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INTRODUCTION

Coral assemblages are highly dynamic (Hughes &
Jackson 1985, Hughes & Connell 1999, Edmunds
2002). Despite the fact that catastrophic events on
coral reefs occur quite frequently, until recently,
background mortality from predation, competition
and sedimentation has typically exceeded mortality
caused by catastrophic disturbances (Connell 1973,
Hughes & Jackson 1985, Bythell et al. 1993). However,
these historical differences in the relative contribution
of catastrophic and background mortality to popula-
tion dynamics are changing in response to increasing

anthropogenic sources of disturbance, in particular
climate change and declining water quality, which
are combining with natural disturbance to accelerate
reef degradation on a global scale (Hughes et al. 2003,
2017a, Pandolfi et al. 2003, Richmond et al. 2007). The
Great Barrier Reef (GBR) is no exception, with coral
cover at historically low levels throughout most of the
region (Bellwood et al. 2004, Hughes et al. 2011,
2017b, 2018a). The main drivers of this coral loss, at
least on mid-shelf reefs, have been identified as catas -
trophic events, in particular cyclones, crown of thorns
starfish (COTS) Acanthaster planci and bleaching
(De’ath et al. 2012), suggesting that the historical
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considered to be mortality associated with large-scale severe disturbances (i.e. catastrophic mor-
tality), such as Acanthaster planci outbreaks, cyclones and bleaching. However, background rates
of mortality (i.e. not associated with catastrophic disturbance), are rarely quantified, but without
these it is difficult to assess the relative importance of these 2 types of mortality (catastrophic and
background). We quantified spatial and temporal variation in catastrophic and background
whole-colony mortality of the common reef coral Acropora millepora over 24 mo at 2 sites in 3
regions separated by 700 km along the GBR. The study period included 2 cyclones and a flood.
Overall mortality rates were exceptionally high. Of 180 colonies tagged in April 2009, only 36
(20%) were alive in April 2011, and 68% of this mortality occurred in intervals following the 3
large disturbances. Background mortality rates were also high in the Palm Islands, where they
approached 40% yr−1 compared to <5% in the Whitsunday and Keppel Islands. These results sup-
port the hypothesis that catastrophic mortality has been the major cause of coral loss in recent
years on the GBR and also suggest that background rates of mortality are increasing at some loca-
tions. Projected increases in the agents of catastrophic mortality, such as cyclones and bleaching,
as a result of global warming are likely to threaten the persistence of many coral species.
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dominance of background mortality is changing
(Done et al. 2010, Hughes et al. 2018b).

Inshore reefs have experienced some of the
greatest declines in coral cover seen on the GBR (Os-
borne et al. 2011, Sweatman et al. 2011). However,
they differ from mid- and outer-shelf reefs in terms of
the likely sources of mortality. Inshore reefs are not
often damaged directly by cyclones, particularly on
the sheltered side of high islands near the coast, and
COTS outbreaks are rare (Pratchett et al. 2014). The
main threats to inshore reefs are related to declines in
water quality associated with agriculture and coastal
development (Fabricius & De’ath 2004, Brodie et al.
2012, Kroon et al. 2012, Clark et al. 2017); water clar-
ity is typically one-third of that found on mid-shelf
reefs, and chlorophyll levels (a proxy for nutrient
loads) are twice that of those found on mid-
shelf reefs (De’ath & Fabricius 2010). In addi-
tion, inshore reefs are much more likely to be
affected by floods (Brodie et al. 2012). The
different nature of the disturbance regime is
likely to affect the relative contribution of
catastrophic versus background mortality to
population dynamics.

Mortality rates in corals are generally size-
specific (Hughes & Jackson 1980, 1985, Bab-
cock 1991, Bythell et al. 1993) but also de-
pend on colony shape (Madin & Connolly
2006). For example, the probability of whole-
colony mortality increases for some morpho -
logies, such as tabular species above a
 cer tain size, producing bath-tub shaped mor-
tality curves (Madin et al. 2014). Similarly,
mass transfer theory (Nakamura & van Woe-
sik 2001) and empirical results suggest that
small colonies, at least of some species
 (Alvarez-Noriega et al. 2018), are more re-
sistant to bleaching mortality.

The aim of this study was to document
spatial and temporal variation in whole-
colony mortality among coral populations on
inshore reefs in 3 regions separated by
700 km along the GBR. Individually tagged
coral colonies were followed in order to (1)
compare the contribution of mortality associ-
ated with catastrophic disturbance to that of
background mortality and (2) to assess the
patterns of mortality as a function of colony
size. Environmental variables indicative of
potential stressors were collated in order to
explore relationships between these vari-
ables and colony mortality at the regional
scale.

MATERIALS AND METHODS

Study sites and species

This study was conducted on the fringing reefs at
2 sites in each of 3 regions separated by approximately
5° of latitude along the GBR: Orpheus Island (18.62° S,
146.48° E) and Pelorus Island (18.55° S, 146.48° E) in
the Palm Island region; Hook Island (20.17° S,
148.90° E) and Mid-Molle Island (20.23° S, 148.82° E)
in the Whitsunday Island region; and Miall Island
(23.15° S, 150.90° E) and Halfway Island (23.18° S,
150.97° E) in the Keppel Island region (Fig. 1). All sites
were less than 20 km from the mainland and located
on the western or leeward side of the islands at depths
of between 1 and 3 m. 

Fig. 1. Three sampling regions on the Great Barrier Reef. Insets show
(a) Palm Islands (18° S), (b) Whitsunday Islands (20° S) and (c) Keppel
Islands (23° S). Arrows indicate the exact position of sites within re-
gions. Solid and dashed lines represent the tracks of Cyclones Yasi and
Ului, respectively (Australian Bureau of Meteorology,  www. bom. gov. 

au/ cyclone/ history/ index. shtml)



Tan et al.: High mortality in Acropora millepora

Acropora millepora is a corymbose species, com-
mon in shallow water on most inshore reefs and in
protected areas on mid- and outer-shelf reefs along
most of the length of the GBR (Veron & Wallace
1984). The coral assemblages at all of the study sites
were similar to one another and characteristic of
assemblages on the western or leeward side of high
islands on the GBR.

Sampling method

At each site, 30 A. millepora colonies were tagged
in April or May 2009 and then revisited on another 4
trips over the next 2 yr, with the final trip in April 2011
(Table 1). Only colonies likely to be reproductively
mature (maximum diameter >16 cm; Hall & Hughes
1996) and with no tissue damage were tagged. The
track swum on the first sampling trip was logged us-
ing a GPS towed on a flotation device, and the posi-
tion of each colony was recorded on this track. Lami-
nated photographs of the position of all colonies with
respect to the surrounding substratum were also pre-
pared to assist in the location and identification of in-
dividuals on subsequent sampling trips.

Mortality estimates

Colonies were classified as dead when there was
no live tissue remaining. Colonies that could not be
relocated on 2 consecutive sampling trips were pre-
sumed to have been dislodged and were also classi-
fied as dead. Catastrophic mortality was defined as
whole-colony mortality that occurred in sampling
intervals affected by major disturbances that in -
cluded 2 major cyclones and a large flood of the
Fitzroy River. Following the cyclones, dead colonies
were either overturned or could not be found, sug-
gesting they had been dislodged by waves. Follow-
ing the Fitzroy River flood, colonies remained at -
tached but with 100% tissue loss. Background
mortality was defined as whole-colony mortality that
could not be attributed to catastrophic events.

Colony size and mortality

On each sampling occasion, all tagged colonies
were photographed using a Canon Powershot G11
from approximately 1.5 m above and perpendicular
to the surface of the colony to quantify horizontal pla-
nar surface area. A pre-calibrated 10 × 10 cm white
Perspex scale bar was placed on the surface of each
colony when photographed. Photographs were cor-
rected for barrel distortion, and then horizontal pla-
nar surface area was quantified for each coral colony
using the software package ImageJ (http://rsbweb.
nih. gov/ ij/).

Potential sources of mortality during the study

Three large-scale disturbance events occurred dur-
ing the course of the study: 2 tropical cyclones and a
major flood. Cyclone Ului formed on 9 March 2010 in
the Coral Sea and made landfall on 21 March 2010,
near Airlie Beach (20.27° S, 148.71° E) as a category 3
system (Australian Bureau of Meteorology, www. bom.
gov. au/ cyclone/ history/ ului. shtml).The closest wave-
monitoring buoy at Hay Point (21.27° S, 149.31° E)
recorded the highest single wave of 6.3 m at 04:30 h
on 21 March 2010 (Queensland Government 2015a).
Based on the track of Cyclone Ului (Fig. 1) it would
have been expected to affect sites in the Whitsunday
Islands. Cyclone Yasi developed on 29 January 2011
and made landfall at Mission Beach (18.13° S,
146.02° E), approximately 50 km north of the Palm Is-
lands on 3 February 2011 as a category 5 system (Aus-
tralian Bureau of Meteorology, www. bom. gov. au/
cyclone/ history/ yasi. shtml). The nearest wave-moni-
toring buoy at Townsville (19.17° S, 147.07° E) re -
corded the highest single wave of 10.1 m at 01:00 h on
3 February 2011 (Queens land Government 2015b).
Based on the track of Cyclone Yasi, it would have
been expected to affect sites in the Palm Islands (Fig. 1).
Finally, a strong La Niña event in the Pacific Ocean,
with the highest recorded December Southern Oscil-
lation Index since 1973 of +27.1, caused heavy rainfall
in the Fitzroy River catchment, resulting in a major
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Region                                                                                                            Trip                                                                   
                                                   1                                  2                                 3                                4                                  5

Palm Islands                 02–03 April 2009        28 October 2009          21 April 2010      30 September 2010         17 April 2011
Whitsunday Islands     13–14 May 2009        24 October 2009          19 April 2010      27 September 2010         14 April 2011
Keppel Islands             24–25 April 2009       1 November 2009         18 April 2010      28 September 2010         13 April 2011

Table 1. Dates of sampling trips conducted over 2 yr in 3 regions of the Great Barrier Reef, Australia
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flood event in January 2011  (Australia Bureau of Me-
teorology 2011). More than 15 million Ml of water
flowed past The Gap station on the Fitzroy River in
January, contributing to a total flow of 33 million Ml
recorded in the 2010−2011 wet season. This was the
largest flood of the Fitzroy since 1991, and the third
biggest on re cord (Australian Bureau of Meteorology
2011). The resulting flood-plume extended >300 km
north to Mackay on 25 January 2011 (Brodie et al.
2012). The flood was expected to affect sites in the
Keppel Islands.

Environmental variables

To characterize the environmental conditions at
each site throughout the study period, a suite of envi-
ronmental metrics were collated. In situ temperature
data were obtained from the Australian Institute of
Marine Science (AIMS) from the following locations
in each region: Palm Islands (Pioneer Bay, 18.61° S,
146.48° E), Whitsunday Islands (Daydream, 20.26° S,
148.81° E) and Keppel Islands (Halfway, 23.20° S,
150.97° E). Data was collected using ‘Sensus SST’
temperature loggers (AIMS 2018).

To compare variation in heat stress among sites
during the wet seasons in 2009−2010 and 2010−2011,
the GPS coordinates of each site were used to extract
site-specific seasonal sea surface temperature anom-
aly (SSTA) values (mean seasonal minimum, maxi-
mum and median), using the Australian Bureau of
Meteorology’s (BOM) eReefs Marine Water Quality
Dashboard website (www.bom.gov.au/marine water
quality/) and ReefTemp Next Generation (RTNG).
RTNG is a monitoring tool that uses SST data gath-
ered by National Oceanic and Atmospheric Adminis-
tration satellites and processed by BOM’s Integrated
Marine Observing System (IMOS) to produce high-
resolution maps of thermal stress across the Great
Barrier Reef (Garde et al. 2014).

Turbidity (optical backscatter) and chlorophyll fluo -
rescence data were provided by AIMS’s Marine
Monitoring Program. These data were not available
for each of the sites so we used data from the follow-
ing collection stations to represent each region: Palm
Islands (18.54° S, 146.49° E), Whitsunday Islands
(20.26° S, 148.81° E) and Keppel Islands (23.22° S,
150.96° E). For details on methods of collection of the
turbidity and chlorophyll fluorescence measures, see
Schaffelke et al. (2012).

Daily river discharge data were obtained from the
Queensland Government Department of Natural Re -
sources and Mines Water Monitoring Portal (https: //

www.dnrm.qld.gov.au/water/water-monitoring-and-
data/portal). The rivers and GPS coordinates of the
loggers for each region were: the Herbert River
(18.63° S, 146.14° E) for the Palm Islands, the Don
River (20.15° S, 148.16° E) for the Whitsunday Islands
and the Fitzroy River (23.09° S, 150.11° E) for the
Keppel Islands.

Statistical analysis

Mortality was highly patchy both spatially and
temporally; we therefore present these results quali-
tatively. To determine if the relationship between
colony size and survival of A. millepora colonies was
the same at all sites, a generalized linear model with
binomial error structure was fit to survival data for
background and catastrophic mortality. The relation-
ship between catastrophic mortality and colony size
was tested using survival at 3 sites: Orpheus and
Pelorus Islands following Cyclone Yasi and Hook
Island following Cyclone Ului. The relationship be -
tween size and catastrophic mortality was not tested
following flooding in the Keppel Islands because all
colonies were killed at both sites. The relationship
between background mortality and colony size was
tested using mortality values in the 18 mo period
between April 2009 and October 2010 at Orpheus
and Pelorus Islands. Again, it was not possible to test
this relationship quantitatively in either the Keppel
or Whitsunday Islands because there was too little
background mortality (no change in survival be -
tween sampling intervals at these sites; Table 2) or
too few colonies remaining (e.g. Hook Island be -
tween October 2010 and April 2011; Table 2). Ini-
tially, a maximal model with both surface area (log10
transformed to reduce positive skewness in size) and
site as fixed factors was fit to survival following each
type of disturbance. Model terms were simplified and
Akaike’s information criterion (AIC) was used to
select the model with the best fit to the data. All
analyses were conducted in R 3.1.2 (R Core Team 2014).

RESULTS

Spatial and temporal patterns of
whole-colony mortality

A very high incidence of whole-colony mortality
was recorded in the 2 yr of this study, with >80% of
individuals dead or lost at 5 of the 6 sites (Table 2,
Fig. 2). Most mortality was associated with catas tro -
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phic disturbances: 68% of colonies died in the inter-
vals that included Cyclone Ului or Yasi or the flood-
ing of the Fitzroy River (Table 2, Fig. 2). Cyclone Yasi
affected both sites in the Palm Islands, causing 62
and 82% mortality, respectively (Table 2). In con-
trast, the effects of Cyclone Ului were patchy, with
76% mortality at Hook Island compared to 0% at
Mid-Molle Island (Table 2, Fig. 2). The Fitzroy flood
was particularly destructive, with all 59 colonies that
were alive in the previous census in the Keppel
Islands dying in the interval that included the flood
(Table 2, Fig. 2).

Background mortality rates varied substantially
among sites (Table 2). There was almost no back-
ground mortality in either the Whitsunday or the
Keppel Islands: only 10 of the original 120 colonies
died in intervals that were not affected by catas tro -

phic disturbance, and 4 of these deaths occurred at
Hook Island between October and April in 2010−
2011 (Table 2). In contrast, rates of background mor-
tality in the Palm Islands ranged from 13−39%
(Table 2). In the Palm Islands, deaths that occurred in
intervals unaffected by catastrophic disturbance
were more than twice those that occurred in affected
intervals (36 vs. 17) (Table 2).

Colony size and mortality

Colony size was not associated with survival in
response to either catastrophic or background mor-
tality (Fig. 3, Tables 3 & 4). For catastrophic mortality,
the model with the best fit to the data was the null
model with no effect of colony size or site (Table 3).
For background mortality, even though the best fit-
ting model had size as the only explanatory variable,
none of the parameter estimates were significant
(Table 4). Nonetheless, the 14 colonies out of the
original 30 tagged at Orpheus Island that died in the
18 mo interval between April 2009 and October 2010
included the 6 largest colonies at this site (Fig. 3).

Environmental variables and correlations with
background mortality

Average annual SSTs varied predictably with lati-
tude and season. Mean daily SSTs were higher in the
summer and increased from south to north (Table 5).
No SSTAs were detected during summer in the
course of the study at the regional scale (Table 6).

Turbidity was higher on average and more variable
in the Whitsunday Islands and higher during the wet
season (October−April) than the dry season (April−
October) (Fig. 4a, Table 7). A prominent peak in tur-
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Region/site                      n              Number         n             Number        n              Number        n              Number        n 
                                   (Apr-09)        dead (%)   (Oct-09)       dead (%)  (Apr-10)        dead (%)  (Oct-10)       dead (%)  (Apr-11)

Palm Islands                                                                                                                                                                                
Orpheus                          30                4 (13)           26              10 (39)         16                5 (31)          11                9 (82)           2
Pelorus                            30                4 (13)           26               8 (31)          18                5 (28)          13                8 (62)           5

Whitsunday Islands                                                                                                                                                                    
Hook                               30                 1 (3)            29              22 (76)          7                     0              7                 4 (57)           3
Mid-Molle                      30                 1 (3)            29                   0             29                 2 (7)           27                 1 (4)           26

Keppel Islands                                                                                                                                                                            
Miall                                30                    0              30                   0             30                    0             30              30 (100)         0
Halfway                          30                    0              30                1 (3)           29                    0             29              29 (100)         0

Table 2. Patterns of whole-colony mortality in Acropora millepora at 6 sites in 3 regions on the Great Barrier Reef between 
April 2009 and April 2011

Fig. 2. Change in the number of Acropora millepora colonies
alive through time at each study site on the Great Barrier
Reef. Cyclone Yasi crossed the coast close to Orpheus and
Pelorus Islands in March 2011 and Cyclone Ului crossed the
coast close to Mid-Molle and Hook Islands in March 2009 

(see Fig. 1 for the tracks of these cyclones)
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bidity in the Whitsunday Islands was associated with
Cyclone Ului in late January 2010; otherwise, there
were no obvious peaks in turbidity in the first year of
the study (Fig. 4a, Table 7).

Chlorophyll was on average very similar among the
regions and throughout the year, with the exception
of a peak in the Keppel Islands between October
2009 and April 2010 following the flooding of the
Fitzroy River in January 2010 (Fig. 4b, Table 7). There
were also a number of peaks in chlorophyll in the
Palm Islands between April 2009 and 2010 (Fig. 4b).

DISCUSSION

Patterns of whole-colony mortality in the 6 popula-
tions of Acropora millepora were dominated by cata-
strophic mortality following 3 large disturbance
events: Cyclone Ului that killed 76% of colonies at
Hook Island; Cyclone Yasi that killed 70% of colonies
at 2 sites in the Palm Islands; and the flooding of the
Fitzroy River that killed 100% of colonies in the Kep-
pel Islands. Overall, deaths following catastrophic
disturbance outnumbered background whole-colony
mortality by more than 2 to 1 (98 vs. 46; Table 2).
Nonetheless, there were striking differences in the
rates of background mortality in periods between
these catastrophic events amongst the regions. Rates
of background mortality were at least 14-fold higher
at sites in the Palm Islands than at sites in the other 2
regions (43 vs. 3% yr−1 in the first year of the study;
Table 2). Only 36 (20%) of the original 180 colonies
were alive after 2 yr, and 26 of these colonies were at
1 site (Mid-Molle Island; Table 2).

Whole-colony mortality following catastrophic dis-
turbances, such as cyclones, is generally high but
patchy (Woodley et al. 1981, Done 1992, Connell et al.
1997). In this respect, Cyclone Ului was typical, with
76% mortality at Hook Islands and 0% at Mid-Molle
Island, only 8 km to the south-east (Table 2, Fig. 2). In
contrast, Cyclone Yasi caused very high mortality at
both sites in the Palm Islands, and the flooding of the
Fitzroy River killed 100% of colonies in the Keppel Is-
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Parameter               (1) Size × Site    (2) Size + Site        (3) Size            (4) Site              (5) Null
                                         Estimate      p             Estimate      p            Estimate     p           Estimate     p             Estimate     p

Intercept                             −2.94      0.52              −3.12      0.38            −2.51      0.46           −1.19      0.01             −1.05      0.01
log (Size)                               0.60      0.70                0.66      0.58             0.50      0.67               –            –                    –            –
SiteOrpheus                      −34.21      0.41              −0.27      0.76                –            –              −0.31      0.72                 –            –
SitePelorus                            3.72      0.63                0.78      0.28                –            –              0.72      0.31                 –            –
log(Size) : SiteOrpheus      11.49      0.41                 –             –                   –            –                 –            –                    –            –
log(Size) : SitePelorus        −1.04      0.70                 –             –                   –            –                 –            –                    –            –

AIC                               70.21             68.05            65.62          66.35            63.81

Table 3. Parameter estimates for the catastrophic disturbance binomial regression models and Akaike’s information criterion
(AIC) used for model comparison. Bold type indicates significant (p < 0.05) parameter estimates and lowest AIC. Sites used in 

the analysis are Palm Island, Orpheus Island and Hook Island. (–) Variable not included in the model
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lands (Table 2). Indeed, the flood killed
100% of corals down to approximately
6 m depth at these sites in the Keppel
Islands (Tan et al. 2012). These were
atypical events. Cyclone Yasi was the
largest cyclone to affect the Queens-
land coast in the last 30 yr (Australian
Bureau of Meteorology, www. bom. gov.
au/ cyclone/ history/ yasi. shtml). Simi-
larly, the flooding of the Fitzroy River in
January 2011 was the third largest on
record (Australian Bureau of Meteorol-
ogy 2011). Both Cyclone Yasi and the
floods caused extensive mortality to
reefs over a very large scale (Berkel-
mans et al. 2012, Jones & Berkelmans
2014, Beeden et al. 2015). However,
projected increases in the intensity of
cyclones (Knutson et al. 2010, Cheal
et al. 2017) suggest that catastrophic
losses of corals as reported here will
be  come commonplace in the future.

Despite a recent focus on catas tro -
phic disturbance (e.g. De’ath et al.
2012), background mortality was gen-
erally thought to dominate mortality
schedules in corals. For example, be -
tween 1963 and 1993, mortality attrib-
uted to catastrophic disturbance ac -
counted for less than one-third of the
whole-colony mortality in coral as -
semblages on Heron Island (Hughes &
Connell 1999). Similar patterns were
evident in St. Croix, in the Caribbean
(Bythell et al. 1993). However, annual-
ized rates of background mortality of
over 40% yr−1, as found in Palm Island
in the current study, are high when
compared to more recent estimates
from similar taxa. For example, annual
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Parameter               (1) Size × Site    (2) Size + Site        (3) Size            (4) Site              (5) Null
                                         Estimate      p             Estimate      p            Estimate     p           Estimate     p             Estimate     p

Intercept                            14.98      0.07              5.97      0.10             5.69      0.08           −0.55      0.15             −0.41      0.12
log (Size)                           −5.22      0.06              −2.18      0.07            −2.10      0.06               –            –                    –            –
SitePelorus                        −12.02      0.19              −0.10      0.86                –            –             0.28      0.60                 –            –
log(Size) : SitePelorus      4.08      0.19                  –            –                   –            –                 –            –                    –            –
AIC                            82.98          82.96            80.99          84.48            82.76

Table 4. Parameter estimates for the background disturbance binomial regression models and Akaike’s Information Criterion
(AIC) used for model comparison. Bold type indicates lowest AIC. Sites used in the analysis are Palm Island and Orpheus Island. 
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rates of background mortality in A. millepora on
Lizard Is land in a 15 yr study were approximately
10% yr−1 (Wakeford et al. 2008) and rates of back-
ground mortality in 2 corymbose Acro pora species
on Lizard Island were 18% yr−1 over a 5 yr period
(Madin et al. 2014). In addition, estimated rates of
whole-colony mortality in A. millepora of 32% fol-
lowing a major bleaching event in the Palm Islands in
1998 (Baird & Marshall 2002) are lower than the 40%
yr−1 background rates we recorded in the Palm
Islands. These comparisons suggest that the rates of
background mortality in the Palm Islands be tween
2009 and 2011 were unusually high and, just like cat-
astrophic mortality, might also be increasing in some
regions of the GBR. This combination of in creased
catastrophic and background mortality had resulted
in the degradation of coral assemblage in the Palm
Islands to the point where recovery of the former
assemblage structure is unlikely (Torda et al. 2018).

The causes of high rates of background mortality in
the Palm Islands are unknown. Dead colonies re -
mained attached and covered with filamentous algae
(except after Cyclone Yasi, when they were over-
turned or could not be relocated). COTS Acanthaster
planci were never observed at sites in the Palm Is-
lands, or indeed, at any of the study sites during the
monitoring period. In addition, while coral disease
caused high rates of tissue loss in Montipora spp. on
the exposed side of Pelorus Island in 2008 (Sato et al.
2009), no disease was observed on any of the tagged
A. millepora colonies in the Palm Islands, or indeed on
any colonies at any of these sites during this study (C.
H. Tan pers. obs.). In addition, there was no indication
of ther mal, sediment, nutrient or osmotic stress in pe-
riods not subject to catastrophic disturbance. Seawater
temperatures were not unusually high in the summer
of 2009−2010 (Fig. 4, Tables 5 & 6). While there were 4
peaks in chlorophyll in the Palm Islands between
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Region                               October 2009−                  April−October                   October 2010−                    April−October 
                                            April 2010                              2010                                April 2011                                2011
                                    Mean   SE      Range        Mean   SE      Range          Mean    SE      Range          Mean    SE      Range

Palm Islands                25.0   0.10  22.4−28.1       28.3   0.09  25.9−29.8        24.7    0.10  22.3−27.4        28.2    0.08  26.1−30.2
Whitsunday Islands     24.4   0.11  21.7−27.5       27.8   0.10  25.3−29.6        24.1    0.10  21.6−27.1        27.4    0.09  25.5−28.7
Keppel Islands             22.7   0.13  19.8−26.3       26.9   0.09  24.3−28.3        22.3    0.12  19.8−26.4        26.5    0.11  23.8−28.3

Table 5. In situ seawater temperature (°C) in the 3 regions in the 4 sampling intervals between April 2009 and April 2011

Region                                   Site                                                   SSTA (°C)
                                                 1 November 2009–30 April 2010 1 November 2010–30 April 2011
                                                                          Minimum    Maximum      Median                Minimum     Maximum      Median

Palm Islands                     Orpheus                     −1.48             1.51             −0.26                      −1.38             0.80             −0.13
                                           Pelorus                      −1.34             1.85             0.20                      −0.92             1.34             −0.14

Whitsunday Islands            Hook                       −1.02             1.64             0.28                      −1.10             0.65             −0.06
                                        Mid-Molle                   −1.71             2.53             0.26                      −2.13             0.99             −0.22

Keppel Islands                     Miall                        −2.15             1.42             −0.04                      −1.75             1.38             −0.25
                                          Halfway                     −1.54             1.27             −0.18                      −2.20             1.70             0.14

Table 6. Site-specific sea surface temperature anomalies (SSTAs) during the wet seasons in 2009−2010 and 2010−2011. SSTA
values were calculated as the difference between mean seasonal SST values and the long-term seasonal average SST for each
site. Data were extracted from the Australian Bureau of Meteorology’s eReef Marine Water Quality Dashboard using IMOS 

climatology (www.bom.gov.au/marinewaterquality/)

Region Chlorophyll density (µg l−1)                             Turbidity (NTU)
April−October 2009 October 2009–April 2010 April−October 2009 October 2009–April 2010

                                    Mean   SE      Range        Mean   SE      Range          Mean    SE      Range          Mean    SE      Range

Palm Islands                0.47    0.009   0.24−1.25     0.48    0.009   0.28−0.87        0.56    0.011   0.32−1.80      0.70    0.066    0.22−7.83
Whitsunday Islands    0.47    0.009   0.19−0.86     0.46    0.009   0.21−0.80        1.70    0.080   0.48−7.08      2.51    0.229   0.54−19.08
Keppel Islands             0.48    0.011   0.26−0.87     0.83    0.021   0.31−1.56        0.42    0.019   0.16−2.05      1.60    0.142    0.34−8.03

Table 7. Chlorophyll density and turbidity in the 3 regions in 2 sampling intervals between April 2009 and April 2010. Data from 
the Marine Monitoring Program, Great Barrier Reef Marine Park Authority (pers. comm.)
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April 2009 and April 2010 (Fig. 4b), much larger peaks
in the Keppel Islands did not affect background mor-
tality at those sites. One of these peaks also coincided
with a peak in turbidity in February 2010 (Fig. 4a);
however, much higher levels of turbidity in the Whit-
sunday Islands and the Keppel Islands did not affect
rates of background mortality (Fig. 4a). The 14 deaths
attributed to background disturbance at Orpheus Is-
land included the 6 largest colonies of the original 30,
suggesting senescence might be involved, but the ef-
fect of colony size was not statistically significant.

In contrast to high rates of background mortality in
the Palm Islands, rates in the Whitsunday and Keppel
Islands were very low. In the Whitsunday Islands,
only 7 deaths could not be attributed to Cyclone Ului,
and 4 of these deaths occurred between October 2010
and April 2011 at Hook Island, a per capita mortality
of 57%, i.e. 50% higher than the background mortal-
ity rates during any other interval (Table 2). This sug-
gests a more localized but intense disturbance event,
such as a gale. In the Keppel Islands, only 1 of the 60
tagged colonies died in the 18 mo interval that pre-
ceded the flooding of the Fitzroy River. These rates of
background mortality contrast with the high rates in
the Palm Islands and indicate that background mor-
tality rates of whole colonies can be exceptionally low
when conditions are favourable. Such conditions are
unlikely to prevail for long periods on reefs in the fu-
ture (Hughes et al. 2017a, Frölicher et al. 2018).

These were 2 horrible years for A. millepora on in -
shore reefs on the GBR. Background rates of mortal-
ity at sites in the Palm Islands were higher than other
recent estimates from the GBR, and the high propor-
tion of mortality associated with catastrophic distur-
bances is also in striking contrast to earlier estimates
from the GBR (Connell 1973, Connell et al. 2004).
Corals have evolved to deal with a high frequency
and intensity of disturbance (Richmond 1993). In -
deed, most of these sites have been affected by cata-
strophic disturbance in the recent past, for example,
bleaching in the Palm Islands in 1998 (Baird & Mar-
shall 1998) and the Keppel Islands in 2008 (Diaz-
Pulido et al. 2009) and flooding in the Keppel Islands
in the early 1990s (Van Woesik et al. 1995); yet they
have recovered. However, projected increases in
both background mortality from sub-lethal tempera-
ture stress (Donner 2009) and the intensity of large
storms (Knutson et al. 2010, Cheal et al. 2017) in
response to continuing global warming suggests that
disturbance regimes on reefs are changing and that
there are potentially many more bad years in store
for corals on the GBR and elsewhere (Frölicher et al.
2018, Hughes et al. 2018b).
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