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Increasing incidence of severe coral bleaching events caused by climate change is
contributing to extensive coral losses, shifts in species composition and widespread
declines in the physical structure of coral reef ecosystems. With these ongoing changes
to coral communities and the concomitant flattening of reef structural complexity,
understanding the links between coral composition and structural complexity in maintaining
ecosystem functions and processes is of critical importance. Here, we document the
impacts of the 2016 global-scale coral bleaching event on seven coral reefs in Singapore;
a heavily degraded, turbid reef system. Using a combination of field-based surveys, we
examined changes in coral cover, composition and structural complexity before, during
and after the 2016 bleaching event. We also quantified differential bleaching responses
and mortality among coral taxa and growth forms using a bleaching response index.
Elevated SSTs induced moderate to severe coral bleaching across reefs in Singapore
in July 2016, but low overall coral mortality (~12% of colonies). However, we observed
high bleaching prevalence and post-bleaching mortality of the three most abundant coral
genera (Merulina, Pachyseris and Pectinia), all generalists, declined significantly across
reefs between March and November 2016. Four months post-bleaching (November
2016), small-scale structural complexity declined across all Singaporean reefs and no
moderately complex reefs remained. Importantly, reductions in structural complexity
occurred across reefs with a large range of live coral cover (19-62%) and was linked to
the loss of dominant coral genera with low-profile foliose-laminar growth forms which
resulted in flatter, less structurally complex reefs. And while generalist coral taxa remain
highly competitive within Singapore’s reef environment, they may not have the capacity
to maintain structural complexity or ensure the persistence of other reef functions, even
within communities with high coral cover. The widespread loss of structurally complexity
on Singapore’s degraded coral reefs may further impair ecosystem functioning, potentially
compromising the long-term stability of reef biodiversity and productivity.
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INTRODUCTION

Coral reefs, like many high-diversity tropical ecosystems,
are threatened by a broad range of anthropogenic stressors
(Barlow et al.,, 2018). Of greatest concern is increasing climate-
driven thermal stress events that cause mass coral bleaching
events, threatening coral reefs globally (Hughes et al., 2018a).
Thermal stress events disrupt the relationship between corals
and their photosynthetic endosymbionts (Symbiodinium spp.),
causing corals to lose their colour or “bleach” (Glynn, 1983).
Bleached corals are physiologically damaged and nutritionally
comprised, and prolonged bleaching often leads to extensive
coral mortality and reductions in live coral cover or abundance
across large regions (e.g., Baird and Marshall, 2002; Hughes
et al., 2018b). Impacts from coral bleaching events can be long
lasting (e.g., Burt et al., 2011) and may alter species composition
(Pratchett et al., 2011; Hughes et al., 2018b), recruitment (Burt
and Bauman, 2020) and calcification rates (Perry and Morgan,
2017) resulting in the homogenization of coral assemblages (e.g.,
Bento et al., 2016) and loss of key ecological functions (Alvarez-
Filip et al., 2013). Notably, climate induced bleaching events are
already altering the structure and function of coral reefs (Hughes
et al., 2018b) thereby jeopardizing critical ecosystem goods and
services that reefs provide (Pratchett et al., 2014; Harris et al,,
2018).

Severe coral bleaching events can also affect the structural
complexity (or physical three-dimensional configuration) of
coral reefs due to the loss of corals and shifts in community
composition (e.g., Berumen and Pratchett, 2006; Alvarez-Filip
et al,, 2013). Structurally complex reefs typically support more
diverse and abundant biological communities (Graham and
Nash, 2013) by mediating competition and predation, and
facilitating cohabitation of an increased number of species (e.g.,
Hixon and Beets, 1993; Syms and Jones, 2000). Maintaining
structural complexity is also a key factoring determining reef
recovery following a disturbance (Graham et al., 2015). However,
as corals die and their skeletons erode, the structural complexity
of reef habitats decline (Alvarez-Filip et al., 2009), which can
have important consequences for the biodiversity (Graham and
Nash, 2013) productivity (Darling et al., 2017) and associated
ecosystem services of coral reefs (Alvarez-Filip et al., 2013;
Perry and Morgan, 2017). Moreover, shifts in the composition
and dominance of coral assemblages can result in rapid losses in
coral community calcification rates and reef rugosity (Alvarez-
Filip et al., 2013). Thus, even on reefs where corals remain the
dominant taxa following a bleaching event, changes in the
relative abundance of local coral taxa can impact the structural
complexity and function of reefs (Berumen and Pratchett, 2006;
Alvarez-Filip et al.,, 2011a).

Coral bleaching affects all scleractinian corals, however,
susceptibility and mortality varies greatly among coral taxa
(Marshall and Baird, 2000; Loya et al, 2001). Following a
bleaching event, the proportion of colonies that bleach and die is
invariably higher for some coral taxa (e.g. Acropora, Seriatopora,
Stylophora) than others (e.g. Cyphastrea and Heliofungia)
that rarely bleach and die (e.g., McClanahan et al., 2004; but
see Pratchett et al, 2020). Taxonomic variation in bleaching

susceptibility has generally been attributed to differences in
physiological and morphological traits (e.g. Loya et al., 2001;
Baird and Marshall, 2002) and in growth form (Darling et al.,
2013) which directly dictate life history strategies (Jackson,
1979). Differential susceptibility among taxa and life history
strategies, as well as variation in recovery potential, are causing
shifts in community composition from competitive, reef-
building species towards those with stress-tolerant and/or weedy
life histories (van Woesik et al., 2011; Darling et al., 2013). These
taxonomic shifts are resulting in structurally simplified (or
flatter) reef assemblages (Alvarez-Filip et al., 2009) with lower
carbonate production (Januchowski-Hartley et al., 2017) and
vertical growth rates (Perry et al., 2018) that together impact reef
functionality (e.g., Alvarez-Filip et al., 2013). Importantly, such
community changes are predicted to persist and/or increase in
the future as bleaching events become more frequent and intense
(e.g., Hughes et al., 2017).

Reduction in and/or the loss of reef structural complexity
following severe bleaching was initially reported to occur over
timescales of 3-5 years (e.g., Graham et al., 2007; Alvarez-Filip
et al., 2011b), but is now occurring more rapidly (Eakin et al.,
2019). Recent bleaching studies report that the structure of
both individual coral skeletons (Leggat et al., 2019) and entire
reefs (Couch et al., 2017; Magel et al., 2019) are rapidly eroding
over short timeframes (i.e., months to <1 year) causing abrupt
shifts on reefs toward net erosion (Perry and Morgan, 2017).
For example, Couch et al. (2017) reported a 99% reduction in
structural complexity on bleached reefs in the Northwestern
Hawaiian Islands <1 year after bleaching. Further, these
structural losses are compounded by increases in the abundance
of bioeroding organisms (Carballo et al., 2013). Leggat et al.
(2019), for example, found rapid coral skeleton dissolution on
the Great Barrier Reef (GBR) linked to bleaching conditions
where endolithic cyanobacteria quickly grow, perforating and
weakening the outer portion of coral skeleton within days to
weeks after mortality. If these findings are representative, then
the speed of structural changes driven by bleaching mortality,
and the associated loss ecosystem functions, are likely being
underestimated (Graham et al., 2015; Couch et al., 2017; Eakin
etal, 2019).

In many regions, structural complexity is not regularly
assessed or monitored on reefs prior to or following a bleaching
event (Magel et al., 2019; Carlot et al., 2020) including highly
diverse coral reef communities in Southeast Asia (Huang et al.,
2015). Reefs in Southeast Asia are among the most heavily
impacted in the world having experienced significant ecological
declines (Burke et al., 2011). Regional declines in coral cover
and species diversity from coastal development, pollution,
and overfishing (Heery et al., 2018) are increasingly being
compounded by coral bleaching events (e.g., Guest et al., 2012;
Licuanan et al.,, 2019). As a result, community composition on
many reefs across the region have shifted towards stress-tolerant
and generalist taxa (e.g., Cleary et al., 2016; Guest et al., 2016),
influencing rates of reef calcification and bioconstruction (Perry
et al, 2018; Januchowski-Hartley et al., 2020), and driving
increased vertical reef compression (Morgan et al., 2020). Yet,
few studies have quantified how local taxonomic composition
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and associated growth forms affect reef structural complexity
following a bleaching event (McCowan et al., 2012; Denis et al,,
2017). Morphological diversity is the foundation of complex
reef habitats (Graham and Nash, 2013) and a good predictor of
coral assemblage responses to a disturbance (Darling et al., 2012)
and recovery following a bleaching event (Graham et al., 2015).
Coral growth forms contribute greatly to the overall structural
complexity and resilience on reefs by influencing growth rates
and demographic processes (e.g., Alvarez-Noriega et al., 2016).
As such, coral growth forms are considered one of the most
relevant indicators of reef condition and a major determinant of
reef functioning (i.e., the coral’s ability to maintain a functional
habitat; Denis et al., 2017).

Between 2015-2017, corals reefs around the world
experienced high sea-surface temperatures that triggered the
third global mass coral bleaching event (Hughes et al., 2017;
Eakin et al., 2019). This study investigates the impacts of a severe
bleaching event that occurred on reefs in the Southern Islands
of Singapore subjected to unprecedented heat stress lasting three
months from mid-April to mid-July 2016 (NOAA, 2016). Using
a combination of field-based surveys, we examined changes in
coral cover, community composition and structural complexity
among coral assemblages before, during and after the 2016
event. We also quantified differential bleaching-responses and
mortality amongst coral taxa and growth forms and examined
their subsequent impacts on reef structural complexity.

MATERIALS AND METHODS
Study Site

This study was conducted between March and November 2016 on
seven offshore coral reefs along the southern coast of Singapore
(Figures 1A, B). All reefs consist of a reef flat that leads seaward
to the upper reef slope, which descends down to ~8 m depth.
Coral cover is generally limited to a narrow strip between the
lower reef flat and upper reef slope from 3 to 6 m depth (Guest
et al,, 2016). This narrow coral band (or ‘reef compression’ sensu
Heery et al., 2018) is characteristic of most Singapore reefs and
is primarily due to the dominance of fleshy macroalgae on the
upper reef flats (~1-2 m, Low et al, 2019) and extreme light
attenuation with increasing depth from chronic high sediment
deposition (Morgan et al., 2020). Benthic community and coral
bleaching surveys were initially conducted in March 2016 (pre-
bleaching) as part of longer-term monitoring, and then in July
2016 (during bleaching) and November 2016 (post-bleaching)
in response to the 2014-2017 global scale coral bleaching event
(Eakin et al., 2019).

The NOAA Coral Reef Watch 0.05° (5 km) resolution satellite
monitoring sea-surface temperature (SST) in the northern
Singapore Strait indicated that SST was above the climatological
average for the entirety of 2016 (Figure 1C). The SST anomaly
was highest (>1.8°C) during January, while the peak temperature
(in May) exceeded the expected summertime maximum monthly
mean (MMM) by more than 1.2°C. SST first exceeded the MMM
in early April, just after the first set of benthic surveys and was
at least 1°C higher for 40% of the period from mid-April to

early-June, with accumulated heat stress reaching 3.1°C-weeks
on 6 June, three weeks before the second surveys. This level of
heat stress indicated from the current 5 km satellite products has
been demonstrated to correspond with coral bleaching, but with
little-to-no coral mortality (Hughes et al., 2018a). SST remained
near the MMM value through until the end of November 2016,
just after the third and final benthic surveys were conducted.
Sea bottom temperatures were also recorded between January
2016 and December 2016 on each reef at hourly intervals using
HOBO Water Temperature Pro V2. Temperature loggers were
installed ~10 cm above the reef substratum on each reef. Daily
averages were calculated and used to characterize the benthic
thermal environment on each reef (Figure 1C).

Benthic and Coral Assemblage Surveys
Benthic and coral assemblage composition were estimated on
each reef using six replicate 30 m point intercept transects in
March, July and November 2016. Transects were laid parallel to
the reef crest (3-4 m depth) spaced 5 m apart, and the substrate
directly beneath the transect tape was surveyed every 50 cm.
The substrate was categorized into the following major benthic
groups: hard corals, macroalgae (> 10 mm in height), epilithic
algal matrix (< 10 mm in height), other sessile invertebrates
(e.g., soft corals, sponges, ascidians), dead coral, and abiotic
substratum (sand, rubble and pavement). All hard corals were
identified to genus and growth forms recorded as branching,
digitate, encrusting, free-living, foliose, laminar, massive, or
submassive (Madin et al., 2016).

Structural complexity was estimated along each transect
using two complementary methods: small-scale rugosity (i.e. an
estimate of structural complexity based on a single measurement
of vertical relief or contours among benthic organisms) and
large-scale reef topography (i.e. physical three-dimensional
configuration of the larger structural features of a reef). Small-
scale rugosity was estimated five times along each 30 m transect
using a 3 m length of fine link chain that was fitted to the contours
of the reef, and measuring the distance between the start and end
point to the nearest cm (Risk, 1972). We calculated the rugosity
index by dividing the total length of the 3 m chain by the same
chain fitted to the reef surface (i.e. contours). A rugosity index of
one is equivalent to a perfectly flat surface, with larger numbers
indicating a greater degree of structural complexity. Based on the
rugosity index we classified each reef into one of four rugosity
categories (1.0-1.49, 1.5-1.99, 2.0-2.49 and greater than 2.5) from
complex (rugosity greater than 2.0) to flatter (rugosity less than or
equal to 1.5) following methods by Alvarez-Filip et al. (2009).

Larger scale reef topography was visually estimated using a
6-point scale following (Polunin and Roberts, 1993) in 5 areas
along each transect. Each area separated by 6 m and was assigned a
score ranging from 0 (no vertical relief) to 5 (exceptionally complex
habitats with numerous caves and overhangs). This measure of
structural complexity has been shown to correlate well with a range
of other structural complexity measurement techniques (Wilson
et al, 2007) including reef recovery potential following mass
bleaching events (Graham et al., 2015). All visual observations of
structural complexity were recorded by a single observer (AGB).
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FIGURE 1 | National setting showing (A) Singapore and (B) and the seven reefs sites in the Southern Islands (from west to east: Terumbu Pempang Tengah

(TPT), Pulau Satumu, Pulau Hantu, Pulau Semakau, Pulau Jong, Sisters’ and Kusu. (C) In situ water temperature data (orange) and satellite derived sea-surface
temperature (SST) data (blue) for Singapore recorded from 1/01/16 to 12/31/16). Data extracted from the NOAA Coral Reef Watch (https://coralreefwatch.noaa.gov/
product/vs/gauges/singapore.php). Arrows indicate the three survey periods in March, July and November 2016.

Bleaching Surveys

Six fixed 10 x 1 m belt transects were established at each reef
site to measure the impacts of bleaching on coral genera and
growth forms, and surveyed during each survey period. Due to
Singapore’s small reef sizes (Huang et al., 2009) belt transects
were positioned immediately adjacent to the reef areas where
benthic and coral assemblage were surveyed (i.e. on the reef
crest at 3-4 m depth). Within each belt transect, every coral
colony >5 cm in diameter was counted and identified to genus
following Veron (2000) and Huang et al. (2009). The level
of bleaching was scored across a five-level categorical scale
modified from Guest et al. (2012): (1) no bleaching; (2) pale; (3)
1-50% bleached; (4) 50-100% bleached; and (5) recently dead.
A total of 5,258 individual coral colonies were surveyed in 126
belt transects across reefs and survey periods. A taxon-specific
bleaching response index (BRI) for each reef was then calculated
following Swain et al. (2016).

Statistical Analyses

We assessed changes in benthic composition, percent live
coral cover and growth forms across reefs over the three
survey periods (March, July and November 2016) using
fitted multivariate generalized linear models in the mvabund
package (Wang et al., 2012). All coral genera and growth
forms with <3% relative abundance were excluded from
analyses to reduce the effect of rare genera and growth

forms on model outputs. All models were constructed using
negative binomial error distributions based on residual plots.
Independent correlation structures were used to reduce
computation time and enable log-likelihood ratio tests for
calculating p-values calculated through PIT-trap resampling
(999 iterations). In addition to testing for the overall effects
of time (survey period) and reefs, models were utilized to
detect the effects of time and reefs on individual components
within each set of survey data (e.g., univariate p-values for
Merulina sp. in the coral assemblage data). Holm’s step-down
multiple testing procedure was used to control for the family-
wise error rate by adjusting the univariate p-values of the
individual components. As the models do not support pair-
wise comparisons between treatment levels for the univariate
p-values by default, pair-wise comparisons were performed
by rerunning the models with a subset of the data containing
only the relevant levels of interest.

Notably, during the benthic surveys, some coral colonies
with horizontally spreading growth forms (i.e., foliose and
laminar corals) exhibited growth forms that were not easily
discernible. In order to detect potential mistakenly categorized
growth forms, we reanalysed the growth form composition
of individual genera with fitted multivariate generalized
models as described above (i.e., negative binomial error
structure with time and reefs as fixed effects) and compared
the results to changes in ambiguous growth form abundance
(foliose-laminar when applicable) over time and reef using
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fitted separate generalized liner models (GLMs) with quasi-
binomially distributed errors.

Variation in small-scale rugosity across the three time periods
across reefs was analysed using crossed fixed factor orthogonal
analysis of variance (ANOVA). Post-hoc multiple comparisons
(using the TukeyHSD function) were conducted using single step
Tukey adjustments to control for family wise error rates. Rugosity
values were square root transformed to meet assumptions, and
validated using standard residual, normal Q-Q and mean-
variance plots. Reef topography values did not meet assumptions
of normality after transformation, but were homoscedastic and
individual Kruskal-Wallis tests were used to test the effect of reef
site and of month.

To examine changes in coral assemblages and growth form
composition across reefs over time, we used taxon-specific BRI
values for July, and changes in BRI values between March and
July from the bleaching surveys, to identify and rank genera and
growth forms that exhibited the most severe bleaching responses.
A linear mixed effects model with transect as the random effect
was then used to examine relationships between growth form
abundance and small-scale rugosity among reefs to identify
which growth forms contributed significantly to small-scale
rugosity. The BRI rankings, list of coral genera and growth forms
that had significantly different abundances among reefs over
time, and the list of dominant growth forms among reefs, were
then cross referenced to identify genera and growth forms that
exhibited bleaching induced mortality and changes in small scale
rugosity across the reefs. The potential for genera BRI values,
and their changes during bleaching, to be good predictors of
post-bleaching colony loss was also examined. We used linear
regressions to examine the relationship between both July BRI
values and changes in BRI values between March and July with
the proportional loss of colonies between March and November.

RESULTS

Benthic Assemblages
Between March and November 2016 benthic assemblages
changed across reefs in Singapore (Table 1), with marked changes
in mean coral cover (F, ;;, = 7.0773, p < 0.005, Figure 2A). Coral
cover declined significantly between March (40.8% + 2.4 SE) and
November (33.5% + 2.1 SE) (t-ratio = 3.75, p < 0.001). In March
2016, mean coral cover ranged from 19.4% ( £ 3.5 SE) at P. Jong
t0 62.1% ( + 3.9 SE) at P. Satumu. Regardless of initial mean coral
cover, the abundance of coral declined across all reefs between
March and November 2016 (Figure 2A). Pulau Hantu was the
worst impacted reef; coral cover declined from 43.9% ( + 2.6 SE)
in March to 32.8% ( + 1.6 SE) by November, a 11.1% decline in
coral cover (i.e. relative loss of 25.3% cover). By contrast, there
were minimal changes in coral cover on P. Jong (19.9% + 3.2 SE
to 17.2% + 2.8 SE), TPT (41.3% + 3.8 SE t0 39.9% + 1.4 SE) and
Kusu (48.9% + 4.8 SE to 45.1% + 2.8 SE) over the same period
(Figure 2A).

Concomitant with the loss of coral cover were marked and
contrasting changes in dead coral and rubble (Table 1). Mean
dead coral and rubble cover differed significantly across reefs

among survey periods (F,,;, = 18.561, p < 0.001 and F,,;, =
19.057,p <0.001, Figures 2B, C). Mean dead coral cover increased
significantly between March and July (t-ratio = -6.063, p < 0.001)
from 3.3% ( + 0.5 SE) to 9.3% ( + 0.8 SE) and then decreased to
5.9% (0.3 SE) in November (t-ratio = 3.553, p < 0.001). Dead
coral increased at all sites except TPT and Sisters’ Island in July
2016 (Figure 2B), with highest cover of dead coral on P. Semakau
(15.4% + 0.9 SE) and P. Hantu (15.0% + 2.1 SE) and lowest on
TPT (5.2% * 0.8 SE). Rubble significantly increased between
March/July and November 2016 (t-ratio = 5.710, p < 0.001).
Rubble cover across reefs in March and July 2016 was 11.2%
(+ 0.6 SE) and 13.1% ( £ 0.8 SE) respectively, and subsequently
increased to 16.7% ( + 1.0 SE) by November, five months after the
bleaching event. Rubble cover was highest on Sisters (25.1% + 3.4
SE) and P. Jong (23.2% + 1.2 SE), while rubble at the other five
reefs ranged from 12.3% to 16.7% (Figure 2C). Mean epilithic
algal matrix cover in Singapore changed significantly between
July and November (F, ,,, = 69.778, p < 0.001), from 9.1% ( + 1.6
SE) in July to 12.1% ( + 1.4 SE), although there was no difference
between cover in March (10.3% + 1.7 SE) and either of these
months. Epilithic algal matrix cover was consistently lowest at
Kusu than all other reefs (Supplementary Figure 1).

Similar to coral cover there were marked changes in small-
scale rugosity across reefs (F,q, = 22.710, p < 0.001) with a
significant decline in rugosity from March and July (1.69 + 0.02)
to November (1.55 + 0.02; Figure 3). Small-scale rugosity varied
significantly among reefs (Fg = 98.617, p < 0.001), ranging
from 1.03 to 2.81. The highest initial mean rugosity was 2.17 (+
0.31) on P. Satumu and lowest rugosity was 1.44 ( £ 0.23) on P.
Jong (Figure 3). There was no significant interaction between
month and reef site (F,, 4, = 0.412, p = 0.959). Significant positive
correlations were found between small scale rugosity and the
abundance of branching, digitate, foliose-laminar, massive (all
p < 0.001) and plating (p < 0.05) growth forms indicating that
changes in small scale rugosity were related to reductions in the
abundance of foliose-laminar growth form. Reef topography did
not differ across months (Kruskal Wallis x* = 5.155, p = 0.076),
but did by reef (x> = 209.1, p < 0.001) with the same reefs (i.e.
P. Satumu and P. Jong) having the most and least complex reef
topography (2.45 + 0.05 SE and 1.27 + 0.05 SE, respectively).

Coral Assemblages

The 2016 bleaching event caused marked transformations in
coral assemblages across reefs in Singapore (Figure 4A and
Table 2), driven mainly by acute declines in the abundance of
the three most abundant and dominant coral taxa, Pachyseries,
Pectinia and Merulina (13.1%, 11.9% and 11.7% relative
abundance, respectively; Table 2), which accounted for 36%
of total coral cover across reefs. By November 2016, Pachyseris
(8.6%), Pectinia (9.5%) and Merulina (3.2%) constituted 21% of
the total abundance, a relative loss of 41.6%. Merulina was the
worst affected coral genera across reefs (Figure 4A), declining
in relative abundance by 72% (from 11.6% relative abundance
in March to 3.2% by November 2016). Conversely, Montipora
increased in relative abundance by 82% from 5.5% to 9.9%,
while Porites abundance increased by 58% from 2.9% to 4.6%
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TABLE 1 | Summary statistics for analysis of benthic assemblages pooled among reefs across months (March, July and November 2016).

Res.Df Df.diff Dev Pr(>Dev)

Multivariate test: March,
July and November 2016

(Intercept) 125

Time 123 2 117.4 0.001

Reefs 17 6 795.2 0.001
Univariate test: Benthic groups

Dead coral 34.301 0.001

EAM 10.852 0.043

Rubble 20.933 0.001
Multivariate test: March and July 2016

(Intercept) 83

Time 81 2 48.7 0.001

Reefs 76 6 571.2 0.001
Univariate test: Benthic groups

Dead coral 28.759 0.001
Multivariate test: March and November 2016

(Intercept) 83

Time 81 2 69.4 0.001

Reefs 76 6 613.1 0.001
Univariate test: Benthic groups

Recently dead coral 19.353 0.001

Epilithic algal matrix 10.692 0.009

Rubble 11.307 0.007

Multivariate negative binomial model applied to benthic data collected from six replicate 30 m transects on each reef and univariate tests showing significant difference of benthic

groups between survey periods. Bold values indicate significant differences.

(Figure 4A), between March and November 2016. Notably, despite
relatively low initial relative abundances of Acropora (1.4%) and
Pocillopora (1.4%) there were marginal increases in the abundance
of both genera between March and November 2016.

Foliose-laminar corals were the dominant growth form
across reefs, and showed marked declines from 41.3% in March
to 28.3% in relative abundance by November 2016 (Figure 4B
and Table 3), a loss of 31.5%. By contrast, there were moderate
increases in massive, submassive and branching growth forms,
which accounted for 37.6% relative abundance in March, and
51.7% in November 2016, an increase of 38%. Encrusting coral
also increased slightly in abundance (from 6.0% to 7.2%), while
plating, digitate and free-living corals showed little to no change
across reefs during the study (Figure 4B).

2016 Bleaching Event

Coral bleaching was recorded across all seven reefs in July
2016; however, the response of corals to the heat stress differed
substantially between reefs, coral genera and growth forms
(Figure 5 and Supplementary Figure 2). Bleaching surveys in
July 2016 showed that 27% of 1648 colonies were partially or
severely bleached (451 colonies) while 12% recently died (196
colonies). The proportion of bleached colonies ranged from 27%
on TPT to 38% on P. Semakau (Figure 5A and Supplementary
Table 1), with the highest coral mortality on P. Hantu (18%
recently dead), and the lowest mortality on P. Satumu and TPT
(both 9.4%, Figure 5A and Supplementary Figures 3, 4).

Of the 46 genera recorded during the July 2016 bleaching
surveys, 33 genera had bleached colonies, and 17 genera had
colonies recently died (Supplementary Table 1). The five most
abundant coral genera recorded during the bleaching surveys:
Merulina (n = 173), Pectinia (160), Montipora (140), Pachyseris
(125) and Echinopora (103), accounted for 52% of all bleached
colonies (Figure 5B), 70% of colonies that were severely bleached
and 77% of the colonies that died during or following the bleaching
event (Supplementary Figure 2A). Pachyseris experienced
the highest mortality in July 2016 among reefs with 30.4% of
recorded colonies recently dead. Echinopora and Merulina also
suffered relatively high mortality from the heat stress (>20%
Supplementary Figure 2A). By contrast, only 14.3% of Montipora
colonies were recently dead in July, and six less common genera
Dipsastrea (80), Turbinaria (42), Hydnophora (34), Galaxea
(33), Psammocora (25) and Diploastrea (23) ranged in bleaching
incidence from 4.3% to 37.5% had no recently dead corals. Of
the Acropora (28) and Pocillopora (30) colonies surveyed, 41%
bleached, with the majority of these being branching growth
forms, but we found no recently dead Acropora colonies, and
only two recently dead Pocillopora colonies.

Foliose-laminar growth forms were the most commonly
recorded growth form in bleaching surveys, comprising 30.5% of
all colonies. However, 36.4% of these colonies bleached and 18.9%
were recently dead (Figure 5C and Supplementary Figure 2B).
Similarly, more than half of the submassive corals (15% of total
colonies) were either bleached (36.7%) or dead (14.6%). Encrusting
and digitate corals, which were considerably less abundant (6.4%
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FIGURE 2 | Mean percent cover of (A) live coral, (B) dead coral, and (C) rubble in March, July and November 2016 on the seven reefs in Singapore. Black circles
represent the mean cover pooled among reefs and standard errors. Different letters above each month indicate significant differences (p < 0.05).

and 5.5% of total colonies respectively), also showed substantial ~ Figure 5). The three most abundant genera recorded across
numbers of dead colonies in July 2016 (14.8% and 14.7%  bleaching surveys (Merulina, Pachyseris and Pectinia)
respectively, Figure 5C). Conversely, although massive corals  decreased significantly in the number of colonies across reefs.
accounted for over a quarter of colonies (25.3%), and bleaching  All three genera had among the highest genera-level BRI
incidence for massive corals was 28%, few massive colonies died values (Merulina BRI = 0.63; Pachyseris BRI = 0.69; Pectinia
(2.5%; Supplementary Figure 2B). The remaining growth forms ~ BRI = 0.63) in July and the largest changes in BRI from March
plating (4.7% total colonies) and branching (4.3% total colonies)  to July (Merulina ABRI = +0.288; Pachyseris ABRI = +0.334;
showed moderate mortality, with 4.7% and 8.3% dead colonies  Pectinia ABRI = +0.303, Figure 6A).
respectively (Figure 5C). Of the six most common coral growth forms recorded on
Singapore’s reefs, colonies with foliose-laminar growth forms
. showed the greatest reduction in abundance between March and
Bleaching Response Index November 2016 (LRT = 11.01, p < 0.01, Figure 6B). This was
The bleaching response index (BRI) indicated marked  reflected in BRI values, with foliose-laminar growth form having
variation in the severity of bleaching among the six most  the highest BRI values in July (BRI = 0.605) and showing the
abundant coral genera and growth forms (Figures 6A,  largest ABRI from March to July (ABRI = +0.273, Figure 6B).
B). Changes in genera level BRI values from March to July =~ The main growth forms recorded for Merulina and Pachyseris
ranged from -0.033 to +0.334 (0.112 + 0.016 SE, Figure 6A) in March were foliose-laminar while Pectinia exhibited both
while changes in growth form BRI values ranged from 0 to  submassive and foliose-laminar growth forms. The number of
+0.273 (0.145 + 0.024 SE, Figure 6B). Proportional changes Pachyseris (LRT = 12.76, p < 0.01) and Pectinia (LRT = 14.19,
in the number of colonies between March and November  p < 0.01) colonies declined significantly from March to July,
were negatively correlated with both genera-level BRI in July ~ while Merulina (LRT = 22.27, p < 0.001) and Pectinia (LRT =
(p < 0.001, Supplementary Figure 5) and change in genera-  11.32, p <0.05) colony counts decreased significantly from March
level BRI between March and July (p < 0.05, Supplementary  to November. By contrast, massive coral colonies had lowest BRI
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FIGURE 3 | Box plots showing variation in small-scale rugosity among Singapore reefs in March, July and November 2016. Solid grey horizontal lines represent
mean rugosity across all reefs, with dashed lines representing 95% confidence intervals over the entire study period. Rugosity estimates for each reef are based on
30 measurements each survey period.
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values in July (BRI = 0.392) and the smallest ABRI from March
to July (ABRI = +0.119, Figure 6B)

DISCUSSION

Severe coral bleaching events caused by climate driven marine
heatwaves have impacted every coral reef region in the world.
These recurring events have reduced live coral cover (Hughes
et al., 2018a; Eakin et al., 2019), altered species composition
(Hughes et al., 2018b), and are now undermining the functional

importance of corals in maintaining three-dimensional
complexity of the reef framework (Perry and Morgan, 2017).
Similar to many other locations, extreme ocean temperatures
in 2016 caused widespread coral bleaching across coral reefs in
Southeast Asia (Kimura et al., 2018) including Singapore (Ng
et al.,, 2020), with elevated temperatures occurring over three
months and peak temperatures reaching well above established
bleaching thresholds (30.8°C). Singapores bleaching event
lasted two months from May 2016 (Ng et al., 2020) until July
2016 (this study) and surveys revealed moderate to severe coral
bleaching across reefs in July 2016 but low coral mortality (~12%

TABLE 2 | Summary statistics for analysis of coral community composition pooled among reefs across months (March, July and November 2016).

Res.Df Df.diff Dev Pr(>Dev)

Multivariate test: March, July and November 2016

(Intercept) 125

Time 1283 2 80.6 0.001

Reefs 17 6 520.3 0.001
Univariate test: Coral genera

Merulina 26.165 0.001

Pachyseries 16.028 0.011

Pectinia 16.784 0.005
Multivariate test: March and July 2016

(Intercept) 83

Time 81 2 47.4 0.001

Reefs 76 6 363.5 0.001
Univariate test: Coral genera

Pachyseries 12.762 0.009

Pectinia 14.194 0.007
Multivariate test: March and November 2016

(Intercept) 83

Time 81 2 49.5 0.001

Reefs 76 6 355.4 0.001
Univariate test: Coral genera

Merulina 22.267 0.001

Pectinia 11.316 0.018
Multivariate test: July and November 2016

(Intercept) 83

Time 81 2 20.5 0.080

Reefs 76 6 390.7 0.001

Multivariate negative binomial model applied to coral community data collected from six replicate 30 m transects on each reef and univariate tests showing significant difference of

coral genera between survey periods. Bold values indicate significant differences.
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TABLE 3 | Summary statistics for analysis of coral growth forms pooled among reefs across months (March, July and November 2016).

Res.Df Df.diff Dev Pr(>Dev)

Multivariate test: March, July and November 2016

(Intercept) 125

Time 123 2 30.4 0.067

Reefs 17 6 744.5 0.001
Univariate test: Growth form

Foliose-laminar 12.469 0.020
Multivariate test: March and July 2016

(Intercept) 83

Time 81 2 13.9 0.153

Reefs 76 6 363.5 0.001
Multivariate test: March and November 2016

(Intercept) 83

Time 81 2 24.5 0.028

Reefs 76 6 513.7 0.001
Univariate test: Growth form

Foliose-laminar 11.011 0.013
Multivariate test: July and November 2016

(Intercept) 83

Time 81 2 6.0 0.684

Reefs 76 6 5141 0.001

Multivariate negative binomial model applied to growth form data collected from six replicate 30 m transects on each reef each month and univariate tests showing only significant
difference of growth forms between survey periods. Bold values indicate significant differences.

of colonies). However, subsequent benthic surveys showed
marked reductions in coral cover and concomitant increases in
dead coral and rubble likely reflecting delayed post-bleaching
mortality and skeletal breakdown. Our findings also showed
the three most abundant coral genera (Merulina, Pachyseris
and Pectinia) recorded among reefs with the highest BRI levels
in July declined significantly between March and November.
Four months post-bleaching, small-scale structural complexity
declined considerably across all reefs in this study and no
moderately complex (>2 rugosity) reefs remained. Notably, this
occurred across reefs with a large range of live coral cover (19-
62%) and was linked to high mortality of foliose-laminar corals
which resulted in flatter, less structurally complex reefs across
Singapore.

Coral bleaching responses and subsequent mortality can be
extremely patchy at local scales, where spatial differences in reef
conditions that ameliorate or exacerbate the magnitude of the
heat stress (e.g. water flow: Nakamura and van Woesik, 2001)
can lead to differential bleaching and mortality (e.g., Anthony
et al, 2007; Donovan et al., 2021). Similarly, spatial variation
in coral bleaching and mortality across Singapore’s small reef
system (~10 km? Huang et al.,, 2009) may be associated with
well-documented differences in local environmental gradients
(Browne et al., 2015; Bauman et al., 2017; Morgan et al., 2020).
Coral bleaching, mortality and theloss of coral cover was generally
higher on Singapore’s nearshore reefs that persist under more
turbid conditions (Browne et al., 2015) with lower light (Chen
et al., 2005) and higher macroalgae cover (Bauman et al., 2017)
relative to the offshore reefs (Guest et al., 2016; Januchowski-
Hartley et al, 2020). Poor water quality (Wooldridge and
Done, 2009), elevated nutrient levels (Burkepile et al., 2020)
and high macroalgal abundance (Donovan et al, 2021) can
act synergistically with thermal stress and magnify bleaching
responses and mortality. While some turbid reefs in Singapore

may be resistant to thermal stress (e.g. Guest et al., 2016; Ng
et al., 2020), any potential protection afforded by turbidity (i.e.,
reduction in light stress; Cacciapaglia and van Woesik, 2015)
during the 2016 bleaching event was likely limited given the
intense heat stress and prolonged duration of the bleaching
compared with previous events.

Spatial variation in bleaching and coral loss among reefs in
Singapore may also vary according to local coral assemblage
structure (Hughes et al., 2017), partly reflecting differences in
the predominance of corals more susceptible to bleaching (Ng
et al,, 2020). Overall, bleaching prevalence and coral losses were
related to the abundance of Merulina, Pachyseris, Pectinia and
Echinopora which exhibited the greatest BRI changes between
March and July 2016. Notably, reefs with relatively higher pre-
bleaching cover of these taxa generally experienced greater
bleaching and coral loss compared to other reefs. For example,
on P. Hantu which had the greatest coral loss (18% mortality),
these four taxa accounted for 50% of the total cover in March
and subsequently declined to 31% of the cover by July 2016 (38%
decline in relative abundance). Generalist coral taxa such as
Merulina, Pachyseris and Pectinia are among the most dominant
on Singaporean reefs (Guest et al., 2016) and tend to have traits
that overlap life history groups (i.e., competitive, stress-tolerant
and weedy; Darling et al., 2012) making them well adapted to
marginal reef conditions and greater water depths (Darling et al,,
2019). In Singapore, generalist taxa are found primarily on the
shallow reef crest (~3-5 m depth; Huang et al., 2009) due to low-
light conditions that vertically compresses the maximum depth
of reef growth (Morgan et al., 2020). Moreover, many generalist
species in Singapore are reported to be more resilient and less
susceptible to coral bleaching (Ng et al., 2020). Yet, our results
indicate that dominant generalist species found on Singaporean
reefs are equally susceptible to high levels of bleaching but
may have resisted bleaching for longer (Putnam et al., 2012) or
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bleached more slowly (McClanahan et al., 2001) than other more
thermally sensitive corals suggesting a more complex pattern of
stress and bleaching responses than observed during previous
bleaching events (McClanahan et al., 2019). Such differences
in bleaching patterns reported between studies highlight the
need for caution when documenting bleaching susceptibility
and resistance of corals, especially during more prolonged and
intense bleaching events (Claar and Baum, 2019).

Our study also revealed marked differences in bleaching
responses and mortality among coral growth forms. Overall, a higher
proportion of corals with foliose-laminar, submassive and digitate
growth forms bleached and died compared to massive, encrusting,
plating (i.e. tabular), and branching corals growth forms. While it
is generally assumed that slower-growing massive and encrusting
coral growth forms are more resistant to bleaching than competitive
branching, plating, and digitate forms (Marshall and Baird, 2000;
Loya et al., 2001; but see McCowan et al., 2012; Swain et al., 2018)
our results were not entirely consistent with these patterns. Notably,
branching corals considered to be the most susceptible to bleaching
had considerably lower BRI values compared to foliose-laminar

corals, which had the highest BRI values in July, and exhibited
the largest BRI changes between March and July 2016 compared
to other growth forms. Moreover, branching corals experienced
low mortality (8.3%) compared to foliose-laminar corals which
suffered the highest mortality (19%). This result does not support
the generally accepted notion that branching corals are more
vulnerable to reductions in mass transfer than flatter colonies
with lower aspect ratios, corresponding with less resistance to
bleaching (Nakamura and van Woesik, 2001; van Woesik et al.,
2012). Rather, it may be the over-representation of low-profile
coral growth forms (e.g., foliose-laminar) on Singapore reefs that
are better adapted to the poor light conditions. Flatter corals have
larger surface-to-volume ratios which increases their ability to
trap light for photosynthesis (e.g. Barnes, 1973). Alternatively,
some corals with branching growth forms (e.g., Acropora and
Pocillopora) in Singapore may have adapted and/or acclimatized
to acute thermal stress (Guest et al., 2012). Together, these data
suggest that many such generalities in patterns of bleaching
susceptibility and mortality still lack empirical support (Baird
and Marshall, 2002), emphasizing the need for further research
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on the vulnerability of different coral growth forms (McCowan
etal., 2012).

Reductions in the abundance of dominant coral genera
(Merulina, Pachyseris, Pectinia) and loss of foliose-laminar corals
coincided with decreasing structural complexity across reefs
in Singapore. Small-scale rugosity and reef topography both
showed a high degree of spatial variation among reefs, that
remained consistent up to one-year post survey (Januchowski-
Hartley et al, 2020). However, overall reef rugosity in
Singapore was low prior to bleaching (mean 1.7 + 0.02)
compared to other Indo-Pacific reefs including Kiribati (2.2
+ 0.5; Magel et al., 2019), Chagos (2.3 £ 0.2; Lang and Perry,
2019) and the Maldives (2.6 + 0.1; Perry and Morgan, 2017),
but comparable with Caribbean reefs (mean 1.5 + 0.04) using
similar methods (Alvarez-Filip et al., 2009; Alvarez-Filip et
al., 2011b). Results showed small-scale reef rugosity did not
change between March (pre-bleaching) and July (during
bleaching), but that all reefs had undergone significant
reductions in rugosity by November (post-bleaching) despite
low overall bleaching mortality. Notably, four months
post-bleaching no moderately complex (>2 rugosity) reefs
remained in Singapore, and this pattern of decline was
consistent across all reefs. These reductions were associated
with increased dead coral cover and rubble suggesting delayed
bleaching induced mortality (Brown and Phonguswan, 2012)
and subsequent rapid skeletal dissolution (Leggat et al., 2019).
In contrast, we detected no changes in reef topography among
reefs in Singapore between March and November suggesting
the bleaching event did not directly modify the larger physical
reef framework. Without historical topographic complexity
data, we could not determine whether the reef topography
changed from previous bleaching events. Together, our results
suggest that small-scale rugosity was already low on most
Singaporean reefs prior to the onset of the study, and that

additional reef flattening may occur with minimal changes in
total coral cover (Alvarez-Filip et al., 2011b).

Notably, unlike other Indo-Pacific reefs, bleaching induced
changes in small-scale structural complexity on Singapore
reefs coincided with reductions in the abundance of generalist
foliose-laminar taxa rather than competitive branching taxa
such as Acropora, and/or stress-tolerant, massive taxa such as
Porites (e.g., Perry and Morgan, 2017; Lang and Perry, 2019;
Magel et al., 2019). Specifically, the loss of foliose-laminar
Merulina and Pachyseries, and relative increases in the
abundance of Montipora, Diploastrea, Porites and Favites with
predominately massive or encrusting growth forms, suggest
that reef flattening may be persistent across Singapore reefs.
Throughout Singapore, most reef assemblages in Singapore
have already shifted towards slower-growing generalist and
stress-tolerant species with low-profile growth forms that
provide less structural complexity (Guest et al., 2016), and
contribute less to carbonate budgets (Januchowski-Hartley
et al., 2020). Despite these shifts, overall mean coral cover
has remained relatively high across most reefs, with over
30% cover on the reef crest (Huang et al., 2009; Guest et al,,
2016; Wong et al., 2018). However, our results suggest these
shifts in coral assemblage composition, do not ensure the
persistence of critical reef functions such as maintaining
structural complexity (Alvarez-Filip et al., 2013; Graham and
Nash, 2013; Perry and Alvarez-Filip, 2019). Evidence from
less-diverse Caribbean reefs, indicates that shifts in coral
composition to dominance by opportunistic, non-framework
building coral genera (e.g., Agaricia and Siderastrea) have
substantially reduced the capacity of reefs to produce and
maintain their structural complexity (Alvarez-Filip et al,
2011b), independent of changes in the total abundance of
corals (Alvarez-Filip et al., 2013). Low reef carbonate budgets
relative to the amount of coral cover on Singapore’s reefs
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can be attributed to the abundance of generalist and stress-
tolerant taxa with encrusting and laminar growth forms
(Januschowski-Hartley et al., 2020) resulting in structurally
flatter reefs with lower vertical growth rates (Morgan et al,,
2020). Under future climate change scenarios, these changes
will likely further impair critical coral reef ecosystem
functions, potentially compromising the long-term stability
of reef-associated biodiversity and productivity on Singapore
reefs.

CONCLUSION

While the 2016 global-scale coral bleaching event resulted in
incredibly high coral mortality across many coral reefs around
the world, our data show that the overall loss of live coral cover
on Singapore’s reefs was comparatively low. Despite low coral loss,
the high bleaching prevalence and post-bleaching mortality of
dominant coral genera (mainly Merulina, Pachyseris and Pectinia)
were associated with marked reductions in structural complexity
across Singapore reefs with no moderately complex reefs (>2
rugosity) remaining after the 2016 bleaching event. Notably, this
occurred across reefs with a large range of live coral cover (19-
62%) and was linked to the loss of corals with low-profile foliose-
laminar growth forms which resulted in flatter, less structurally
complex reefs across Singapore. Importantly, while generalist
and stress-tolerant coral taxa remain highly competitive within
Singapore’s degraded, turbid reef environment, they may not
have the capacity to maintain structural complexity or ensure
the persistence of other critical reef functions, even within high
coral cover communities (e.g. P. Satumu) due to their relatively
thin, friable growth forms. If low-profile corals continue to
dominate reef recovery in the long term, future reef complexity
and functions in Singapore is unlikely to mirror any increases in
coral cover. As reef communities move further from “healthy”
coral assemblages, the links between bleaching susceptibility,
growth form and ecosystem function will continue to evolve and
warrant ongoing research.
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