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1.  INTRODUCTION

Severe coral bleaching and mortality have
impacted most coral reefs globally during recent
decades, often on more than one occasion (Heron et
al. 2016). Observations of the ecological impact of
these events have identified important factors that
help reduce bleaching damage and promote recov-
ery (West & Salm 2003, Obura & Grimsditch 2009).
There are numerous factors that can promote reef
resilience to coral bleaching: those that reduce expo-
sure to bleaching conditions (e.g. cold water up -

welling, physical shading from sunlight, wave expo-
sure); those that increase coral resistance to bleach-
ing (e.g. symbiont clade, coral growth form and
taxon); and those that improve recovery from distur-
bance (e.g. coral recruitment, fish herbivory, water
quality) (Loya et al. 2001, Baker 2003, Obura 2005,
McClanahan et al. 2012, Darling et al. 2013). In
recent years, empirical evidence has demonstrated
these principles, but with a wide variety of outcomes
that are sometimes contradictory. Some studies have
shown that bleaching susceptibility of corals can be
re duced with repeated bleaching experience (e.g.
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Guest et al. 2012, Penin et al. 2013, Langlais et al.
2017), whereas others recorded no changes in sus-
ceptibility (e.g. Hughes et al. 2017). Long water reten-
tion times in sheltered areas are conditions that have
been proposed to locally increase thermal stress,
leading to higher bleaching levels and more ther-
mally tolerant corals (e.g. Grimsditch et al. 2010,
Obura & Mangubhai 2011, Shedrawi et al. 2017).
However, observations from elsewhere found higher
bleaching in fore reef areas, for which the calm con-
ditions during a bleaching event were more stressful
(McClanahan et al. 2007).

One element of coral bleaching that is widely re -
cognised is that protection (i.e. reducing local anthro -
pogenic stressors) does not reduce bleaching response
during acute thermal stress, but can improve the
recovery potential of these reefs post-bleaching (Wil-
son et al. 2012, Darling et al. 2013, van Oppen et al.
2017). Hence, an important element of coral reef
management includes identifying areas least likely
to be affected by bleaching and protecting them
against local stressors to maximise resilience (Bell-
wood et al. 2004, Anthony et al. 2015). A lack of his-
torical baselines hampers our understanding of the
ecological impact of past disturbances on reef com-
munities today, and what should represent a natural
climax community (Knowlton & Jackson 2008). In
addition, the uncertainty around possible synergies
and interactions between multiple stressors makes it
difficult to ascertain how reefs will respond in differ-
ent natural and anthropogenic contexts (Ateweberhan
et al. 2013, Darling et al. 2013, Fabricius et al. 2013).

In the aftermath of the last global bleaching event
in 1998, coral reefs in the Maldives were noted for
their resilience and recovery from bleaching impacts.
Despite losing extensive (~90%) coral cover in 1998
(Zahir 2000), the reefs quickly became colonised with
coral recruits (Edwards et al. 2001). By 2010, reefs
around the archipelago had regained high (50−80%)
coral cover with a dominance of Acropora (Morri et
al. 2015, Tkachenko 2015) similar to the historical
state of reefs in the Maldives documented by the 1958
‘Xafira’ Expedition (Scheer 1974) and by an expedi-
tion to Addu Atoll in 1964 (Stoddart 1966). Allison
(1995) noted that the reefs in the Maldives were hit by
bleaching in 1983 and 1987, and by the impacts of re-
sort construction and crown-of-thorns starfish (COTS)
Acanthaster plancii outbreaks in the 1980s and 1990s.
During this period, some reefs were also impacted by
coral mining, to supply building materials to the
growing tourist industry and general economy (Brown
& Dunne 1988). Maldivian reefs have recovered from
multiple disturbances and remained ecologically re-

silient, recovering in just 5−10 yr from acute mortality
events (Morri et al. 2015, Pisapia et al. 2016).

North Ari Atoll in the central Maldives is an inter-
esting case-study for observing the impact of multi-
ple stressors on a resilient reef system (Pisapia et al.
2016). The central Maldives has detailed historical
records of reef condition from over 40 yr ago that pro-
vide information about the historical community
(Stoddart 1966, Scheer 1974), along with more recent
records of reef condition, coral community and anthro -
pogenic stressors (Allison 1996, McClanahan 2000,
Zahir 2000, McClanahan & Muthiga 2014, Morri et
al. 2015, Tkachenko 2015, Moritz et al. 2017). We
present data on the impact of bleaching in the atoll in
2016 under a variety of environmental conditions
determined by wave exposure, depth and reef-zone.
We document the bleaching of corals on reefs simul-
taneously impacted by the COTS and examine the
mortality and initial recovery 1 yr after bleaching in
order to understand the future persistence of coral-
dominated reefs in the Maldives.

2.  MATERIALS AND METHODS

2.1.  Field surveys

Bleaching surveys took place from 17−29 May
2016, between 2 and 4 wk after peak thermal stress
occurred. Surveys took place at 2 spatial scales: a
local scale around Madivaru (max. site distance:
~2 km), and a regional scale around North Ari (max.
site distance: ~40 km) (Fig. 1) using Rapid Health and
Impact Surveys (RHIS), which record key indicators
of anthropogenic stress on reefs (Beeden et al. 2014).
In each RHIS replicate, an observer swam around a
circular area with a 5 m radius (80 m2) and visually es-
timated the cover of various benthic categories and
bleaching cover to the nearest 5%. Major benthic cat-
egories (live hard coral, recently killed coral [RKC],
soft coral, macroalgae, rock, rubble and sand) were
estimated. On COTS-affected reefs, care was taken
to inspect white coral colonies to determine whether
the coral was recently killed or alive, but bleached.
The cover of different coral growth forms (massive,
foliose, encrusting, branching, table, corymbose and
solitary) were then visually estimated as a percentage
of total coral cover. Finally, the percentage cover of
bleached coral (completely white tissue) in each
growth form was estimated, and bleached coral cover
was expressed as percentage of total coral cover.

At Madivaru, 45 replicates were collected from 5
sites: 2 in the lagoon, 2 in channels in the atoll rim
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Fig. 1. North Ari Atoll and an inset of Madivaru showing the position of survey sites. Reef Check site Holiday Thila is not displayed
and is located at 3° 29’ 41’’ N, 72° 49’ 23’’ E in the south of the atoll. RHIS: Rapid Health and Impact Surveys
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and 1 on the fore reef. At each site, 9 replicates were
collected, with 3 replicates at 3 depth zones (deep:
20−25 m, mid: 8−12 m and shallow: 2−5 m). At the
scale of North Ari, 74 replicates were collected from
10 islands, all from the fore-reef slope at a mid-depth.
Most islands had 3 sites, in which 3 RHIS replicates
were conducted, giving 9 replicates per island; but
Madivaru, Madoogali and Vihamaafaru had incom-
plete sampling. Replicates were grouped into 3 levels
of wave exposure: exposed (n = 15, island = 2), semi-
exposed (n = 15, island = 3), and sheltered (n = 44,
island = 5). Exposure was estimated based on the
reefs’ aspect to dominant wind and waves from the
west and the presence of deep water. Exposed sites
on the outer western edge of the atoll were exposed
daily to large surf and were in close proximity to
deep oceanic water; semi-exposed sites were either
on the eastern lee-side of North Ari near to deep
oceanic water or along channels near the western
windward-side; while sheltered sites were found in
the centre of the atoll where the maximum depth was
30−40 m. Three sheltered islands surveyed in the
central part of the atoll had been affected by a recent
COTS outbreak (Gaathafushi, Kandholhudhoo and
Alikoirah), giving 26 RHIS replicates affected by
COTS and 18 replicates on sheltered reefs unaf-
fected by COTS.

Logistical constraints prevented us from revisiting
the same replicates after bleaching occurred, but ad-
ditional data was provided from the Reef Check Mal-
dives monitoring programme at shallow and mid-
depth fore reefs on 2 sheltered and 2 semi-exposed
islands. The earliest records of these reefs using Reef
Check methods were from 2005 in Madivaru at a site
<200 m from the RHIS replicates. This site, along with
Kudafalhu (a sheltered island 1 km away from Gaa -
thafushi also affected by COTS), Bathalaa (a semi-ex-
posed island on the lee edge of the atoll) and Holiday
Thila (3° 29’ 41” N, 72° 49’ 23” E; a sheltered 200 m
long patch reef at the south of Ari Atoll), were moni-
tored in 2011, 2013, 2015, 2016 and 2017 (3 and 15
months after thermal stress). Reef Check methods
(Hodgson et al. 2006) recorded the benthic cover of
major categories (live hard coral, RKC, soft coral,
sponge, macroalgae, rock, rubble, sand and ‘other’)
along 100 m long point intercept transects (PITs) at
shallow and mid-depths. Each PIT was divided into
four 20 m stretches separated by 5 m, with a recording
point every 0.5 m interval. In July 2016, photo-
quadrats were used to assess recent mortality of corals
at the different sites and depths during Reef Check
surveys. Photos were taken of 50 × 50 cm (0.25 m2)
quadrats placed near the PIT. Some photos were dis-

carded because of poor quality, resulting in 5 (1.25 m2)
to 21 (5.25 m2) quadrats at each site−depth giving a to-
tal of 94 quadrats (23.5m2). RKC tissue was identified
by the presence of intact corallite and/or distinctive
new growth of green and red turf algal filaments on a
white coral skeleton, unlike the grey turf mats on
older and more eroded coral skeletons. All coral colo -
nies >5 cm in diameter were counted, with their genus
and growth form noted and condition defined as
either alive (>90% tissue alive), partially killed coral
(PKC; 10−90% recently killed tissue) or RKC (>90%
recently killed tissue).

2.2.  Evaluating thermal stress using satellite and
in situ loggers

Historical thermal stress in North Ari was evaluated
using sea surface temperature (SST) data derived from
the advanced very high resolution radiometer (AVHRR)
satellite, which has a resolution of 0.25° (~30 km2) and
records daily. The AVHRR pixel used was centred at
4° 7’ 30” N, 72° 52’ 30” E and data from 1982−2016
were accessed from the Indian National Centre for
Ocean Information Services (http:// las. incois. gov. in/
las). The Southern Oscillation Index (SOI) for the time
series was derived from the Australian Bureau of
Meteorology (www. bom. gov. au/ climate/ influences/
timeline/). The mean annual (SSTann), hottest month
(SSTmax) and coolest month (SSTmin) temperatures
were calculated for each year. The maximum monthly
mean (MMM) expresses the average summer condi-
tions to which corals are acclimatised (Liu et al. 2003).
MMM was calculated as the average of the SSTmax

values during the 9 non-El Niño years (where SOI val-
ues were above −10) before 1998. The coral bleaching
threshold was assumed to be MMM +1°C (Liu et al.
2003). The severity of thermal stress in each year of
the time series was calculated using degree heating
weeks (DHWs), where 1 DHW is a +1°C anomaly
above MMM lasting for 1 wk (Liu et al. 2003).

Local variations in temperature around Madivaru
were recorded using Hobo® U22-001 loggers with
±0.2°C accuracy. Recordings were taken at shallow,
mid and deep depths on fore, channel and lagoon
reef zones every 2 h from 1 February 2015 until 31
August 2016. The similarity between daily satellite
(SST) and logger (LOG) recordings was estimated
using Pearson’s correlation coefficient. Acute ther-
mal stress in 2016 was expressed as the mean tem-
perature during May, the hottest month (LOGmax

16),
and as the absolute maximum temperature reading
during 2016 (LOGabmax

16). Chronic thermal stress was
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estimated using the mean annual range, absolute
annual range and daily range in temperatures. Mean
annual range was calculated by taking the difference
between average temperature in the hottest month of
2015 (LOGmax

15) and the coolest (LOGmin
15) and ab -

solute range as the difference between the highest
and lowest absolute temperature reading in 2015
(LOGabmax

15 − LOGabmin
15). Daily range was calculated

by taking the average difference between the daily
highest and lowest temperature recordings for the
entire time series.

2.3.  Data analysis

The variation in percentage cover of bleached
coral in RHIS replicates was explored using linear
mixed models (LMMs). At both spatial scales
(Madivaru and North Ari) the explanatory variable
'resistant coral cover' was used, by taking the per-
centage cover of bleaching-resistant massive and
encrusting growth forms, assuming that branching,
corymbose, table and solitary growth forms were
bleaching-sensitive (van Woesik et al. 2011, Darling
et al. 2013). Foliose coral could be either bleach-
ing-sensitive taxa (e.g. Montipora) or bleaching-
resistant taxa (e.g. Echinopora), and hence 50% of
this form’s cover was assigned to resistant cover.
Although this is an arbitrary solution, we anticipated
that this would not unduly affect the bleaching
sensi tivity classes, as foliose coral was only seen in
4 RHIS replicates and covered <10% in these areas.
The correlation between bleached and resistant
coral cover was investigated using Pearson’s corre-
lation coefficient.

Additional explanatory variables for bleached
coral cover at the scale of Madivaru included fixed
effects of ‘depth’ and ‘reef zone’, and the model
included ‘site’ as a random factor. The regional
comparison of North Ari in cluded the additional
variable ‘wave exposure’ and used ‘island’ as a ran-
dom factor. COTS-affected reefs were assumed to
have a heavily modified coral community and were
excluded from the main North Ari analysis, meaning
this model used 48 RHIS replicates from 7 islands. A
third LMM was conducted to investigate the level of
bleaching on sheltered reefs between COTS-
affected and unaffected reefs, using ‘COTS’ as the
explanatory variable and ‘island’ as the random
variable (n = 44, island = 5). In each of the 3 analy-
ses the null model (bleach ~ 1 + [random]) was com-
pared with successive models including fixed effects
and their interactions. The performance of models

was compared using Akaike’s information criterion
(AIC), and log-likelihood (LL) outputs, and likeli-
hood ratio tests (LRT) were used to determine if the
increased power of the model was statistically sig-
nificant. Differences in the benthic cover of cate-
gories other than bleached coral, but relevant to the
bleaching response and general health of the reef
(e.g. macroalgae, RKC and resistant cover), were
compared between groups of RHIS replicates using
unpaired t-tests.

Coral mortality from Reef Check photo-quadrats
was analysed using a binomial logistic regression
(BLR) where the dependent variable was total or
partial colony survival (alive) or recently killed.
The ex planatory variables were bleaching resist-
ance (resistant or sensitive) based on taxonomic
identification (Obura & Grimsditch 2009, van Woe-
sik et al. 2011), depth (shallow and mid) and wave
exposure (semi-exposed and sheltered). The signif-
icance of explanatory variables was evaluated using
LRTs and by comparing AIC values of successive
models in a similar manner to the LMMs above.
All analyses were conducted using R v.3.5.1 soft-
ware (R Core Team 2018) and LMMs were imple-
mented using the package ‘lmerTest’ (Kuznetsova
et al. 2017). Means ± SE are reported.

3.  RESULTS

3.1.  Thermal stress

The SSTann in North Ari from 1982−2016 was 28.76
± 0.048°C (mean ± SE), varying from 27.85 ± 0.044°C
during the coolest month (i.e. SSTmin) to 29.68 ±
0.067°C in the warmest (SSTmax) (Fig. 2). During nor-
mal years, the temperature was ~29°C from Febru-
ary−September and ~28°C from October−January,
but with periodic (1−5 wk) fluctuations in tempera-
ture which spanned the entire annual range. The 3
hottest periods occurred in 1982, 1998 and 2016,
where SSTs exceeded the bleaching threshold over
several weeks and enough DHWs (>6) accumulated
to cause extensive coral bleaching (Figs. 2 & 3). In
these years, severe El Niño-Southern Oscillation
(ENSO) events (SOI < −20) caused SSTs to rise a fur-
ther 1−2°C above normal conditions during March,
and remained at >30°C until June.

Most temperature loggers in Madivaru recorded
their highest temperatures during the first week in
May 2016, with absolute maximum temperatures
(i.e. LOGabmax

16) of >31°C and average temperatures
for May (i.e. LOGmax

16) of > 30°C being recorded at



all zones and depths (Fig. 4a). The highest LOGabmax
16

and LOGmax
16 temperatures were recorded in the

shallow lagoon, which, unlike the other areas,
occurred in early April. The lowest LOGabmax

16 tem-
perature was in the deep lagoon and the lowest
LOGmax

16 temperature was on the deep fore reef.
The temperatures recorded on most loggers were
highly correlated with the AVHRR satellite-derived
SSTs (R2 = 0.939−0.947). The logger on the deep
fore reef had slightly lower correlation (R2 = 0.929),
and the logger in the shallow lagoon was much less
correlated with the AVHRR readings (R2 = 0.876).
The deep fore-reef had the narrowest mean range
in 2015 of just 1.8°C between SSTmax

15 and SSTmin
15.

Interestingly, the fore-reef 20 m logger had the
widest absolute range, with temperatures of <26°C
on occasions, when sudden drops (>1°C in <6 h) in
temperature occurred independently of other depths
in this habitat (Fig. 4b). The shallow lagoon logger
recorded the largest mean, absolute and daily range,
experiencing large (1−2°C) diel fluctuations (Fig. 4c)

3.2.  Local variation in reef type and
bleaching around Madivaru

Coral communities varied greatly
between zones. The fore-reef coral com -
 munity in May 2016 was dominated by
bleaching-resistant growth forms and
moderate coral cover (21.3 ± 1.88%) on
deep reefs increasing to high cover
(65.5 ± 2.93%) in the shallows (Fig. 5).
In the lagoon, high coral cover (67.0 ±
4.04%) was observed at all depths and
consisted of thermally sensitive branch-
ing, tabulate and corymbose growth
forms. The channel had low coral cover
(15.5 ± 1.53%) at all depths, with high
levels (52.2 ± 3.08%) of unconsolidated
substrate (sand and rubble) (Fig. 5a). In
the channel, the deep replicates had the
highest proportion of bleaching-sensi-
tive corals, whereas in the lagoon and
fore reef, the shallows had the highest
proportion of sensitive corals (Fig. 5b).
There was a reasonably strong negative
correlation (r = −0.679) be tween resist-
ant coral cover and bleached coral
cover in Madivaru, with fore reefs hav-
ing the most resistant coral and lagoons
the least (Figs. 5b & 6). The LMM
including the 3 fixed effects (bleach ~
resist + depth + zone + [site]) outper-
formed the null model (c2 = 40.24, df = 5,

p < 0.001) (Table 1), indicating all of these variables
influenced bleached coral cover. Adding interaction
between resistant coral cover and depth (bleach ~
resist × depth + zone + [site]) did not im prove the
predictive power of the additive model (c2 = 3.21,
df = 2, p = 0.201), but the interaction between resist-
ant coral and zone (bleach ~ resist × zone + depth +
[site]) did significantly improve the predictive power
(c2 = 11.36, df = 2, p = 0.003), suggesting that
bleaching-resistant growth forms covary with reef
zone but are consistent across depths within these
zones.

3.3.  Reef condition and bleaching response in
North Ari

Coral community on reefs in North Ari varied
with wave exposure and COTS impacts. In exposed
replicates, the coral cover was low (12.7 ± 2.07%),
half of the cover consisted of resistant coral growth
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Fig. 2. Annual sea surface temperature (SST) profiles in North Ari from
1982−2016, showing the average of all months (SSTann), the coolest month
(SSTmin) and the hottest month (SSTmax). Horizontal dashed red line: maxi-
mum monthly mean (MMM); horizontal solid red line: bleaching threshold
(MMM + 1°C). El Niño-Southern Oscillation (ENSO) years with Southern

Oscillation Index values below −10 are displayed
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forms (55.3 ± 5.31%) (Fig. 7), and had low bleached
coral cover (24.9 ± 6.16%). Semi-exposed reefs
had high coral cover (42.7 ± 5.35%) and low levels
of unconsolidated substrate (23.0 ± 4.83%). These
replicates had similar cover of resistant growth
forms (45.0 ± 5.26%) as exposed reefs, but had
higher bleached cover (36.4 ± 5.95%). Sheltered
islands unaffected by COTS had moderately high
coral cover (29.8 ± 3.98%), low cover of resistant
corals (21.7 ± 2.78%) and similar levels of bleach-
ing (34.1 ± 7.39%) as semi-exposed sites. Repli-
cates at all wave exposure levels had low cover of
macroalgae (2.4 ± 0.62%) and RKC (2.4 ± 0.42%).
Resistant coral cover was not significantly different
between exposed and semi-exposed replicates (t =
1.37, df = 28.0, p = 0.182), but was significantly
lower on sheltered reefs compared to exposed and

semi-exposed reefs combined (t = −6.05, df = 45.9,
p < 0.001). There was a weak negative correlation
(r = −0.348) between the cover of bleached and re -
sistant corals (Fig. 8), but with a variable bleaching
response in replicates with low resistant coral cover.
Of the 24 replicates with <20% resistant corals, 8
had low bleaching (<30%), while the rest had high
bleaching (>50%). In the LMMs, adding resistant
coral cover as a variable significantly improved the
model compared to the null model (c2 = 6.44, df = 1,
p = 0.011), but adding wave exposure to this model
did not result in better explan atory power (c2 = 2.01,
df = 2, p = 0.366) (Table 2).

Reefs impacted by COTS had moderately low
coral cover (16.4 ± 3.58%) and resistant coral cover
(31.8 ± 4.87%). Kandholhudhoo and Alikoirah had
similar growth forms to other sheltered reefs, where -
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Fig. 3. Sea surface temperature (SST) profiles in North Ari during normal non-El Niño-Southern Oscillation (ENSO) years
(1985, 1995, 2005) and the 3 most severe ENSO events during the time series (1982, 1998 and 2016). Black line: weekly aver-
age of SSTs derived from the advanced very high resolution radiometer satellite; horizontal dashed red line: maximum
monthly mean (MMM); horizontal solid red line: bleaching threshold (MMM + 1°C). Degree heating weeks (DHWs) for severe

ENSO years are displayed



as Ali koirah, which had the lowest coral cover
(10.6%) of any island, had a community more sim-
ilar to exposed reefs with more bleaching-resistant
encrusting and massive corals. The difference be -
tween resistant coral at COTs-affected and unaf-
fected sheltered reefs was not significant (t = −1.80,
df = 38.0, p = 0.080). There was significantly more
macroalgae in COTS-affected replicates (t = 4.19,
df = 26.6, p < 0.001) (COTS: 21.3 ± 4.47%; no
COTS: 2.2 ± 0.81%) and significantly more RKC
(t = 3.07, df = 39.5, p = 0.004) (COTS: 7.9 ± 1.26%;
no COTS: 3.3 ± 0.79%). Bleached cover was
higher (50.8 ± 5.85%) in COTS replicates compared
to other sheltered reefs (34.1 ± 7.39%), but the null
LMM (bleach ~ 1 + [island]) was not signi ficantly
improved by adding COTS as an ex planatory vari-
able (c2 = 1.68, df = 1, p = 0.195) (Table 3), indica-
ting COTS presence did not alter bleaching re -
sponse at sheltered islands.

3.4.  Recent trends for North Ari Atoll and
post-bleaching mortality

The earliest Reef Check records in Madivaru
showed moderate coral cover at both shallow (39.4%)
and medium depths (34.4%), which was main -
tained (~40%) from 2011 to 2017 (Fig. 9). On Batha-
laa, coral cover was low in 2011 (mean: shallow,
10.0%; medium, 17.5%), but rose to 41.9 and 41.3%,
respectively, in shallow and medium depths by 2015.
Both semi-exposed sites were also characterised by
dominance of bare rock and low (<25%) levels of
unconsolidated substrate. In 2011, Kuda falhu had
high coral cover (shallow, 73.8%; mid, 35.0%) domi-
nated by table and branching acroporids (e.g. Acrop-
ora hyacinthus) at shallow depths, but also high
levels of loose sediment at mid depths (48.1%).
Between 2011 and 2015, coral cover de creased by
20% on the reef flat (from 73.8 to 58.8%) and 52%

Mar Ecol Prog Ser 626: 53–67, 201960

Fig. 4. Temperature logger readings from Madivaru. (A) Fore reef, lagoon and channel temperature profiles during peak ther-
mal stress (1 Apr−30 May 2016); examples of (B) a large (>1°C) temperature drop observed at 20 m on fore reef but not at other

depths (1−2 Feb 2015), and (C) daily fluctuations in the lagoon at all depths (1−15 Feb 2015)
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at medium depths (from 35.0 to 16.9%) as a result of
the COTs outbreak and storm damage in 2015. Holi-
day Thila also had moderately high coral cover in
2011 (shallow, 50.0%; medium, 30.6%), which had
decreased to 14.4% (70% decrease) and 11.3% (63%
decrease), respectively, in 2015.

In photo-quadrats from 2016, semi-exposed islands
had high colony density (23.9 ± 1.91 m−2) and were

dominated by bleaching-resistant colo nies
(77.0%), whereas sheltered islands had
lower colony abundance (12.0 ± 1.38 m−2)
with fewer bleaching- resistant corals
(35.4%) (Table 4). Colony density was
higher at shallow sites (23.3 ± 2.41 m−2)
than at mid-depths (16.0 ± 1.36 m−2), and
resistant corals were more prevalent at
mid-depth (78.3%) than at shallow sites
(62.1%). Madivaru at 5 m had the highest
colony density of any site−depth (38.6 ±
5.79 m−2) and the lowest proportion of
bleaching-resistant colonies (56.3%) of
semi-exposed site−depths. Just 6% of
colonies from semi-exposed reefs were
completely dead, with the highest mortal-
ity at Madivaru 5 m (14.1%), whereas
sheltered reefs had much higher mortality
(41.7%) The highest mortality was seen at
Kudafalhu, where 68% of colonies at
shallow depth and 55% of colonies at
mid-depth were dead. High densities of
COTS were spotted at Kudafalhu during
surveys in July 2016, so not all of the mor-
tality observed may have been due to
bleaching. Branching and corymbose
corals were completely dead in 56% (n =
36) and 28% (n = 26) of cases, respectively,
whereas only 3% (n = 8) of massive and
encrusting growth forms were recently
killed and 9% (n = 30) partially killed.

Survival for both bleaching-resistant and sensitive
growth forms was higher on semi-exposed islands,
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Fig. 6. Resistant versus bleached coral cover at Rapid Health
and Impact Survey replicates from Madivaru, with zone and
depth indicated. The fitted line from the linear model is indi-
cated by a black line along with its equation and the Pearson's
correlation coefficient of the bleached~resistant relationship

Model AIC    LogLik

~ 1 + (site) 418.8    −206.4
~ Resistant coral + (site) 404.1    −198.1
~ Resistant coral + depth + (site) 393.1    −190.6
~ Resistant coral + depth + habitat + (site) 388.5    −186.3
~ Resistant coral × depth + habitat + (site) 389.3    −184.7
~ Resistant coral × habitat + depth + (site) 381.2    −180.6

Table 1. Performance of linear mixed models to explain the
variation in cover of bleached corals in Rapid Health and
Impact Survey (RHIS) replicates from Madivaru, showing
Akaike’s information criterion (AIC) and log likelihood (Log-

Lik) values for the models

Fig. 5. Benthic composition of different depths and reef zones around Madi-
varu showing (A) total benthic cover of major categories and (B) growth

forms of coral as a percentage of total coral cover



with just 21% mortality of sensitive forms
compared to 58% mortality on sheltered
reefs. The null BLR model of colony mor-
tality was significantly im  proved by adding
resistant coral (c2 = 87.2, p < 0.001) and
exposure (c2 = 28.7, p < 0.001), whereas
adding depth and the interaction between
resistant coral and exposure did not
improve the explanatory power (Table 5).

In 2017 (15 mo after peak thermal stress),
shallow and mid-depth Bathalaa and shal-
low Madivaru increased in coral cover to
~15% and mid-depth Madivaru remained
at >30% (Fig. 9). Sheltered islands showed
continued decline in coral cover — which
was most severe in Kudafalhu, with a fur-
ther ~60% decrease in coral from 2016 lev-
els resulting in a coral cover of 3% in the
shallows and <1% at mid-depth in 2017.

4.  DISCUSSION

4.1.  Past bleaching impacts and recovery
of Maldivian coral reefs

There were only 2 years (1982 and 1998)
in North Ari’s 33 yr satellite record from
1982−2015 where >4 DHWs were experi-
enced. The most severe thermal stress was
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Fig. 8. Resistant versus bleached coral cover at Rapid Health
and Impact Survey replicates from North Ari, unaffected
by crown-of-thorns starfish, with wave exposure indicated.
The fitted line from the linear model is indicated by a black
line along with its equation and the Pearson's correlation

coefficient of the bleached~resistant relationship

Model AIC LogLik

~ 1 + (island) 455.8 −224.9
~ Resistant coral + (island) 451.4 −221.7
~ Resistant coral + exposure + (site) 453.3 −220.7

Table 2. Performance of linear mixed models to explain the
cover of bleached corals in Rapid Health and Impact Survey
(RHIS) replicates from North Ari, excluding crown-of-thorns
starfish-affected replicates, showing Akaike’s information
criterion (AIC) and log likelihood (LogLik) values for the

models

Model AIC LogLik

~ 1 + (island) 430.2 −212.1
~ COTS + (island) 430.5 −211.2

Table 3. Performance of linear mixed models to explain the
cover of bleached corals in Rapid Health and Impact Survey
(RHIS) replicates from sheltered sites in North Ari, showing
Akaike’s information criterion (AIC) and log likelihood (Log-
Lik) values for the models. COTS: crown-of-thorns starfish

Fig. 7. Benthic composition of islands in North Ari assessed by Rapid
Health and Impact Surveys in May 2016, showing (A) total benthic cover of
major categories and (B) growth forms of coral as a percentage of total coral

cover. (*) Crown-of-thorns starfish-affected islands
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experienced in 1998, associated with extensive mor-
tality (80−90%) on shallow reef flats in the central
Maldives (McClanahan 2000, Zahir 2000, Edwards et
al. 2001). Elevated temperature occurred on several
occasions during El Niño years and caused bleaching
(e.g. 2003, 2010 and 2015) with low levels of mortality

in most locations (Tkachenko 2015, Pisapia et al. 2016),
apart from some reefs in north Maldives where mor-
tality in 2010 was extensive (Tkachenko 2012). In a
recent global assessment of SST trends in coral reef
regions, the Maldives were highlighted as a potential
bleaching refuge because of the low occurrence of
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Fig. 9. Benthic cover from Reef Check transects during 2011−2017 in Madivaru, Bathalaa (semi-exposed), Kudafalhu and Holiday
Thila (sheltered) at shallow and mid depths. Data are missing from Holiday Thila in 2013 because it was not possible to survey

this site during that year

Site (depth) Quadrats Area (m2)    No. of colonies    Colony density (m−2)   Resistant colonies (%)    Recently killed colonies (%)

Madivaru (5 m) 14 3.50                  135                      38.6 ± 5.79                           56.3                                       14.1
Madivaru (12 m) 9 2.25                   53                       23.6 ± 3.89                           88.7                                        1.9
Madivaru (all) 23 5.75                  188                      32.7 ± 3.98                           65.4                                       10.6
Bathalaa (5 m) 18 4.50                   86                       19.1 ± 2.25                           93.0                                         0
Bathalaa (12 m) 21 5.25                   95                       18.1 ± 1.74                           85.3                                        2.1
Bathalaa (all) 39 9.75                  181                      18.6 ± 1.38                           89.0                                        1.1
Kudafalhu (5 m) 6 1.50                   28                       18.7 ± 2.25                           28.6                                       67.9
Kudafalhu (12 m) 11 2.75                   20                        7.3 ± 1.18                            25.0                                       55.0
Kudafalhu (all) 17 4.25                   48                       11.3 ± 1.72                           27.1                                       62.5
Holiday (5 m) 11 2.75                   36                       13.1 ± 3.06                           36.1                                       27.8
Holiday (12 m) 4 1.00                   12                       12.0 ± 1.63                           66.7                                         0
Holiday (all) 15 3.75                   48                       12.8 ± 2.25                           43.8                                       20.8
Semi-exposed 62 15.50                 369                      23.8 ± 1.91                           77.0                                        6.0
Sheltered 32 8.00                   96                       12.0 ± 1.38                           35.4                                       41.7
Shallow 49 12.25                 285                      23.3 ± 2.41                           62.1                                       16.8
Mid 45 11.25                 180                      16.0 ± 1.36                           78.3                                        7.7

Table 4. Photo-quadrat data from Reef Check sites at different sites, exposure and depth showing the sampling effort, mean colony
density quadrat –1 (extrapolated to density m−2), proportion of bleaching-resistant colonies and proportion of recently killed corals
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acute thermal stress to date and the slow rate of aver-
age and summer warming (Heron et al. 2016).

On the COTS-free shallow and sheltered reefs
visited in 2016, coral cover was high, with a domi-
nance of thermally sensitive branching, tabular
and corymbose growth forms. There were 18 years
be tween bleaching events in 2016 and 1998, during
which coral communities recovered (Morri et al.
2015, Pisapia et al. 2016). The community prior to
2016 in these reef zones appeared to be similar to
the earliest baseline condition for North Ari (Scheer
1974), with a dominance of Acroporidae including
large mature colonies. Several factors may be re -
sponsible for this high recovery rate: high recruit-
ment on reefs of the Central Indian Ocean allow
many new colonies to settle after disturbance
(Sheppard 1999, Edwards et al. 2001, Cardini et al.
2012), while high light levels, good water quality
and low water pollution promote rapid growth
(McClanahan et al. 2012, Shedrawi et al. 2017).
Many corals re-grow from surviving living tissue
patches if their skeletons remain intact (Diaz-Pulido
et al. 2009), which may have been an important
factor in the recovery on sheltered reefs in the
Maldives, where low wave action allowed skeletons
to remain intact (Pisapia et al. 2016).

The impacts of the recent COTS outbreak in the
central part of North Ari Atoll were evident, with
very low coral cover and high amounts of rubble and
macroalgae. At Kudafalhu in July 2016, there were
1430 COTS ha−1 (Solandt & Hammer 2017), which is
3 orders of magnitude higher than various thresholds
considered an ecologically important outbreak (Prat -
chett et al. 2014). Prior to the outbreak and the 2016
bleaching event, these reefs also had high coral
cover similar to sheltered reefs found further north in
the atoll. The shallow reef at Kudafalhu had a domi-
nance of tabular Acropora, A. hyacinthus, which are
highly palatable corals to COTS compared to more
resistant Porites (Pratchett et al. 2014) making the

inner, more sheltered reefs not only more susceptible
to bleaching, but also to COTS predation.

On deeper and wave-exposed reefs, coral cover was
lower and was dominated by thermally resistant mas-
sive and encrusting forms. Much of the historical reef
data from the Maldives come from shallow (<10 m) reef
flat and crest habitats, hence the historical condition
of deeper and wave-exposed reefs is harder to ascer-
tain. Higher cover of massive and encrusting corals
was noted at the outer crest at depth (~8 m) near
Madivaru (Scheer 1974). An ex posed fore reef in
Addu Atoll in the Southern Maldives also had
encrusting and massive forms, but this fore reef also
had abundant robust branching corals such as A. pal-
ifera, A. abrotanoides and Pocillopora eydouxi (Stod-
dart 1966). In the ecologically similar Chagos Archi-
pelago, these corals were present on exposed reef
slopes prior to 1998, but largely disappeared after the
bleaching event (Sheppard et al. 2008). These spe-
cies were present on some exposed reefs (e.g. Madi-
varu) but were not dominant, and were absent on
others, suggesting there may have been a shift to a
more stress-tolerant coral assemblage dominated by
massive and encrusting forms (Darling et al. 2012,
McClanahan & Muthiga 2014). Sheppard et al. (2008)
also noted slower coral re growth on exposed fore
reefs post-1998 bleaching in Chagos compared to
reef flats and lagoon habitats. One reason for this
could be high wave energy creating mobile rubble
from dead coral skeletons, impeding regrowth of tis-
sue and recruitment through abrasion (Chong-Seng
et al. 2014). As observed in this study, Stoddart (1966)
noted that channels between the lagoon and the
open ocean were poor in coral growth, citing sedi-
ment abrasion as the likely cause.

4.2.  Bleaching impacts in 2016 and evidence of
resilience

Based on SST records, thermal stress in 2016 was
similar to 1982 and lower than in 1998. In the Great
Barrier Reef (GBR) in 2016, mortality increased
steeply—between 6 and 10 DHW (Hughes et al.
2018)—suggesting that 6 DHW in 2016 in North Ari
was at the lower threshold of extensive mortality,
whereas 9 DHW in 1998 was above this. Bleaching
was low to moderate at depth and on exposed reefs
and high in shallow and sheltered areas, with similar
patterns for mortality. In the Southern Maldives
(Gaafu Dhaalu) on sheltered shallow reefs, 75% mor-
tality of mostly branching growth forms was reported
in 2016 (Perry & Morgan 2017). A nation-wide study
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Model Residual deviance AIC

~ 1 365.2 (null deviance) 367.2
~ Resistant coral 268.0 272.0
~ Resistant coral + exposure 239.2 245.3
~ Resistant coral + exposure + depth 236.2 244.2
~ Resistant coral × exposure 238.8 246.8

Table 5. Performance of binomial logistic regression models
to explain the mortality of corals in photo-quadrats from
Reef Check sites, showing Akaike’s information criterion
(AIC) values, the deviance of the null model and residual

deviance of successive models
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of the Maldives showed similar patterns to our results
with overall higher bleaching and mortality in shal-
low waters and sheltered coral reefs dominated by
Acropora and with less impact on more exposed reefs
(Ibrahim et al. 2016).

Temperature logger data around Madivaru showed
that shallow reefs had the highest variation in tem-
peratures on a daily and annual basis. Corals
growing in shallow and changeable environments
exposed to chronic stress can possess various ad -
aptations to their environment that can help pro -
tect them from acute thermal stress (Brown et al.
2002, Welle et al. 2017). However, loggers also
showed that shallow reefs also experienced the
greatest amount of acute thermal stress in 2016
and presumably the highest light intensity (Welle
et al. 2017), leading to higher bleaching levels
than at deeper reefs (see also Muir et al. 2017).
Features of deeper and more wave-exposed fore
reefs, including proximity to deep water, pitch (that
leads to shading), current flow and wave exposure,
have been suggested to reduce thermal stress, UV
penetration and hence bleaching severity (Lesser
et al. 1990, West & Salm 2003, Obura & Grimsditch
2009). Throughout the time series, loggers recorded
short (~6 h), large (>1°C) drops in temperatures on
the deep fore reef that in other locations have
been attributed to internal waves, which periodi-
cally bathe the reef in cooler, deeper water
(Tkachenko & Soong 2017). One such temperature
drop occurred during peak thermal stress in 2016,
which may have provided some reduction in ther-
mal stress during the bleaching event and re duced
impacts on the fore reef coral community (DeCarlo
et al. 2017). Loggers in the deep lagoon showed
less chronic and acute thermal variation than the
deep fore reef, suggesting that low water cir -
culation in these habitats maintains more consistent
conditions below a layer of warm surface waters.

Comparing the bleaching severity between ex -
posed and sheltered reefs was hampered by the fact
that the bleaching resistance of the coral community
co-varied with exposure, with much more bleaching-
resistant coral on exposed reefs. We postulate that
the physical disturbance of waves—especially on the
most ocean-exposed western fringes of the atoll—
combined with thermal stress in the past 3 decades,
could have been enough to shift this community to a
more stress-tolerant and bleaching-resistant state.
Bleaching-resistant coral cover was the most impor-
tant factor determining bleaching and mortality in
this study, showing similar patterns of high Acrop-
orid and Pocilloporid mortality as seen in the GBR

(Hughes et al. 2018), with no signs of acclimatisation
or reduced bleaching sensitivity of these corals (e.g.
Langlais et al. 2017). Wave exposure did not signifi-
cantly explain the variation in bleached coral cover,
but was a significant explanatory variable for mortal-
ity, with lower mortality of both resistant and sensi-
tive forms on more exposed reefs. Hence, the results
of this study concur with other studies that wave
exposure reduced bleaching severity (e.g. Shedrawi
et al. 2017, Welle et al. 2017). It is not clear the
degree to which this was due to thermal protection or
because more resistant coral communities dominate
exposed Maldivian reefs.

Recovery from the 2016 event is probable, as the
Maldives has relatively low anthropogenic stress as a
result of its low human population density per reef
area, limited land-based pollutants/nutrients and low
fishing pressure on herbivores (Burke et al. 2011,
Moritz et al. 2017). By 2017, the semi-exposed fore
reefs at Madivaru and Bathalaa appeared to have
recovered from the small amount of coral loss they
experienced in 2016. Nevertheless, since 1998 the
number of tourists visiting the Maldives has doubled,
from 500000 to ~1 million annually, with approxi-
mately 30 new resorts being built (Domroes 2001,
Cowburn et al. 2018). Nutrient input around inhab-
ited islands (community and resort) in North Ari is
noticeable in the foraminifera community (Pisapia et
al. 2017) and it is possible that this was a contributing
factor to the COTS outbreak in the central part of the
atoll (Wolfe et al. 2017). Recovery on these reefs with
low coral cover and high amounts of rubble will
require a high level of recruitment from elsewhere
and consolidation of dead skeletons by other organ-
isms (e.g. calcifying algae). It is important to recog-
nise that the last major bleaching was 18 yr prior to
2016, allowing for fast-growing, competitive bleach-
ing-sensitive corals to return (Darling et al. 2012). Yet
despite low historical thermal stress, the Maldives
are predicted to receive annual severe bleaching
(ASB) as soon as 2026 (van Hooidonk et al. 2016).
Combined with rising human pressures in the archi-
pelago, which may reduce recovery potential, the
apparent resilience of Maldivian reefs to date should
not be considered permanent.
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