
intra-annual sea surface temperature (SST) varies between
26 °C during the northeast monsoon (from November to
February) when rainfall, wind forcing, and turbidity are
highest and 31 °C between May and June, when sea con-
ditions are calmest (Supplementary Material, ESM 1).
Therefore, historically, heat stress induced coral bleaching
in Malaysia exclusively occurred between the months of
April and October (Tan and Heron 2011; Guest et al. 2012;
Kimura et al. 2014). We investigated four reef sites around
Pulau Lang Tengah (5°47°N, 102°53’E) within the Redang
Marine Park (a declared no-take fishing zone) in Northeast
Peninsular Malaysia (Fig. 1). Although there is no perma-
nent human population on the island, there are three tourist
beach resorts operating seasonally between March and Octo-
ber. In general, tourist numbers and activities (e.g., snor-
keling and SCUBA diving) are low in comparison to other
Malaysian islands and are not considered a significant driver
of coral reef degradation at present. Tidal ranges at the study
location are approximately 2 m between April and October
(https://www.worldtides.info), and there are no freshwater
streams discharging into the sea.

Two windward sites, Batu Bulan and Tanjung Telunjuk,
and two leeward sites, House Reef and Secret Reef, were
chosen to assess how individual coral taxa respond to the
interactions between thermal stress, water depth (sensu
Baird et al. 2018; Frade et al. 2018), and differential wind
exposure (McClanahan and Maina 2003; Pineda et al. 2013).
Wind frequency direction was determined using web-based
products from historical data recorded between 20082017
(Global Wind Atlas 3.0 2021). Based on a 2019 survey (Ber-
nard et al. 2023), the selected reef sites range from ‘coral-
dominated’ to ‘rubble-dominated’, due to marked differences
in live hard coral cover, coral density, diversity, and benthic
substrate composition. For example, the average live hard
coral cover at Batu Bulan is 43.37% with the extent of coral
rubble (11.82% benthic substrate cover) and sand (14.37%
benthic substrate cover) being substantially lower than at
the leeward sites (i.e., 39.61% coral rubble and 48.11% sand
cover at House Reef). The hard coral assemblage at Batu
Bulan is composed of 66 morpho-taxa with an average coral
colony density of 25.7 colonies m~2. Morphologically, this
reef site is dominated by massive taxa (31.90% of meas-
ured live hard coral cover), encrusting taxa (30.75%), and
encrusting taxa with up-growths (25.09%). In contrast, at the
leeward sites, the reefs are presently dominated by branching
(69.00% of measured live hard coral cover) and encrust-
ing taxa with up-growths (14.39%), whereas live hard coral
cover (8.78%), the number of morpho-taxa (n=38), and the
average coral density (9.2 colonies m™2) are notably lower.
Of note, live hard coral cover and colony density decline
at all reef sites with depth. A survey in 2018 measured
high live hard coral cover (i.e., >45%) at Tanjung Telunjuk
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Fig.1 Study location and
survey sites. a South China Sea
(dashed area) with b Loca-

tion of Pulau Lang Tengah
(5°47°43.2"N, 102°53°39.7"E)
in Northeast Peninsular Malay-
sia (light grey), showing survey
sites House Reef (HR), Secret
Reef (SR), Tanjung Telunjuk
(TT), and Batu Bulan (BB) as
well as the in situ temperature
recording stations at Batu Kuc-
ing (BK), House Reef (HR),
and Tanjung Telunjuk (TT).
House icons in panel b show the
location of tourist beach resorts.
¢ The wind rose illustrates wind
direction and frequency around
Pulau Lang Tengah at island
scale based on historical data
recorded between 2008 and
2017

- )
o
.
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(Szereday, unpublished data), similar to surveys conducted
in 2000 (41.3% live hard coral cover; Harborne et al. 2000).

Thermal stress metrics

Sea surface temperature (SST) data for Pulau Lang Tengah
were sourced from the National Oceanic and Atmospheric
Administration's (NOAA) Coral Reef Watch (CRW) ver-
sion 3.1 (NOAA, Coral Reef Watch 2014), binned to the
nearest 5 km? satellite pixel (5°46'30.0"N, 102°52'30.0"E),
and accessed through the ERDDAP website (https://pae-
paha.pacioos.hawaii.edu/erddap/griddap/dhw_5Skm.html)
(Liu et al. 2014). Thermal stress accumulation is expressed
in Degree Heating Weeks (DHW described in °C-weeks)
(Wellington et al. 2001) with ecologically impactful coral
bleaching generally being observed at >4 °C-weeks, cor-
responding to a temperature of > 1 °C above the long-term
maximum monthly mean (MMM) for 4 weeks. Central to the
DHW metric is the universal bleaching threshold concept
of MMM + 1 °C (Glynn and D’croz 1990), below which
thermal stress is not considered. However, this universally
fixed threshold concept has been challenged previously,
positing that more fine-scale temporal heat stress metrics
may be more representative in certain cases (Whitaker and
DeCarlo 2024; Neo et al. 2023; McClanahan et al. 2019;
McClanahan 2022). For instance, periods of heat stress can
be expressed as daily SSTs exceeding the MMM, irrespec-
tive of the+ 1 °C threshold (Gleeson and Strong 1995; van
Hooidonk and Huber 2009; van Hooidonk et al. 2013).
Following this, we calculated nDHW (Eq. 1) as described

by DeCarlo (2020) as the cumulative thermal stress over
9 weeks considering any instance where the average daily
SST exceeded the local MMM.

i HSj
Degree Heating Weeks (nDHW) = Zj:l—63 <Tj> ,if HSj > MMM
(1)

The nDHW metric was calculated based on satellite tem-
perature data for 2019 and 2020, and for 2020 the nDHW
was additionally calculated using in situ temperature data at
a reef site scale.

In situ reef temperature data, bleaching
thresholds, and diel temperature profiles

Temperature loggers (HOBO 64 K Pendant, Onset Computer
Corporation, USA) were deployed at 8 m depth adjacent
to the transect sites at House Reef and Tanjung Telunjuk.
Due to a loss of loggers at Batu Bulan, we used additional
data from the nearest temperature logging site at Batu Kuc-
ing (Fig. 1) to establish reef scale temperature profiles. The
comparative temperature data analysis between in situ log-
gers and satellite data is based on data ranging from 12 Sep-
tember 2019 to 30 September 2020 (19,635 measurements)
using mean nightly temperature values, as satellite monitor-
ing is only available for nightly measurements.

To further assess the interaction of site-specific tempera-
ture variability and bleaching responses (Safaie et al. 2018),
we examined site-specific diel temperature ranges (DTRs),
defined as the difference between the minimum and maximum
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temperature values across a 24 h period, a co-variate shown
to impact hard coral bleaching response (Barshis et al. 2018;
Safaie et al. 2018). DTRs were calculated for each reef site.
Reef-specific DTRs were summed over the following time
spans to investigate seasonal differences of DTRs across sites:
(1) DTR, from 12 September 2019 to 30 September 2020,
(i1) DTRgjeqchingseason from 1 April 2020 to 30 September
2020, (ii1) DTRpgusummerSeason from 1 May to 31 July 2020,
(iv) DTRpjons00n from 31 October 2019 to 31 March 2020,
and (v) DTR¢, and DTRy, to indicate the 60- and 90-day
period preceding the first bleaching observation in 2020 (20
June 2020). We used a non-parametric Kruskal-Wallis test,
followed by a Nemenyi’s test with a Bonferroni correction, to
examine pairwise differences of reef site DTRs.

Benthic surveys

Bleaching of hard coral taxa was surveyed over two consecu-
tive years in 2019 and 2020. To account for the possible
impact of survey timing on taxon-specific bleaching out-
comes (Claar and Baum 2019), surveys were conducted dur-
ing the peak of the heat stress events in 2019 and 2020, i.e., 6
and 9 days after the first observations of widespread bleach-
ing, respectively. In addition, putative recovery and mor-
tality from the June 2019 bleaching event was surveyed in
October 2019 at the end of the 2019 heat stress event and in
April 2020 between heat stress events. Since transect surveys
were not repeated in September 2020, assessment of putative
bleaching-associated mortality following the 2020 bleaching
episode are not available. Site-specific survey dates and time
of max nDHW are available in the Supplement (ESM 2).
Benthic surveys were conducted along marked transects. A
total of seven 10x1 m belt transects for each of the four sites
were laid parallel to the shore on the shallow reef between
5 to 7 m (mean depth=6 m) and on the deeper reef slope
between 10 to 14 m (mean depth= 12 m). Each transect was
marked with rebar stakes at the start, middle, and end point.
Transects were video recorded during each survey occasion
for reference to ensure correct repositioning and redeploy-
ment of the transect tape during subsequent surveys. A total
of > 1,800 coral colonies were surveyed, ranging from 323
to 663 colonies per site (mean =469.25 colonies/site).
Colonies encountered along the belt transects were
recorded and identified to the genus level in addition to
their respective growth morphology (e.g., massive Porites,
encrusting Porites). The octocoral Heliopora coerulea was
included in these surveys due to its reef-building importance
on Indo-Pacific coral reefs (Colgan 1984) and its putative
superior heat stress tolerance (Phongsuwan and Changsang
2012; Harri et al., 2014; Raymundo et al. 2019). Bleaching
categories were assigned for each coral colony as follows:
B1 (no bleaching), B2 (pale live), B3 (<33% of colony
surface bleached), B4 (34-66% bleaching), B5 (67-90%

@ Springer

bleaching), B6 (>90% of colony surface bleached). Bleach-
ing-associated mortality was also recorded. Bleaching-asso-
ciated mortality was differentiated from previous mortality
based on the integrity of dead coral skeleton (i.e., uneroded
corallites and skeletal features) and was distinguished from
predation-inflicted mortality based on the absence/presence
of distinctive predation markings of typical coral preda-
tors such as Crown-of-thorns starfish and Drupella snails
(Beeden et al. 2008). Colony mortality was separated into
the following categories to account for partial colony mortal-
ity: M1 (£33% of colony surface dead), M2 (34-66% dead),
M3 (67-90% dead), and M4 (>90% dead). Percentages of
colony surface bleached or dead, were visually estimated
by the same observer across all survey occasions. To deter-
mine the severity of bleaching for each morpho-taxon, the
percentage of colonies per morpho-taxon in each bleaching
category (B1-B6) was determined to calculate the Bleach-
ing Response Index (BRI) (McClanahan et al. 2007a) based
on Eq. (2).

0B1 + 1B2 4+ 2B3 + 3B4 + 4B5 4+ 5B6

5
@
The BRI Index is a normalized and weighted measure on
a 0-100 scale, whereby higher values indicate more severe
bleaching. In addition, a bleaching mortality index (BMI)
was determined (Eq. 3) to account for partial- and whole-
colony mortality following bleaching:

Bleaching Response (BRI) =

OBl + IM1 4+ 2M2 + 3M3 + 4M4

4 (©)

Bleaching Mortality Index (BMI) =

The combined bleaching response of all taxa across
depth, reef sites (e.g., leeward and windward), and within-
reef scales (wind condition and depth combined per site) was
determined with the scale-specific bleaching susceptibility
index (BSI) (McClanahan et al. 2007b), where BR; is the
taxon-specific bleaching response index, D; is the relative
density of each taxon, and N is the total number of coral taxa
recorded at each reef scale (Eq. 4). Summing each morpho-
taxon’s BSI gave a site-specific bleaching index factoring in
the relative density and total number of taxa. Taxa with less
than five observations were excluded, given that rare taxa
can significantly bias the BSI.

N BR,xD,
BSI = Zi:] — 4)

Statistical analysis

Coral bleaching is influenced by the interaction of envi-
ronmental variables and taxon-specific susceptibility. To
investigate drivers of coral bleaching at the reef scale, a
generalized linear model (‘glm’) (Nelder and Wedderburn



Marine Biology (2024) 171:183

Page50f17 183

1972) with binomial distribution of bleaching categories
[0-unbleached (B1); 1-bleached (B2-B6)], and a logit-link
function was modelled to investigate the bleaching response
of hard coral taxa. We tested the severity of coral bleach-
ing in response to: ‘wind’ (leeward vs. windward), ‘depth’
(shallow vs deep), ‘site’ (four sites), ‘habitat’ (i.e., leeward
shallow, leeward deep, windward shallow, windward deep),
‘genus’, ‘morpho-taxon’, and ‘max nDHW’ (corresponding
to the maximum nDHW value recorded during each event).
The variable ‘year’ was excluded since it is colinear with
the variable ‘max nDHW?’. Thus, any significant correla-
tions between ‘max nDHW’ and bleaching response reflect
significant differences in bleaching response across the two
bleaching years. Explanatory variables were examined for
multicollinearity prior to analysis, and the variance inflation
factor (VIF) was determined using the package ‘car’ (Fox
and Weisberg 2018). Any covariate with a VIF value > 5 was
rejected. The ‘dropl’ function with a ‘chisq’ test for logistic
regression was used to remove redundant explanatory vari-
ables. To obtain the ‘best fit model’, all models were tested
for best-fit with the Akaike Information Criterion (AIC)
(package ‘AICcmodavg’) and were compared based on the
information score adjusted for small sample size (AICc) and
Akaike weights to compare the relative predictive power of
each model. The distribution of the model’s residuals was
visually examined for normality by graphing Q-Q plots.
According to the ‘best fit model’, bleaching response of
15 hard coral morpho-taxa (with at least ten observations)
was significant and this model was selected to re-test each
explanatory variable for each morpho-taxon independently,
further adjusting the model with the ‘drop1’ function (but
refraining from adding new variables). Finally, we used hier-
archical partitioning to calculate the relative importance of
each explanatory variable (i.e., percent of explained vari-
ation) using the ‘hier.part’ package (Walsh and MacNally
2013). All gim analyses were performed in R Studio version
4.1.0 (R Core Team 2021) using the packages ‘modEVA’
(Barbosa et al. 2014) and ‘car’ (Fox and Weisberg 2018).
Furthermore, general linear models were used to compare
bleaching responses of individual morpho-taxa across depth
and wind conditions for each bleaching event. To determine
drivers of mortality, we correlated mortality data recorded
in October 2019 with the variables ‘morpho-taxon’, ‘depth’,
and ‘wind’, considering that the observed mortality was due
to excessive thermal stress in the months prior. Following
generalized linear model testing, we conducted post hoc
tests to compare bleaching responses at the within-reef scale
(e.g., leeward shallow vs. leeward deep) and between reef
sites (e.g., leeward shallow vs. windward shallow). Here,
individual taxa with at least 10 observations at three of the
four within-reef scales were considered using the ‘emmeans’
package v1.6.3 to conduct a Tukey’s HSD post hoc test for
unequal sample size (Lenth 2021) and a Dunn’s correction

of p-values. Finally, Tukey’s HSD post hoc tests were con-
ducted for morpho-taxa whose bleaching response increased
in 2020, despite lower thermal stress.

Results
Thermal stress and in situ thermal regimes

Based on NOAA CRW data, accumulated thermal stress
reached a maximum of 1.05 °C-weeks in 2019 and
0 °C-weeks in 2020. This contrasts with the nDHW metric,
which determined 6.68 °C-weeks in 2019 and 4.47 °C-weeks
in 2020, respectively (Fig. 2), in line with the expected wide-
spread bleaching response at> 6 °C-weeks in 2019 and the
less prevalent bleaching at~4 °C-weeks in 2020. Thus, the
nDHW metric provided a more accurate indication than the
DHW metric considering the level of bleaching observed.

In situ temperature measurements closely correlated with
satellite measurements over the monitored period from Sep-
tember 2019 to September 2020 (r=0.97, p <0.001). How-
ever, a discrepancy with a mean difference of 0.53 +0.25 °C
(SD) (Fig. 2) was observed, which further increased to
0.63+0.26 °C when analyzing temperature data for the
2020 bleaching season (i.e., April-September), reducing
correlation between datasets during this period (r=0.76,
p<0.001) (ESM 3). Reef-scale MMMs varied slightly
(30.28-30.39 °C), accounting for differences in accumulated
thermal stress at the reef-scale (ESM 4). Average diel tem-
perature variations (DTR) of each time series were signifi-
cantly more variable at leeward sites compared to windward
sites, except for DTRy;g (ESM 5), indicating that each reef
site experienced distinct thermal regimes during the period
in which coral bleaching occurred (ESM 5, ESM 6).

Predictors of bleaching severity

To identify predictors of bleaching, we constructed a best
fit model based on abiotic and coral bleaching data (see
Methods, ESM 7). Analyzing the bleaching response of
all coral taxa combined, the variables ‘max nDHW’, ‘mor-
pho-taxon’, ‘depth’, and ‘wind’ were significant predic-
tors of the bleaching response (Table 1), whereby bleach-
ing was significantly less at windward sites, at shallow
depths, and during the second bleaching event in 2020
(at 4.43 °C-weeks nDHWSs). However, not all coral taxa
bleached less at windward sites and at shallow depths
(ESM 8, ESM 9). Certain abundant taxa, such as foli-
ose Pavona, submassive Platygyra, and massive Porites,
bleached significantly more with increasing depth (ESM
8). In general, bleaching was significant for 12 morpho-
taxa (Table 2, ESM 7), and ‘max nDHW’ accounted for
most of the explained variance for seven taxa, while the
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Fig.2 Sea surface temperature (SST) and degree heating weeks
(DHW). The blue line shows the satellite-based nightly sea surface
temperatures (SST °C) between 1 March 2019 and 31 December
2020 around Pulau Lang Tengah, recorded by the National Oceanic
and Atmospheric Association (NOAA) Coral Reef Watch (CRW)
product version 3.1. Time series are plotted against the standard
DHW metric (dark-grey area), the adjusted nDHW metric (light-grey
area), and the maximum monthly mean (MMM) temperature (black

bleaching response of five taxa was more dynamic and var-
ied across environmental reef-scales considering ‘wind’
and ‘depth’ (Table 2, ESM 8, ESM 9).

Coral taxon-specific variability in bleaching
response, recovery, and mortality

Taxon-specific differences in bleaching were pronounced
(Table 3). In June 2019, 55.21% of surveyed colonies
(n=1,882) were bleached, of which 30.29% (n=570) were
severely bleached (i.e.,> 66% of colony surface) (Fig. 3).
The general bleaching response index (BRI) in June 2019
was 36 out of 100, suggesting a moderate bleaching inten-
sity on the population level. Importantly, however, the BRI

L '
0
2020 05 2020-09 2021-01

dotted line, 29.94 °C) based on CRW satellite data. Panel a shows
heat stress events since 2010 with observed coral bleaching events
(identified by available literature and author observations) highlighted
by an asterisk (*). Panel b shows average nightly satellite-based (blue
line) and in situ (red line) sea temperature measurements from three
sites at 8 m water depth, recorded between 12 September 2019 and 30
September 2020. The black arrows indicate the time of in situ bleach-
ing surveys and data collection

varied greatly across morpho-taxa (Table 3). For instance,
of the more abundant morpho-taxa (i.e., n> 10 colonies; 27
morpho-taxa total), seven morpho-taxa showed a severe BRI
above 50. Notably, branching Echinopora (BRI=86) and
Heliopora coreluea (BRI =82) showed the highest bleach-
ing susceptibility in June 2019, followed by encrusting
Goniastrea, foliose Pavona, encrusting Cyphastrea, mas-
sive Porites, and encrusting Porites (all BRI> 50, Table 3).
In addition, three morpho-taxa had a higher BRI than the
average population BRI of 36: encrusting Dipsastraea,
Pocillopora, and solitary Fungia. The most abundant taxa
Porites spp. bleached moderately (BRI=34). By contrast,
bleaching levels of Acropora and Montipora morpho-taxa,
which were historically considered most susceptible, were

Table 1 Results of the ‘best

; . Variable Estimate SE z value Pr(>lzl) VIF IE (%)
fit’ generalized linear model
flor (tl)lcacliing reS[l;;)HSB of the (Intercept Best Model) —1.85594 0.41931 -4.426 9.59E-06 -
are cora’ E8SemP age across Wind (windward) ~0.77409  0.11469  -6.749  149E-11 219  19.86

successive bleaching events in

2019 and 2020. Depth (shallow) —-0.37350 0.08895 -4.199 2.68E-05 1.25 3.16
max nDHW (6.68) 1.47082 0.08007 18.370 <2e-16 1.08 76.98
Morpho-taxon (15 morpho-taxa) - - - - 243 -
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Note: IE for morpho-taxa was tested separately for each taxon

VIF variance inflator factor, IE (%) independent effect value that accounts for the explained variance by
each explanatory variable, nDHW Degree Heating Weeks
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Table2 ‘Best fit” generalized linear model for the 12 morpho-taxa with a significant bleaching response and a sample size > ten observations.

Morpho-taxon Variable Estimate SE z value Pr(>lzl) 1E (%)
Cyphastrea encrusting (Intercept) —1.4469 0.5557 —2.604 0.00922 -
AICc -48.15 max nDHW (6.68) 2.2201 0.7432 2.987 0.00282 100.00
Echinopora branching (Intercept) —21.55 4432.59 —0.005 0.996 -
AICc -26.35 max nDHW (6.68) 20.85 4432.59 0.005 0.0231 100.00
Favites encrusting (Intercept) —0.7802 0.3641 —2.143 0.03214 -
AICc -97.59 max nDHW (6.68) 1.3192 0.4957 2.661 0.00778 100.00
Fungia solitary (Intercept) —1.0198 0.2164 —4.713 2.44E-06 -
AICc-21491 Wind windward —2.8078 0.539 -5.209 1.90E-07 0.60
max nDHW (6.68) 3.4969 0.4197 8.331 <2e-16 99.40
Goniastrea encrusting (Intercept) —0.6592 0.318 -2.073 0.038187 -
AlICc - 11445 max nDHW (6.68) 1.7579 0.4607 3.815 0.000136 100.00
Heliopora coerulea (Intercept) —0.9204 0.287 -3.207 0.00134 -
AlCc - 176.56 Depth shallow 3.4741 0.6358 5.464 4.65E-08 71.42
max nDHW (6.68) 1.7649 0.3839 4.597 4.28E-06 28.58
Pavona foliose (Intercept) 1.6393 0.3030 5.410 6.29E-0.8 -
AlCc —253.74 Depth shallow —2.2950 0.3414 -6.722 1.798E-11 57.63
Wind windward -3.5291 0.8037 —4.392 1.12E-05 37.61
max nDHW (6.68) 0.7761 0.3198 2.427 0.0152 4.76
Platygyra submassive (Intercept) —0.1793 0.294 —0.61 0.54196 -
AICc - 165.7 Depth shallow 0.8861 0.3862 2.295 0.02175 37.51
max nDHW (6.68) 1.1886 0.4135 2.875 0.00405 62.49
Pocillopora spp. (Intercept) —1.9496 0.5578 —3.495 0.000474 -
AICc -179.00 Wind windward 1.9222 0.6122 3.14 0.00169 70.22
max nDHW (6.68) 1.0924 0.5747 1.901 0.057298 29.78
Porites encrusting (Intercept) -0.9753 0.3799 -2.567 0.01025 -
AlICc - 127.28 Depth shallow —1.3351 0.4775 —2.796 0.00517 80.04
max nDHW (6.68) 2.266 0.4725 4.796 1.62E-06 19.96
Porites massive (Intercept) 1.2536 0.385 3.256 0.00113 -
AlICc -418.33 Wind windward —1.0881 0.3605 -3.018 0.00254 9.26
Depth shallow -1.6124 0.2651 —6.082 1.19E-09 57.01
max nDHW (6.68) 1.157 0.2478 4.669 3.02E-06 33.73
Porites spp. (Intercept) -1.2241 0.3236 -3.783 0.000155 -
AICc - 1007.1 Wind windward 0.5951 0.3394 1.753 1.49¢-08 28.13
Depth shallow 0.391 0.3188 1.227 5.49e-08 24.45
max nDHW (6.68) 1.1162 0.1596 6.995 4.53e-10 47.42

IE (%) independent effect value that accounts for the explained variance by each explanatory variable, nDHW Degree Heating Weeks

low or mild (ESM 10). Notably, eight abundant coral taxa
had a BRI < 10. Thus, although overall bleaching levels were
severe in 2019, substantial differences across morpho-taxa
were observed.

Based on transect surveys in October 2019, 91.68% of
surveyed colonies (n=1,826) appeared fully recovered with
an overall low BRI (BRI=3) (Table 3, Fig. 3, ESM 11).
Concurrently, the BMI was relatively low across all taxa
(BMI=1.71,n=1,826). We observed full colony mortality
for only 1.10% of colonies surveyed (n=20), while 1.81%
(n=33) experienced partial colony mortality. Notably,

Heliopora coerulea showed the highest BMI (11.36), with
14.14% of surveyed colonies exhibiting patches of dead tis-
sue and 10.10% suffering full mortality in October 2019
(ESM 12). Importantly, mortality was significantly corre-
lated with windward sites, as 86.79% of all colonies with
dead tissue (n=46) and 90.48% of fully dead colonies
(n=19) were recorded at windward sites (ESM 13). In line
with this, no bleaching was observed during April 2020,
suggesting that coral taxa recovered from the 2019 bleach-
ing event.
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Tabel 3 Taxon-specific
bleaching response (BRI) and
bleaching-induced mortality
index (BMI) of hard coral
taxa (n=number of colonies)
during successive coral
bleaching events in June 2019
and June 2020 in Pulau Lang
Tengah. The percentage of
partial and whole-colony
mortality combined is shown
for October 2019 and highlights
post-bleaching mortality after
heat disturbance in June 2019

@ Springer

June 2019 October 2019 June 2020
Genus Morphology n BRI n Dead (%) BMI n BRI
Acropora Arborescent 26 12 17 59 1.47 15 0
Corymbose 32 5 25 0.0 0.00 33 8
Digitate 9 9 12 0.0 0.00 11 0
Hispidose 143 26 100 0.0 0.00 102 0
Tabular 10 14 4 25.0 12.50 11 0
Astreopora Massive 1 40 1 0.0 0.00 1 40
Encrusting 1 100 1 0.0 0.00 0 0
Blasstomussa Encrusting 0 0 1 0.0 0.00 3 0
Cyphastrea Encrusting 19 60 25 0.0 0.00 22 8
Diploastrea Encrusting 2 10 2 0.0 0.00 2 10
Dipsastraea Encrusting 11 0 17 0.0 0.00 31 3
Submassive 47 24 74 2.7 0.68 76 4
Massive 3 53 5 40.0 15.00 7 17
Echinopora Branching 19 86 11 0.0 0.00 7 14
Encrusting 15 17 14 7.1 3.57 17 0
Favites Encrusting 48 43 35 29 0.71 35 7
Fungia Solitary 115 39 120 0.8 0.42 137 9
Galaxea Encrusting 96 2 110 0.0 0.00 101 5
Goniastrea Encrusting 48 70 58 0.0 0.00 11 15
Submassive 4 20 3 0.0 0.00 44 0
Goniopora Submassive 0 0 0.0 0.00 3 0
Herpolitha Solitary 2 60 4 0.0 0.00 1 0
Heliopora Columnar 122 82 99 14.1 11.36 92 41
Hydnophora Branching 1 40 0.0 0.00 1 0
Encrusting 6 40 7 0.0 0.00 6 10
Leptastrea Encrusting 69 7 72 0.0 0.00 80 9
Leptoria Submassive 2 0 0.0 0.00 1 0
Lobophyllia Submassive 26 6 31 32 3.23 34 4
Merulina Encrusting 7 31 0.0 0.00 5 0
Montipora Encrusting 15 29 8 0.0 0.00 7 9
Laminar 36 14 32 6.3 391 37 3
Oulophyllia Massive 5 12 2 0.0 0.00 3 0
Pachyseris Encrusting 3 67 2 0.0 0.00 1 0
Pavona Encrusting 9 0 11 0.0 0.00 7 0
Foliose 135 63 114 44 1.97 123 27
Physogyra Submassive 1 0 7 0.0 0.00 5 0
Platygyra Encrusting 12 10 17 59 1.47 23 16
Submassive 56 31 78 2.6 1.60 80 20
Pocillopora Corymbose 29 40 31 6.5 4.84 38 15
Porites Encrusting 47 52 68 1.5 1.47 76 10
Porites spp. Encrusting 447 34 384 1.3 3.20 354 12
Porites Massive 155 53 164 6.7 0.78 189 21
Psammocora Encrusting 18 3 16 0.0 0.00 22 0
Foliose 24 1 29 0.0 0.00 26 0
Sandolitha Solitary 1 20 3 0.0 0.00 3 0
Stylocoenellia Cryptic 5 0 0 0.0 0.00 6 0
Total 1882 36 1826 2.90 1.71 1884 12
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For the consecutive back-to-back bleaching event in
June 2020, we recorded moderate and frequent bleaching
with a bleaching prevalence of 26.63% of surveyed colo-
nies (n=1,884). Bleaching intensity was lower compared
to 2019, as only 6.26% of colonies exhibited severe bleach-
ing. Average population-level BRI of all taxa was 12, and
Heliopora coerulea showed the highest individual bleaching
response (BRI=41), exhibiting high thermal susceptibility

for both consecutive years. Notably, despite the overall lower
thermal stress in 2020, bleaching prevalence moderately
increased for five taxa: corymbose Acropora, Dipsastraea,
Galaxea, Leptastrea, and Platygyra (all encrusting). How-
ever, these BRI increases over successive bleaching occur-
rences were insignificant following Tukey’s HSD post hoc
testing (ESM 14).

@ Springer



183 Page100f17

Marine Biology (2024) 171:183

Bleaching response across- and within-reef
scales

When accounting for the relative abundance of morpho-taxa
(i.e., BSI), leeward deep reef sites were the most bleach-
ing susceptible during both consecutive bleaching events
(Table 4). At windward sites, deeper sites exhibited a higher
bleaching prevalence and response than shallow sites. Ulti-
mately, bleaching prevalence and response across wind
conditions and depth were driven by the susceptibility and
abundance of morpho-taxa, as corroborated by the site-sus-
ceptibility bleaching index (Table 4, Fig. 4). For instance,
leeward deep was significantly more bleached in both years
(Fig. 5, ESM 15) as a result of the higher bleaching suscep-
tibility and dominant abundance of foliose Pavona (Fig. 5).
Foliose Pavona colonies bleached severely at leeward deep,
strongly at leeward shallow, and did not bleach at windward
shallow. Depth and wind combined accounted for 95.26% of
the observed variance for foliose Pavona (Table 2). Solitary
Fungia bleached similarly across all reef sites. In contrast,
massive Porites bleached significantly less at shallow wind-
ward sites in both years, while the BRI of massive Porites
at windward deep was substantially more severe compared
to windward shallow, demonstrating clear within-reef scale
differences in BRI as a function of depth. Similarly, Porites
spp. showed a strong bleaching response at all scales, but
not at windward shallow sites in 2019. Combined, these
abundant taxa were representative of bleaching responses
at across- and within-reef scales, as leeward deep and wind-
ward shallow were overall the most and least bleached
reef scales in 2019, respectively (Fig. 5). In 2020, bleaching

response at leeward deep was significantly higher compared
to all other reefs.

Discussion
Regional thermal stress levels inducing bleaching

The nDHW metric better reflected coral bleaching observed
in situ for both bleaching events than the broadly used DHW
metric. Such local adjustments of common thermal stress
metrics can improve predictive power for thermal stress
analysis (van Hooidonk and Huber 2009; Hooidonk et al.
2013; McClanahan 2022; Whitaker and DeCarlo 2024).
This is not unexpected, as previous studies have noted such
discrepancies, specifically across annual temperature peaks
(Strong et al., 2002; Venegas et al. 2019; Klepac and Bar-
shis 2022). Field observations in the Red Sea (Monroe et al.
2018) and in several Indian Ocean locations (McClanahan
et al. 2007b) have reported widespread coral bleaching at
below DHW threshold levels (i.e., <4 °C-weeks) and in the
Caribbean ~30% of coral bleaching occurred at DHW of
0 °C-weeks (Eakin et al. 2010), highlighting regional dif-
ferences that may necessitate updating commonly used uni-
versal thresholds to better predict and reflect bleaching out-
comes (Whitaker and DeCarlo 2024).

During the 2010 mass bleaching event in southeast Pen-
insular Malaysia, Guest et al. (2012) concluded that NOAA
CRW was underestimating experienced thermal stress, likely
due to the underestimation of the importance of daily SST
peaks. In line with this, thermal stress based on nDHW
corresponded to the expected occurrence of widespread

Table4 Summary of . Reef scale (year) Colonies Prevalence (%) BRI Density (n/m?) BSI
number of coral colonies
assessed, bleaching prevalence, | eeward (2019) 747 70.82 43 24.90 39.28
e e the e, Windward (2019) 1135 4485 R 2838 23.00
specific bleaching susceptibility Leeward (2020) 690 26.96 13 23.00 10.89
index (BSI) across- and within- Windward (2020) 1183 25.63 13 29.58 8.81
reef scales during successive Shallow (2019) 1203 56.19 34 30.08 26.15
gge;gli‘;“l%u‘ﬁi“]‘;‘l‘;?Toe]nggzﬁfi Deep (2019) 679 53.46 41 22,63 25.08
Northeast Peninsular Malaysia. Shallow (2020) 1138 24.25 11 28.45 8.01
Deep (2020) 735 3551 16 24.50 9.57
Leeward Shallow (2019) 592 72.30 40 28.50 125.79
Leeward Deep (2019) 155 65.16 64 12.50 200.00
Windward Shallow (2019) 611 40.59 29 29.20 38.37
Windward Deep (2019) 524 50.00 37 24.70 45.60
Leeward Shallow (2020) 546 20.15 10 26.00 23.82
Leeward Deep (2020) 144 5278 28 12.60 58.67
Windward Shallow (2020) 592 23.99 12 28.95 13.73
Windward Deep (2020) 591 27.41 14 27.15 20.79
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Shallow sites range from 5 to 7 m water depth and deep sites from 10 to 14 m water depth
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Fig.4 Examples of coral
bleaching in 2019 at a leeward
shallow, b leeward deep, ¢
windward shallow, d windward
deep reef sites in Pulau Lang
Tengah, Northeast Peninsular
Malaysia
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Fig.5 Bleaching response of hard coral taxa during successive
bleaching events in 2019 and 2020 in Pulau Lang Tengah across and
within reefs. The dotted lines separate the bars based on bleaching
events (left 2019, right 2020). Letter annotations indicate signifi-
cant differences between taxa based on Tukey’s HSD post hoc com-
parisons tested for each year individually. For clarity, letters alternate

between lowercase (2019) and uppercase (2020). The absence of
letters indicates insufficient samples size (i.e., less than ten observa-
tions) and were not statistically tested; ‘*’ highlights morpho-taxa
with no bleaching response (i.e., BRI=0). Only morpho-taxa with
data from at least three sites for each year were tested
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bleaching at 4-8 °C-weeks (Heron et al. 2016; Kayanne
2017; Hughes et al. 2018a). The levels of thermal stress
determined by means of nDHW are in line with the level
of bleaching observed in 2019, when coral bleaching was
significantly more severe at 6.77 °C-weeks compared to
4.43 °C-weeks in 2020. Notably, mortality associated with
the 2019 bleaching was minor, further denoting the putative
mortality threshold of > 8 °C-weeks (Wellington et al. 2001;
Eakin et al. 2010; Hughes et al. 2018a). Based on the availa-
ble literature, bleaching was observed regionally in 2010 and
2014 (Tan and Heron 2011; Kimura et al. 2014) at nDHW
8.54 °C-weeks and 6.39 °C-weeks respectively, but not in
2013 (5.44 °C-weeks) or 2016 (4.62 °C-weeks). Therefore,
based on the published and collected data, a regional bleach-
ing threshold of nDHW > 6 °C-weeks emerges, at which
ecologically significant bleaching occurs. Further regional
adjustment based on diel in situ data is poised to further
refine bleaching thresholds and taxon-specific sensitivities
(McClanahan et al. 2020a) across Peninsular Malaysia.

Back-to-back bleaching provides insight to coral
resilience

The back-to-back successive bleaching events in 2019 and
2020 represented a decadal local climax of rapid ocean
warming (Cheng et al. 2021) (ESM 1). This study is the
first to report back-to-back coral bleaching in this region and
elaborates on taxon-specific bleaching response and recov-
ery trajectories. One of the key insights gained is the sub-
stantial difference in bleaching response across morpho-taxa
and between bleaching events. Bleaching-induced mortality
in 2019 was very low. Only five morpho-taxa bleached at
higher levels in 2020, despite lower levels of thermal stress,
suggesting potential legacy effects (Hughes et al. 2019).
Although these differences were insignificant, thermal stress
in 2020 was below the proposed regional bleaching thresh-
old (see above).

A common observation of in situ bleaching studies is
lower bleaching levels during the second (and typically more
severe) of back-to-back thermal events (Gintert et al. 2018;
Fisch et al. 2019; Harrison et al., 2019). Notably, these stud-
ies often report considerably higher bleaching-associated
mortality during the first bleaching episode (Head et al.
2019; Hughes et al. 2019; Dalton et al. 2020), suggesting
that thermally susceptible colonies may be removed from
the population (Loya et al. 2001; van Woesik et al. 2011;
Stuart-Smith et al. 2018). Consequentially, the cumula-
tive impacts of repeat back-to-back thermal bleaching on
coral comunities depends on the composition of species and
their relative susceptibility to the magnitude and amplitude
of prior thermal stress experienced (Ritson-Williams and
Gates 2020). Here, the locally most abundant morpho-taxa
(i.e., encrusting and massive Porites, Heliopora coerulea,
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foliose Pavona, submassive and encrusting Platygyra, and
Pocillopora spp.; see Bernard et al. 2023 for a 2019 census)
exhibited bleaching in both years, whereas the majority of
other taxa (of which some are equally abundant) showed
remarkably low levels of bleaching. Specifically, taxa such
as Acropora and Montipora that are typically considered
thermally susceptible (Pratchett et al. 2013) bleached less in
2020, while the opposite was observed for some taxa that
are generally considered thermally resilient (e.g., Heliopora
coerulea, massive Porites, etc.). This ‘reversal’ of bleach-
ing hierarchies has been documented in southeast Peninsular
Malaysia in 2010 (Guest et al. 2012) and more recently on
larger geographical scales and across diverse eco-regions
(McClanahan et al. 2020a, 2020b), suggesting that some
degree of adaptation to heat stress is occurring across geo-
graphic regions and populations (Sully et al. 2019; Lachs
et al. 2023). Whether the low bleaching response of these
taxa at significant levels of thermal stress in 2019 and 2020
is the result of ‘thermal weeding’ of thermally susceptible
colonies or due to an increase in resilience from prior expo-
sure to thermal stress (sensu Guest et al. 2012) is unclear
due to the lack of sufficient data on bleaching response and
mortality in this region.

While the overarchingly low to mild bleaching response
of most taxa across the 2019 and 2020 bleaching events sug-
gests high thermal tolerance relative to the levels of thermal
stress (in line with very low bleaching associated mortal-
ity rates), it should be noted that we observed a rapid and
acute onset of thermal stress in 2019 that resolved equally
quickly (Fig. 2). Extended duration of excess thermal stress
is increasingly recognized as one decisive factor in determin-
ing severity, mortality, and recovery from bleaching (Eakin
et al. 2019, 2022; Skirving et al. 2019), in contrast to the
short-term and acute heat stress observed for the 2019 coral
bleaching event. Thus, we suggest that bleaching and mor-
tality rates were mitigated by the rapid decline of thermal
stress in 2019 (Wellington 2001; Eakin et al. 2010; Hughes
et al. 2018a).

By comparison, the 2020 bleaching event is the first
observation of thermal coral bleaching in Malaysia dur-
ing a La Nifia year, and mild to moderate coral bleaching
was reported across the extent of the Malaysian east coast
(Reef Check Malaysia 2020). Thermal stress accumulated
to a maximum of 4.77 °C-weeks (nDHW) based on satel-
lite data, although interpolating satellite and diel in situ
data, a maximum of 5.08 °C-weeks could be determined.
This is still below the suggested regional threshold of
>6.0 °C-weeks (nDHW).

Taken together, bleaching responses of taxa were con-
sistent with thermal stress levels observed across events,
noting a significant dissimilarity of taxon-specific bleach-
ing thresholds. One notable finding is the high bleaching
susceptibility of Heliopora coerulea (Table 3). In both years,
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H. coerulea showed the highest bleaching prevalence, sever-
ity, and mortality of all surveyed taxa, particularly at shal-
low sites (Table 4 and 5, ESM 12). A wide range of field
studies across the Indo- and Central-Pacific regions (e.g.,
Palau, Japan, Western Australia, Kiribati, Guam) as well
as the Indian Ocean (e.g., the Andaman Sea and the Mal-
dives) classified this taxon as bleaching tolerant (Paulay and
Benayahu 1999; Kayanne et al. 2002; Schumacher et al.
2005; Phongsuwan and Changsang 2012; Harri et al., 2014;
Raymundo et al. 2019). Therefore, it has been suggested that
H. coerulea may replace scleractinian taxa in the future as
dominant reef-builders (Courtney et al. 2021). Counter to
this, our findings suggest severe bleaching susceptibility of
H. coerulea, and further research is warranted.

It is important to note that the symbiotic associations
between coral hosts and their algal symbionts may contrib-
ute to the observed taxon-specific differences in bleaching
response (Hume et al. 2020; Baker et al. 2004). Presently,
data on species-specific coral host-algal symbiont associa-
tions are limited in Peninsular Malaysia (Lee et al. 2022)
and require urgent investigation to identify heat tolerant taxa
and associated holobiont compositions. Shifts in Symbio-
diniaceae composition to heat tolerant algal species have
been observed after periods of heat stress (Grottoli et al.
2014) and supposedly co-facilitate changes in bleaching
hierarchies over time (Baker et al. 2004; Silverstein et al.
2015). However, novel associations do not universally per-
sist (LaJeunesse et al. 2009; Hume et al. 2020), as fine-scale
differences in thermal and depth regime on individual reef
sites are also important determinants impacting the persis-
tence of stress-induced changes in the Symbiodiniaceae
composition (Baker et al. 2013; de Souza et al. 2023). Ulti-
mately, quantifying such associations with reference to reef
heterogeneity is required to understand mechanisms of heat
tolerance of the coral host.

Bleaching response across- and within-reef scales

At the across-reef scale, our analysis of reef-specific diel
temperature variations (DTR) shows that DTRs were sig-
nificantly more variable at leeward sites for all seasonal time
series of the bleaching period (ESM 5). Further, generalized
linear model analysis revealed significant differences across
depth and wind exposure overall (Table 1and 2, ESM 8-9)
resulting in the lowest bleaching response at shallow wind-
ward sites. This contrasts with previous studies that found
that leeward coral reef sites harbor more thermally tolerant
corals (McClanahan and Maina 2003; Pineda et al. 2013;
Voolstra et al. 2020), putatively due to greater diel variabil-
ity in thermal regimes (Oliver and Palumbi 2011; Barshis
et al. 2018; Thomas et al. 2018).

With regard to depth differences, we found higher bleach-
ing prevalence and response at 10—14 m depth than at 5-7 m

depth, echoing conclusions from previous studies that depth
does not necessarily provide refuge from thermal coral
bleaching (Frade et al. 2018; Venegas et al. 2019). However,
in this study the observed pattern is the result of the rela-
tively higher abundance of specific taxa that bleached less
at shallow depth (e.g., massive Porites, Porites spp.). Ulti-
mately, bleaching response as a function of depth is highly
taxon-specific and varies across regions and local reef envi-
ronments (Muir et al. 2017; Baird et al. 2018; Crosbie et al.
2019; Raymundo et al. 2019).

We found the bleaching response of Porites spp. to be
significantly different at windward shallow compared to all
other sites, irrespective of depth. Further, foliose Pavona did
not bleach at windward shallow in either year, in contrast to
leeward shallow sites (albeit sample sizes differed among
sites). As coral taxa were distributed unequally across these
spatial scales, it was not possible to compare more taxa
across all sites. Thus, increasing the overall sampling area
would be beneficial for future investigations. Additionally,
environmental covariates such as in situ wind, temperature,
and light measurements would be needed to establish cor-
roborative relationships between taxon-specific bleaching
response and across- or within-reef scales. Our data high-
lights that across- and within-reef scale phenomena are
interconnected. The combined effects of wind and depth
influence taxon-specific bleaching responses, implying that
dynamic reef environments contribute to the differential
bleaching response of hard coral taxa. Ultimately, known
stressors that reduce coral fitness and potentially exacerbate
the bleaching response, such as nutrient enrichment due to
wastewater discharge (Donovan et al. 2021), are unlikely
to have influenced the observed bleaching response, as
windward sites are not near wastewater effluents (e.g., river
estuaries, coastal resorts) and septic tanks are installed at
leeward sites to prevent nutrient input to coral reefs.

Conclusions

The increasing spatial and temporal extent of thermal
stress events is projected to result in more severe annual
coral bleaching events on a global scale. However, detailed
data are typically only available for a few regions, ham-
pering the forecasting of bleaching trajectories under cli-
mate change. Here, we determined bleaching trajectories
of 46 hard coral taxa across- and within-reef scales based
on data recorded during the first reported back-to-back
coral bleaching events in Malaysia between May 2019
and September 2020. We observed high levels of bleach-
ing (55.21% and 26.63% of all surveyed colonies in 2019
and 2020, respectively) associated with high thermal
stress levels when considering an nDHW metric that bet-
ter explained observed in situ bleaching levels than the
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common DHW metric (6.68 °C-weeks and 4.77 °C-weeks
in 2019 and 2020, respectively, for the nDHW metric in
contrast to 1.05 °C-weeks and 0.00 °C-weeks in 2019
and 2020, respectively, for the DHW metric). We found
broad dispersion of taxon-specific bleaching prevalence,
whereby susceptible taxa were found to exhibit bleaching
at~4.5 °C-weeks, while widespread and severe bleach-
ing occurred at > 6 °C-weeks (nDHW). The data gathered
here provides a baseline to monitor and project bleaching
prevalence and severity in Peninsular Malaysia as oceans
continue to warm. To support field observations of differ-
ential bleaching of coral taxa, future studies should iden-
tify Symbiodiniaceae assemblages associated with heat
stress susceptible and tolerant coral taxa.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-024-04495-2.

Acknowledgements Research was conducted under permit number
Prk.ML.630-7]1d.5 (21) issued by the Department of Fisheries (DoF)
Malaysia, and permit number 40/200/193711 (2), issued by the Min-
istry of Economic Affairs (MEA) Malaysia. We are grateful to Albert
Apollo Chan and Dato’ Haji Munir bin Haji Mohd. Nawi from the
Department of Fisheries Malaysia as well as to Muhammad Jawad
bin Tajuddin (Ministry of Economic Affairs Malaysia) for supporting
our research and facilitating acquisition of research permits. We are
thankful to Summer Bay Resort, Lang Tengah Island, for supporting
our research and providing access to their facilities. Thank you to Lang
Tengah Turtle Watch for field support in 2019 and Joseph A. Henry for
providing us with the temperature loggers. We are thankful to Gang
Liu, Joseph A. Henry, Natasha Zulaikha, and K.L. Chew. for providing
critical suggestions on the manuscript. We are thankful to the team at
Rimbun Dahan for providing a ‘scientific writing’ residency.

Author contributions SS designed and conceived the study, conducted
the fieldwork, analyzed the data, and wrote the original draft. AYA ana-
lyzed the data, supported scientific framework development, and edited
the original draft. CRV supported scientific framework development,
data interpretation, and edited the original draft. All authors edited the
final draft and granted approval to submit for publication.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability The datasets analyzed are available on the Github
repository: https://github.com/Coralku/Bleaching-Data-2019-2020

Declarations

Competing interest. Author CRV is an associate editor at ‘Marine
Biology’. The authors have no further financial or non-financial inter-
est to declare that are relevant to the content of this article.

Funding. Author SS received in-kind support for SCUBA diving
equipment and field expenses by Summer Bay Resort, Lang Tengah
Island. The writing of this article was supported by a writing residency
at Rimbun Dahan. No further support was received from any other
organization for the submitted work.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long

@ Springer

as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Baird AH, Madin JS, Alvarez—Noriega M, Fontoura L, Kerry JT, Kuo
CY et al (2018) A decline in bleaching suggests that depth can
provide a refuge from global warming in most coral taxa. Mar
Ecol Prog Ser 603:257-264. https://doi.org/10.3354/meps12732

Baker AC, Starger CJ, McClanahan TR, Glynn PW (2004) Corals’
adaptive response to climate change. Nature 430(7001):741.
https://doi.org/10.1038/430741a

Baker, A. C., McClanahan, T. R., Starger, C. J., & Boonstra, R. K.
(2013). Long-term monitoring of algal symbiont communities
in corals reveals stability is taxon dependent and driven by site-
specific thermal regime. Marine Ecology Progress Series, 479,
85-97. https://www.int-res.com/abstracts/meps/v479/p85-97/

Barbosa AM, Brown J, Jiménez-Valverde A, Real R (2014) ModEvVA:
model evaluation and analysis R package. Version 1:3

Barshis DJ, Birkeland C, Toonen RJ, Gates RD, Stillman JH (2018)
High-frequency temperature variability mirrors fixed differences
in thermal limits of the massive coral Porites lobata. J Exp Biol
221(24):jeb188581. https://doi.org/10.1242/jeb.188581

Beeden, R., Willis, B. L., Raymundo, L. J., Page, C. A., & Weil, E.
(2008). Underwater cards for assessing coral health on Indo-
Pacific reefs. Coral Reef Targeted Research and Capacity
Building for Management Program. Currie Communications,
Melbourne, 22.

Bernard GGR, Kellam AL, Szereday S (2023) Differential size fre-
quency distribution of hard coral colonies across physical reef
health gradients in Northeast Peninsula Malaysia. Reg Studies
Marine Sci 61:102872. https://doi.org/10.1016/j.rsma.2023.
102872

Cheng L, Abraham J, Trenberth KE, Fasullo J, Boyer T, Locarnini R
et al (2021) Upper ocean temperatures hit record high in 2020.
Adv Atmos Sci. https://doi.org/10.1007/s00376-021-0447-x

Claar DC, Baum JK (2019) Timing matters: survey timing during
extended heat stress can influence perceptions of coral suscepti-
bility to bleaching. Coral Reefs 38(4):559-565. https://doi.org/
10.1007/s00338-018-01756-7

Colgan MW (1984) The cretaceous coral heliopora (Octocorallia, Coe-
nothecalia) - a common indo-pacific reef builder. In: Eldredge
N, Stanley SM (eds) Living fossils. Springer, New York, pp
266-271

Courtney TA, Guest JR, Edwards AJ, Dizon RM (2021) Linear exten-
sion, skeletal density, and calcification rates of the blue coral
Heliopora coerulea. Coral Reefs 40(5):1631-1635. https://doi.
org/10.1007/s00338-021-02137-3

Crosbie AJ, Bridge TCL, Jones G, Baird AH (2019) Response of reef
corals and fish at osprey reef to a thermal anomaly across a 30 m
depth gradient. Mar Ecol Prog Ser 622:93-102. https://doi.org/
10.3354/meps13015

Dalton SJ, Carroll AG, Sampayo E, Roff G, Harrison PL, Entwistle
K, Huang Z, Salih A, Diamond SL (2020) Successive marine
heatwaves cause disproportionate coral bleaching during a fast


https://doi.org/10.1007/s00227-024-04495-2
https://github.com/Coralku/Bleaching-Data-2019-2020
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3354/meps12732
https://doi.org/10.1038/430741a
https://www.int-res.com/abstracts/meps/v479/p85-97/
https://doi.org/10.1242/jeb.188581
https://doi.org/10.1016/j.rsma.2023.102872
https://doi.org/10.1016/j.rsma.2023.102872
https://doi.org/10.1007/s00376-021-0447-x
https://doi.org/10.1007/s00338-018-01756-7
https://doi.org/10.1007/s00338-018-01756-7
https://doi.org/10.1007/s00338-021-02137-3
https://doi.org/10.1007/s00338-021-02137-3
https://doi.org/10.3354/meps13015
https://doi.org/10.3354/meps13015

Marine Biology (2024) 171:183

Page150f 17 183

phase transition from El Nifio to La Nifia. Sci Total Environ
715:136951. https://doi.org/10.1016/j.scitotenv.2020.136951

de Souza MR, Caruso C, Ruiz-Jones L, Drury C, Gates RD, Toonen RJ
(2023) Importance of depth and temperature variability as drivers
of coral symbiont composition despite a mass bleaching event.
Sci Rep 13(1):8957. https://doi.org/10.1038/s41598-023-35425-9

DeCarlo TM (2020) Treating coral bleaching as weather: a framework
to validate and optimize prediction skill. Peer] 8:¢9449. https://
doi.org/10.7717/peerj.9449

Donovan MK, Burkepile DE, Kratochwill C, Shlesinger T, Sully S,
Oliver TA, Hodgson G, Freiwald J, van Woesik R (2021) Local
conditions magnify coral loss after marine heatwaves. Science
372(6545):977-980. https://doi.org/10.1126/science.abd9464

Eakin CM, Morgan JA, Heron SF, Smith TB, Liu G, Alvarez-Filip L,
Baca B, Bartels E et al (2010) Caribbean corals in crisis: record
thermal stress, bleaching, and mortality in 2005. PLoS ONE
5(11):e13969. https://doi.org/10.1371/journal.pone.0013969

Eakin CM, Sweatman HPA, Brainard RE (2019) The 2014-2017
global-scale coral bleaching event: insights and impacts.
Coral Reefs 38(4):539-545. https://doi.org/10.1007/
s00338-019-01844-2

Eakin CM, Devotta D, Heron S, Connolly S, Liu G, Geiger E et al
(2022) The 2014—17global coral bleaching event: the most severe
and widespread coral reef destruction. Res Square. https://doi.
org/10.21203/rs.3.rs-1555992/v1

Evensen NR, Voolstra CR, Fine M, Perna G, Buitrago-Lépez C,
Cérdenas A, Banc-Prandi G, Rowe K, Barshis DJ (2022) Empir-
ically derived thermal thresholds of four coral species along
the red sea using a portable and standardized experimental
approach. Coral Reefs 41(2):239-252. https://doi.org/10.1007/
s00338-022-02233-y

Fisch J, Drury C, Towle EK, Winter RN, Miller MW (2019) Physi-
ological and reproductive repercussions of consecutive summer
bleaching events of the threatened caribbean coral orbicella
faveolata. Coral Reefs 38(4):863—-876. https://doi.org/10.1007/
s00338-019-01817-5

Fordyce AJ, Ainsworth TD, Heron SF, Leggat W (2019) Marine heat-
wave hotspots in coral reef environments: physical drivers, eco-
physiological outcomes, and impact upon structural complexity.
Front Mar Sci 6:498. https://doi.org/10.3389/fmars.2019.00498

Fox J, Weisberg S (2018) An R companion to applied regression. Sage
publications

Frade PR, Bongaerts P, Englebert N, Rogers A, Gonzalez-Rivero
M, Hoegh-Guldberg O (2018) Deep reefs of the great bar-
rier reef offer limited thermal refuge during mass coral
bleaching. Nat Commun 9(1):3447. https://doi.org/10.1038/
s41467-018-05741-0

Gintert BE, Manzello DP, Enochs IC, Kolodziej G, Carlton R, Gleason
ACR et al (2018) Marked annual coral bleaching resilience of
an inshore patch reef in the florida keys: a nugget of hope, aber-
rance, or last man standing? Coral Reefs 37(2):533-547. https://
doi.org/10.1007/s00338-018-1678-x

Gleeson MW, Strong AE (1995) Applying MCSST to coral reef bleach-
ing. Adv Space Res 16(10):151-154. https://doi.org/10.1016/
0273-1177(95)00396-V

Global Wind Atlas 3.0. (2021). Global Wind Atlas 3.0, a free, web-
based application developed, owned and operated by the Tech-
nical University of Denmark (DTU). The Global Wind Atlas 3.0
is released in partnership with the World Bank Group, utilizing
data provided by Vortex, using funding provided by the Energy
Sector Management Assistance Program (ESMAP) https://globa
Iwindatlas.info/ [Accessed October 24, 2019 /Wind-frequency
rose]

Glynn PW, D’croz L (1990) Experimental evidence for high tempera-
ture stress as the cause of El Nino-coincident coral mortality.
Coral Reefs 8(4):181-191

Grottoli AG, Warner ME, Levas SJ, Aschaffenburg MD, Schoepf V,
Mcginley M et al (2014) The cumulative impact of annual coral
bleaching can turn some coral species winners into losers. Glob
Change Biol 20(12):3823-3833. https://doi.org/10.1111/gcb.
12658

Guest JR, Baird AH, Maynard JA, Muttaqin E, Edwards AJ, Campbell
SJ et al (2012) Contrasting patterns of coral bleaching suscep-
tibility in 2010 suggest an adaptive response to thermal stress.
PLoS ONE. https://doi.org/10.1371/journal.pone.0033353

Hackerott S, Martell HA, Eirin-Lopez JM (2021) Coral environmental
memory: causes, mechanisms, and consequences for future reefs.
Trends Ecol Evol 36(11):1011-1023. https://doi.org/10.1016/].
tree.2021.06.014

Harborne, A., Fenner, D., Barnes, A., Beger, M., Harding, S., Rox-
burgh, T. (2000). Status report on the coral reefs of the east coast
of Peninsula Malaysia. Report Prepared to Department of Fish-
eries Malaysia, Kuala Lumpur, Malaysia, 361-369.

Head CEI, Bayley DTI, Rowlands G, Roche RC, Tickler DM, Rogers
AD, Koldewey H, Turner JR, Andradi-Brown DA (2019) Coral
bleaching impacts from back-to-back 2015-2016 thermal anoma-
lies in the remote central Indian Ocean. Coral Reefs 38(4):605—
618. https://doi.org/10.1007/s00338-019-01821-9

Heron SF, Johnston L, Liu G, Geiger EF, Maynard JA, De La Cour JL
et al (2016) Validation of reef-scale thermal stress satellite prod-
ucts for coral bleaching monitoring. Remote Sensing 8(1):59.
https://doi.org/10.3390/rs8010059

Huang D, Licuanan WY, Hoeksema BW, Chen CA, Ang PO, Huang
H, Lane DJW, Vo ST, Waheed Z, Affendi YA, Yeemin T, Chou
LM (2015) Extraordinary diversity of reef corals in the South
China Sea. Mar Biodivers 45(2):157-168. https://doi.org/10.
1007/s12526-014-0236-1

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM
et al (2018a) Global warming transforms coral reef assem-
blages. Nature 556(7702):492-496. https://doi.org/10.1038/
s41586-018-0041-2

Hughes TP, Kerry JT, Connolly SR, Baird AH, Eakin CM, Heron SF
et al (2019) Ecological memory modifies the cumulative impact
of recurrent climate extremes. Nat Clim Change 9(1):40-43.
https://doi.org/10.1038/s41558-018-0351-2

Hughes TP, Kerry JT, Connolly SR, Alvarez-Romero JG, Eakin CM,
Heron SF et al (2021) Emergent properties in the responses
of tropical corals to recurrent climate extremes. Current Biol
31(23):5393-5399.e3. https://doi.org/10.1016/j.cub.2021.10.046

Hume BCC, Mejia-Restrepo A, Voolstra CR, Berumen ML (2020)
Fine-scale delineation of Symbiodiniaceae genotypes on a previ-
ously bleached central Red Sea reef system demonstrates a preva-
lence of coral host-specific associations. Coral Reefs 39(3):583—
601. https://doi.org/10.1007/s00338-020-01917-7

Jaap WC (1979) Observations on zooxanthellae expulsion at Middle
Sambo Reef. Florida Keys Bulletin Marine Sci 29(3):414-422

Johnston EC, Counsell CWW, Sale TL, Burgess SC, Toonen RJ (2020)
The legacy of stress: coral bleaching impacts reproduction years
later. Funct Ecol 34(11):2315-2325. https://doi.org/10.1111/
1365-2435.13653

Kayanne H (2017) Validation of degree heating weeks as a coral
bleaching index in the northwestern Pacific. Coral Reefs
36(1):63-70. https://doi.org/10.1007/s00338-016-1524-y

Kayanne H, Harii S, Ide Y, Akimoto F (2002) Recovery of coral popu-
lations after the 1998 bleaching on Shiraho Reef, in the southern
Ryukyus, NW Pacific. Mar Ecol Prog Ser 239:93-103. https://
doi.org/10.3354/meps239093

Kimura T, Karenne TUN, Ming CL (2014) Status of coral reefs in East
Asian Seas Region. Glob Coral Reef Monitor Netw 131-138

Klepac CN, Barshis DJ (2022) High-resolution in situ thermal metrics
coupled with acute heat stress experiments reveal differential

@ Springer


https://doi.org/10.1016/j.scitotenv.2020.136951
https://doi.org/10.1038/s41598-023-35425-9
https://doi.org/10.7717/peerj.9449
https://doi.org/10.7717/peerj.9449
https://doi.org/10.1126/science.abd9464
https://doi.org/10.1371/journal.pone.0013969
https://doi.org/10.1007/s00338-019-01844-2
https://doi.org/10.1007/s00338-019-01844-2
https://doi.org/10.21203/rs.3.rs-1555992/v1
https://doi.org/10.21203/rs.3.rs-1555992/v1
https://doi.org/10.1007/s00338-022-02233-y
https://doi.org/10.1007/s00338-022-02233-y
https://doi.org/10.1007/s00338-019-01817-5
https://doi.org/10.1007/s00338-019-01817-5
https://doi.org/10.3389/fmars.2019.00498
https://doi.org/10.1038/s41467-018-05741-0
https://doi.org/10.1038/s41467-018-05741-0
https://doi.org/10.1007/s00338-018-1678-x
https://doi.org/10.1007/s00338-018-1678-x
https://doi.org/10.1016/0273-1177(95)00396-V
https://doi.org/10.1016/0273-1177(95)00396-V
https://globalwindatlas.info/
https://globalwindatlas.info/
https://doi.org/10.1111/gcb.12658
https://doi.org/10.1111/gcb.12658
https://doi.org/10.1371/journal.pone.0033353
https://doi.org/10.1016/j.tree.2021.06.014
https://doi.org/10.1016/j.tree.2021.06.014
https://doi.org/10.1007/s00338-019-01821-9
https://doi.org/10.3390/rs8010059
https://doi.org/10.1007/s12526-014-0236-1
https://doi.org/10.1007/s12526-014-0236-1
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41558-018-0351-2
https://doi.org/10.1016/j.cub.2021.10.046
https://doi.org/10.1007/s00338-020-01917-7
https://doi.org/10.1111/1365-2435.13653
https://doi.org/10.1111/1365-2435.13653
https://doi.org/10.1007/s00338-016-1524-y
https://doi.org/10.3354/meps239093
https://doi.org/10.3354/meps239093

183 Page160f17

Marine Biology (2024) 171:183

coral bleaching susceptibility. Coral Reefs 41(4):1045-1057.
https://doi.org/10.1007/s00338-022-02276-1

Kushairi, M. R. M. (1998). The 1998 bleaching catastrophe of corals
in the South China Sea. In Proc. JSPS Joint Seminar on Marine
and Fisheries Sciences, Bali, Indonesia, 1998. http://ci.nii.ac.jp/
naid/10018463620/en/

Lachs L, Donner SD, Mumby PJ, Bythell JC, Humanes A, East HK,
Guest JR (2023) Emergent increase in coral thermal tolerance
reduces mass bleaching under climate change. Nat Commun
14(1):4939. https://doi.org/10.1038/s41467-023-40601-6

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD,
Voolstra CR, Santos SR (2018) Systematic revision of symbio-
diniaceae highlights the antiquity and diversity of coral endo-
symbionts. Curr Biol 28(16):2570-2580.e6. https://doi.org/10.
1016/j.cub.2018.07.008

LalJeunesse, T. C., Smith, R. T., Finney, J., & Oxenford, H. (2009). Out-
break and persistence of opportunistic symbiotic dinoflagellates
during the 2005 Caribbean mass coral ‘bleaching’ event. Pro-
ceedings of the Royal society B: biological sciences, 276:(1676)
4139-4148. https://doi.org/10.1098/rspb.2009.1405

Lee LK, Leaw CP, Lee LC, Lim ZF, Hii KS, Chan AA, Gu H, Lim PT
(2022) Molecular diversity and assemblages of coral symbionts
(Symbiodiniaceae) in diverse scleractinian coral species. Marine
Environ Res 179:105706. https://doi.org/10.1016/j.marenvres.
2022.105706

Lenth RV (2021) emmeans: estimated marginal means, aka least-
squares means. R Package Version 1(6):1

Lesser MP (2011) Coral bleaching: causes and mechanisms. In: Dubin-
sky Z, Stambler N (eds) Coral reefs: an ecosystem in transition.
Springer, Netherlands, pp 405-419

Liu G, Heron SF, Mark Eakin C, Muller-Karger FE, Vega-Rodriguez
M, Guild LS et al (2014) Reef-scale thermal stress monitoring of
coral ecosystems: new 5 km global products from NOAA coral
reef watch. Remote Sensing 6(11):11579-11606. https://doi.org/
10.3390/rs61111579

Loya Y, Sakai K, Yamazato K, Nakano Y, Sambali H, Van Woesik R
(2001) Coral bleaching: the winners and the losers. Ecol Lett
4(2):122—-131. https://doi.org/10.1046/j.1461-0248.2001.00203.x

McClanahan TR (2022) Coral responses to climate change exposure.
Environ Res Lett 17(7):073001. https://doi.org/10.1088/1748-
9326/ac7478

McClanahan TR, Maina J (2003) Response of coral assemblages to
the interaction between natural temperature variation and rare
warm-water events. Ecosystems 6(6):551-556. https://doi.org/
10.1007/s10021-002-0104-x

McClanahan TR, Ateweberhan M, Graham NAJ, Wilson SK, Ruiz
Sebastian C, Guillaume MMM, Bruggemann JH (2007a) West-
ern Indian Ocean coral communities: bleaching responses and
susceptibility to extinction. Marine Ecol Prog Series 337:1-13.
https://doi.org/10.3354/meps337001

McClanahan TR, Ateweberhan M, Ruiz Sebastidn C, Graham NAJ,
Wilson SK, Bruggemann JH et al (2007b) Predictability of coral
bleaching from synoptic satellite and in situ temperature obser-
vations. Coral Reefs 26(3):695-701. https://doi.org/10.1007/
s00338-006-0193-7

McClanahan TR, Darling ES, Maina JM, Muthiga NA, agata, S. D.,
Jupiter, S. D., Arthur, R., Wilson, S. K., Mangubhai, S., Nand,
Y., Ussi, A. M., Humphries, A. T., Patankar, V. J., Guillaume,
M. M. M., Keith, S. A., Shedrawi, G., Julius, P., Grimsditch,
G., Ndagala, J., Leblond, J. (2019) Temperature patterns and
mechanisms influencing coral bleaching during the 2016 El
Nifio. Nat Clim Change 9(11):845-851. https://doi.org/10.1038/
s41558-019-0576-8

McClanahan TR, Darling ES, Maina JM, Muthiga NA, Leblond
J, Arthur R, Jupiter SD, Wilson SK, Mangubhai S, Ussi AM
(2020a) Highly variable taxa-specific coral bleaching responses

@ Springer

to thermal stresses. Marine Ecol Progress Series 648:135-151.
https://doi.org/10.3354/meps 13402

McClanahan TR, Maina JM, Darling ES, Guillaume MMM, Muthiga
NA, D’agata S, Leblond J, Arthur R, Jupiter SD, Wilson SK
(2020b) Large geographic variability in the resistance of corals
to thermal stress. Global Ecol Biogeograph 29(12):2229-2247.
https://doi.org/10.1111/geb.13191

Monroe AA, Ziegler M, Roik A, Rothig T, Hardenstine RS, Emms
MA, Jensen T, Voolstra CR, Berumen ML (2018) In situ obser-
vations of coral bleaching in the central Saudi Arabian Red Sea
during the 2015/2016 global coral bleaching event. PLoS ONE
13(4):e0195814. https://doi.org/10.1371/journal.pone.0195814

Moten, S., Yunus, F., Ariffin, M., Burham, N., Yik, D. J., Adam, M.
K. M., & Sang, Y. W. (2014). Statistics of northeast monsoon
onset, withdrawal, and cold surges in Malaysia. Guidelines No.
1. Malaysian Meteorological Department.

Muir, P. R., Marshall, P. A., Abdulla, A., & Aguirre, J. D. (2017). Spe-
cies identity and depth predict bleaching severity in reef-building
corals: Shall the deep inherit the reef? Proceedings of the Royal
Society B: Biological Sciences, 284(1864). https://doi.org/10.
1098/rspb.2017.1551

Muscatine L (1990) The role of symbiotic algae in carbon and energy
flux in reef corals. Ecosyst World 25:75-87

Nelder JA, Wedderburn RW (1972) Generalized linear models. J Royal
Statistic Soc: Series A (general) 135(3):370-384

Neo VHF, Zinke J, Fung T, Merchant CJ, Zawada KJA, Krawczyk
H, Maina JM (2023) Inconsistent coral bleaching risk indi-
cators between temperature data sources. Earth Space Sci
10(7):e2022EA002688. https://doi.org/10.1029/2022EA002688

NOAA Coral Reef Watch Version 3.1 Daily Global 5-km Satellite
Coral Bleaching Degree Heating Week Product. (2014). NOAA
Coral Reef Watch Daily Skm Satellite Coral Bleaching Heat
Stress Monitoring Products (Version 3.1) [Accessed January 3,
2021]

Oliver TA, Palumbi SR (2011) Do fluctuating temperature environ-
ments elevate coral thermal tolerance? Coral Reefs 30(2):429—
440. https://doi.org/10.1007/s00338-011-0721-y

Paulay, G., & Benayahu, Y. (1999). Patterns and consequences of coral
bleaching in Micronesia (Majuro and Guam) in 1992-1994.
Micronesica-Agana, 32(1), 109-124. http://octocoralresearch.
com/PDF Files/Bleaching in octocorals.pdf

Phongsuwan N, Chansang H (2012) Repeated coral bleaching in the
Andaman Sea, Thailand, during the last two decades. Phuket
Marine Biol Center Res Bulletin 71:19-41

Pineda J, Starczak V, Tarrant A, Blythe J, Davis K, Farrar T, Berumen
M, da Silva JCB (2013) Two spatial scales in a bleaching event:
Corals from the mildest and the most extreme thermal environ-
ments escape mortality. Limnol Oceanograph 58(5):1531-1545.
https://doi.org/10.4319/10.2013.58.5.1531

Pratchett MS, McCowan D, Maynard JA, Heron SF (2013) Changes in
bleaching susceptibility among corals subject to ocean warming
and recurrent bleaching in Moorea. French Polynesia Plos One
8(7):¢70443. https://doi.org/10.1371/journal.pone.0070443

R Core Team (2021). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org/ [Accessed April 1, 2021].

Rédecker N, Pogoreutz C, Gegner HM, Cardenas A, Roth F, Bougoure
J, Guagliardo P, Wild C, Pernice M, Raina J-B, Meibom A, Vool-
stra CR (2021) Heat stress destabilizes symbiotic nutrient cycling
in corals. Proc Natl Acad Sci 118(5):¢2022653118. https://doi.
org/10.1073/pnas.2022653118

Raymundo LJ, Burdick D, Hoot WC, Miller RM, Brown V, Reyn-
olds T, Gault J, Idechong J, Fifer J, Williams A (2019) Suc-
cessive bleaching events cause mass coral mortality in Guam.
Micronesia Coral Reefs 38(4):677-700. https://doi.org/10.1007/
s00338-019-01836-2


https://doi.org/10.1007/s00338-022-02276-1
http://ci.nii.ac.jp/naid/10018463620/en/
http://ci.nii.ac.jp/naid/10018463620/en/
https://doi.org/10.1038/s41467-023-40601-6
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1098/rspb.2009.1405
https://doi.org/10.1016/j.marenvres.2022.105706
https://doi.org/10.1016/j.marenvres.2022.105706
https://doi.org/10.3390/rs61111579
https://doi.org/10.3390/rs61111579
https://doi.org/10.1046/j.1461-0248.2001.00203.x
https://doi.org/10.1088/1748-9326/ac7478
https://doi.org/10.1088/1748-9326/ac7478
https://doi.org/10.1007/s10021-002-0104-x
https://doi.org/10.1007/s10021-002-0104-x
https://doi.org/10.3354/meps337001
https://doi.org/10.1007/s00338-006-0193-7
https://doi.org/10.1007/s00338-006-0193-7
https://doi.org/10.1038/s41558-019-0576-8
https://doi.org/10.1038/s41558-019-0576-8
https://doi.org/10.3354/meps13402
https://doi.org/10.1111/geb.13191
https://doi.org/10.1371/journal.pone.0195814
https://doi.org/10.1098/rspb.2017.1551
https://doi.org/10.1098/rspb.2017.1551
https://doi.org/10.1029/2022EA002688
https://doi.org/10.1007/s00338-011-0721-y
http://octocoralresearch.com/PDF
http://octocoralresearch.com/PDF
https://doi.org/10.4319/lo.2013.58.5.1531
https://doi.org/10.1371/journal.pone.0070443
https://www.R-project.org/
https://doi.org/10.1073/pnas.2022653118
https://doi.org/10.1073/pnas.2022653118
https://doi.org/10.1007/s00338-019-01836-2
https://doi.org/10.1007/s00338-019-01836-2

Marine Biology (2024) 171:183

Page 17 0of 17 183

Reef Check Malaysia. (2020). Status of Coral Reefs in Malaysia, 2020.
http://www.reefcheck.org.my/media-information/annual-survey-
reports

Reimer JD, Peixoto RS, Davies SW, Traylor-Knowles N, Short ML,
Cabral-Tena RA, Burt JA, Pessoa I, Banaszak AT, Scott Winters
R, Moore T, Schoepf V, Kaullysing D, Calderon-Aguilera LE,
Worheide G, Harding S, Munbodhe V, Mayfield A, Ainsworth T,
Vardi T, Mark Eakin C, Pratchett MS, Voolstra CR (2024) The
fourth global coral bleaching event: where do we go from here?
Coral Reefs 43:1121-1125

Ritson-Williams R, Gates RD (2020) Coral community resil-
ience to successive years of bleaching in Kane‘ohe Bay,
Hawai‘i. Coral Reefs 39(3):757-769. https://doi.org/10.1007/
s00338-020-01944-4

Safaie A, Silbiger NJ, McClanahan TR, Pawlak G, Barshis DJ, Hench
JL et al (2018) High frequency temperature variability reduces
the risk of coral bleaching. Nat Commun 9(1):1-12. https://doi.
org/10.1038/s41467-018-04074-2

Schuhmacher H, Loch K, Loch W, See WR (2005) The aftermath of
coral bleaching on a Maldivian reef - a quantitative study. Facies
51(1-4):80-92. https://doi.org/10.1007/s10347-005-0020-6

Silverstein RN, Cunning R, Baker AC (2015) Change in algal symbiont
communities after bleaching, not prior heat exposure, increases
heat tolerance of reef corals. Global Change Biol 21(1):236-249.
https://doi.org/10.1111/gcb.12706

Skirving WJ, Heron SF, Marsh BL, Liu G, De La Cour JL, Geiger
EF et al (2019) The relentless march of mass coral bleach-
ing: a global perspective of changing heat stress. Coral Reefs
38(4):547-557. https://doi.org/10.1007/s00338-019-01799-4

Slattery M, Pankey MS, Lesser MP (2019) Annual thermal stress
increases a Soft Coral’s susceptibility to bleaching. Sci Rep
9(1):8064. https://doi.org/10.1038/s41598-019-44566-9

Stuart-Smith RD, Brown CJ, Ceccarelli DM, Edgar GJ (2018) Eco-
system restructuring along the great barrier reef following mass
coral bleaching. Nature 560(7716):92-96. https://doi.org/10.
1038/s41586-018-0359-9

Suggett DJ, Smith DJ (2020) Coral bleaching patterns are the out-
come of complex biological and environmental networking. Glob
Change Biol 26(1):68-79. https://doi.org/10.1111/gcb.14871

Sully S, Burkepile DE, Donovan MK, Hodgson G, van Woesik R
(2019) A global analysis of coral bleaching over the past two
decades. Nat Commun 10(1):1-5. https://doi.org/10.1038/
s41467-019-09238-2

Tan CH, Heron SF (2011) First observed severe mass bleaching in
Malaysia, greater coral triangle. Galaxea J Coral Reef Stud
13(1):27-28. https://doi.org/10.3755/galaxea.13.27

Thomas L, Rose NH, Bay RA, Lépez EH, Morikawa MK, Ruiz-Jones
L et al (2018) Mechanisms of thermal tolerance in reef-building
corals across a fine-grained environmental mosaic: lessons from
Ofu. Am Samoa Front Marine Sci 4:434. https://doi.org/10.3389/
fmars.2017.00434

Thomas L, Underwood JN, Rose NH, Fuller ZL, Richards ZT, Dugal
L, Grimaldi CM, Cooke IR, Palumbi SR, Gilmour JP (2023)
Spatially varying selection between habitats drives physiologi-
cal shifts and local adaptation in a broadcast spawning coral on
a remote atoll in Western Australia. Sci Adv 8(17):eabl9185.
https://doi.org/10.1126/sciadv.abl9185

van Hooidonk R, Huber M (2009) Quantifying the quality of coral
bleaching predictions. Coral Reefs 28(3):579-587. https://doi.
org/10.1007/s00338-009-0502-z

van Hooidonk R, Maynard J, Planes S (2013) Temporary refugia for
coral reefs in a warming world. Nat Clim Chang 3(5):508-511.
https://doi.org/10.1038/nclimate 1829

van Hooidonk R, Maynard J, Grimsditch G, Williams G, Tamelander J,
Gove J et al (2020) Projections of future coral bleaching condi-
tions using IPCC CMIP6 models: climate policy implications,
management applications, and regional seas summaries united
nation environmental programme. Nairobi, Kenya

van Woesik R, Sakai K, Ganase A, Loya Y (2011) Revisiting the win-
ners and the losers a decade after coral bleaching. Mar Ecol Prog
Ser 434:67-76. https://doi.org/10.3354/meps09203

van Woesik R, Shlesinger T, Grottoli AG, Toonen RJ, Vega Thurber
R, Warner ME, Marie Hulver A, Chapron L, McLachlan RH,
Albright R, Crandall E, DeCarlo TM, Donovan MK, Eirin-Lopez
J, Harrison HB, Heron SF, Huang D, Humanes A, Krueger T,
Zaneveld J (2022) Coral-bleaching responses to climate change
across biological scales. Glob Change Biol 28(14):4229-4250.
https://doi.org/10.1111/gcb.16192

Venegas RM, Oliver T, Liu G, Heron SF, Clark SJ, Pomeroy N, Young
C, Eakin CM, Brainard RE (2019) The rarity of depth refugia
from coral bleaching heat stress in the western and central Pacific
Islands. Sci Rep 9(1):1-12

Voolstra CR, Buitrago-Lépez C, Perna G, Cardenas A, Hume BCC,
Rédecker N et al (2020) Standardized short-term acute heat stress
assays resolve historical differences in coral thermotolerance
across microhabitat reef sites. Glob Change Biol 26(8):4328—
4343, https://doi.org/10.1111/gcb.15148

Voolstra CR, Suggett DJ, Peixoto RS, Parkinson JE, Quigley KM, Sil-
veira CB, Sweet M, Muller EM, Barshis DJ, Bourne DG, Aranda
M (2021) Extending the natural adaptive capacity of coral holo-
bionts. Nat Rev Earth Environ 2(11):747-762. https://doi.org/10.
1038/543017-021-00214-3

Wall CB, Ricci CA, Wen AD, Ledbetter BE, Klinger DE, Mydlarz LD,
Gates RD, Putnam HM (2021) Shifting baselines: Physiologi-
cal legacies contribute to the response of reef corals to frequent
heatwaves. Funct Ecol 35(6):1366—1378. https://doi.org/10.1111/
1365-2435.13795

Walsh, C., & MacNally, R. (2013). Hiert. part: hierarchical partition-
ing. R Package vi. 0—4. http://cran.r-project.org/web/packages/
hier.part/index.html

Wellington GM, Glynn PW, Strong AE, Navarrete SA, Wieters E, Hub-
bard D (2001) Crisis on coral reefs linked to climate change. EOS
Trans Am Geophys Union 82(1):1-5

Whitaker H, DeCarlo T (2024) Re(de)fining degree-heating week:
coral bleaching variability necessitates regional and temporal
optimization of global forecast model stress metrics. Coral Reefs
43:969-984

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://www.reefcheck.org.my/media-information/annual-survey-reports
http://www.reefcheck.org.my/media-information/annual-survey-reports
https://doi.org/10.1007/s00338-020-01944-4
https://doi.org/10.1007/s00338-020-01944-4
https://doi.org/10.1038/s41467-018-04074-2
https://doi.org/10.1038/s41467-018-04074-2
https://doi.org/10.1007/s10347-005-0020-6
https://doi.org/10.1111/gcb.12706
https://doi.org/10.1007/s00338-019-01799-4
https://doi.org/10.1038/s41598-019-44566-9
https://doi.org/10.1038/s41586-018-0359-9
https://doi.org/10.1038/s41586-018-0359-9
https://doi.org/10.1111/gcb.14871
https://doi.org/10.1038/s41467-019-09238-2
https://doi.org/10.1038/s41467-019-09238-2
https://doi.org/10.3755/galaxea.13.27
https://doi.org/10.3389/fmars.2017.00434
https://doi.org/10.3389/fmars.2017.00434
https://doi.org/10.1126/sciadv.abl9185
https://doi.org/10.1007/s00338-009-0502-z
https://doi.org/10.1007/s00338-009-0502-z
https://doi.org/10.1038/nclimate1829
https://doi.org/10.3354/meps09203
https://doi.org/10.1111/gcb.16192
https://doi.org/10.1111/gcb.15148
https://doi.org/10.1038/s43017-021-00214-3
https://doi.org/10.1038/s43017-021-00214-3
https://doi.org/10.1111/1365-2435.13795
https://doi.org/10.1111/1365-2435.13795
http://cran.r-project.org/web/packages/hier.part/index.html
http://cran.r-project.org/web/packages/hier.part/index.html

	Back-to-back bleaching events in Peninsular Malaysia (2019–2020) selectively affect hard coral taxa across- and within-reef scales
	Abstract
	Introduction
	Methods
	Reef sites
	Thermal stress metrics

	In situ reef temperature data, bleaching thresholds, and diel temperature profiles
	Benthic surveys
	Statistical analysis

	Results
	Thermal stress and in situ thermal regimes
	Predictors of bleaching severity
	Coral taxon-specific variability in bleaching response, recovery, and mortality

	Bleaching response across- and within-reef scales
	Discussion
	Regional thermal stress levels inducing bleaching
	Back-to-back bleaching provides insight to coral resilience
	Bleaching response across- and within-reef scales

	Conclusions
	Acknowledgements 
	References




