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Abstract  41 

While links between heat stress and coral bleaching are clear and predictive tools for 42 
bleaching risk are well advanced, links between heat stress and outbreaks of coral diseases 43 
are less well understood. In this study, the effects of accumulated heat stress on tagged 44 
colonies of tabular Acropora were monitored over the 2017 austral summer at Beaver Reef, 45 
which is located in the central region of the Great Barrier Reef. The initial surveys in 46 
midsummer (21 February) coincided with an accumulated heat stress metric of 4.5 °C-47 
weeks, and documented high coral cover (74.0 ± 6.5%), extensive bleaching (71% of all 48 
corals displayed bleaching signs) and an outbreak of white syndromes (WSs) (31% of tabular 49 
acroporid corals displayed white syndrome signs). Repeat assessments of the impacts of 50 
bleaching and disease on these corals provided real-time information to reef managers by 51 
tracking the unfolding reef health incident on 100 colonies of Acropora hyacinthus (Dana, 52 
1846), tagged in mid-March and surveyed intermittently until late October 2017. Heat stress 53 
increased rapidly on Beaver Reef, peaking at 8.3 °C-weeks on 31 March, which coincided 54 
with the highest prevalence of WS recorded in the study. Of the 85 tagged colonies surviving 55 
on 31 March, 41 (* 48%) displayed WS signs, indicating a link between heat stress and WS. 56 
When re-surveyed at eight months (24 October), 68 of 100 tagged colonies had suffered 57 
whole-colony mortality and only four colonies had not displayed signs of bleaching or 58 
disease (WS) in any of our surveys. Overall, coral cover on Beaver Reef was reduced by more 59 
than half to 31.0 ± 11.2%. Significant tissue loss due to severe bleaching was observed with 60 
up to 20 times greater tissue loss on severely bleached colonies (i.e. categorised as > 50% 61 
bleached) compared to mildly/moderately bleached colonies (<50% bleached) at the heat 62 
stress peak (31 March). This suggests that for Acropora hyacinthus, a threshold of 50% 63 
colony bleaching is a good indicator that substantial mortality at both the colony and 64 
population level is likely to follow a heat stress event. Across all levels of bleaching, colonies 65 
displaying WS signs exhibited up to seven times greater tissue loss than bleached-only 66 
colonies. WS caused a threefold increase in accumulated tissue loss (69.6 ± 10.5% tissue 67 
lost) in the mildly bleached category, suggesting that disease exacerbated mortality in 68 
bleached corals and contributed significantly to the substantial loss of corals on the GBR in 69 
2017.  70 

Keywords: Coral bleaching, Coral disease, Heat stress, Coral mortality, Great Barrier Reef, 71 
Coral reefs, Acropora  72 

Introduction  73 

Unprecedented back-to-back thermal anomalies in the Australian summers of 2016 and 74 
2017 resulted in mass coral bleaching affecting two-thirds of the Great Barrier Reef (GBR) 75 
and caused extensive reductions in coral cover across the northern and central regions 76 
(GBRMPA 2017a; Hughes et al. 2018b; Sweatman 2018). A shift in community composition 77 
was subsequently observed during detailed in situ monitoring in 2016 (Hughes et al. 2018b), 78 
as high inter-specific variation in bleaching resistance caused disproportionately higher 79 
mortality of heat-sensitive species (cf. Marshall and Baird 2000; Baker et al. 2008). The 80 
potential contributions that disease might have made to such coral community shifts are 81 
not well understood, and consequently, this source of mortality has largely been ignored in 82 
studies of large-scale heat stress events on the GBR. Heat stress from current and projected 83 



increases in sea surface temperatures (SST) is generally identified as the primary threat to 84 
coral reefs over the next century (Hoegh-Guldberg 1999; van Hooidonk et al. 2016; Hughes 85 
et al. 2017a, b) and is also predicted to increase disease occurrences in many cases (Selig et 86 
al. 2006; Maynard et al. 2015). Given the likelihood that reefs will be exposed to more 87 
frequent and severe bleaching events (van Hooidonk et al. 2016; Hughes et al. 2017b, 88 
2018a) and disease outbreaks (Maynard et al. 2015), disentangling the effects of bleaching 89 
and thermally induced disease outbreaks on coral communities is becoming increasingly 90 
important.  91 

In addition to bleaching, warm thermal anomalies have been linked to a number of coral 92 
diseases that can result in partial or whole-colony mortality and ultimately reduced 93 
abundance at the population level (Green and Bruckner 2000; Willis et al. 2004; Work et al. 94 
2012; Peters 2015). Although increasing reports of coral disease outbreaks on the GBR and 95 
in the Caribbean have been linked to a range of environmental stressors, anomalously high 96 
seawater temperatures have been identified as a major driver (Selig et al. 2006; Bruno et al. 97 
2007; Harvell et al. 2007; Sweatman et al. 2008; Heron et al. 2010; Randall et al. 2014). On 98 
the GBR, white syndromes (WSs) are a prevalent disease affecting a broad range of coral 99 
species, particularly in conjunction with heat stress events (Willis et al. 2004; Hobbs et al. 100 
2015).  101 

WSs are characterised by a narrow white band, representing recently exposed white 102 
skeleton that advances as a regular front across the coral colony as tissue at the lesion front 103 
undergoes necrosis (Bourne et al. 2015). WS outbreaks can have devastating effects, e.g. 104 
36% of Acropora spp. colonies suffered total mortality at Christmas Island in 2008 (Hobbs et 105 
al. 2015). Mortality occurred in the absence of thermal stress and signs of bleaching and 106 
caused coral cover on Christmas Island to decline from 7.0 to 0.8% over an 8-month period 107 
(Hobbs et al. 2015). Coral cover, an indicator of host density, also affects WS abundance 108 
and, in combination with sea surface temperature, has been used as a co-predictor for 109 
disease outbreak modelling (Bruno et al. 2007; Heron et al. 2010; Maynard et al. 2011). 110 
There are suggestions that the role of diseases in causing mortality on reefs under future 111 
scenarios of elevated seawater temperatures has been underestimated (Miller et al. 2009; 112 
Maynard et al. 2015), highlighting the need for more detailed studies of the links between 113 
heat stress, disease and coral mortality.  114 

The co-occurrence of coral disease and bleaching following accumulated heat stress has 115 
been noted in a number of studies (Selig et al. 2006; Brandt and McManus 2009; Miller et al. 116 
2009). For example, the above-average seawater temperatures on the GBR in 2002–2003 117 
triggered mass bleaching and WS outbreaks, with a 20-fold increase in WS abundance on 118 
outer-shelf reefs in the northern region (Willis et al. 2004; Sweatman et al. 2008). A study of 119 
the additive impacts of bleaching and disease on coral populations in the USA Virgin Islands 120 
in 2005 found a 13-fold increase in mortality associated with white plague disease when co-121 
occurring with bleaching versus when bleaching was absent (Miller et al. 2009). At other 122 
Caribbean sites, the additive effect of bleaching and disease on coral resulted in 50% 123 
mortality at some sites during and after a major heat stress event in 2005 (Eakin et al. 2010; 124 
see also Miller et al. 2009). In another example, a recent study in Florida recorded 125 
reductions in coral colony abundance of more than 97% in several species as a result of both 126 
mass bleaching and diseases following an oceanic heatwave in 2014–2015 (Precht et al. 127 



2016). Given the potential for bleaching and disease events to reduce the diversity and 128 
productivity of coral assemblages on reefs (Hughes et al. 2017a; Neal et al. 2017), it 129 
becomes increasingly important to validate the relationship between these factors (Miller et 130 
al. 2009; Heron et al. 2010; Precht et al. 2016). However, empirical evidence for such links at 131 
the population level is lacking (Ban et al. 2013). Documenting in situ interactive effects of 132 
bleaching and disease on corals at the population and colony level is important for 133 
understanding the high mortality often observed on reefs during and following marine 134 
heatwaves (Brandt and McManus 2009; Precht et al. 2016; Hughes et al. 2018a).  135 

This study investigated the impact of the 2017 heat stress event on populations of tabular 136 
species of Acropora by monitoring 100 tagged colonies of A. hyacinthus on Beaver Reef, in 137 
the central region of the GBR, during and subsequent to a combined mass bleaching event 138 
and WS outbreak. Documentation of the cumulative impacts of bleaching and WSs on this 139 
population and the timing of these impacts in relation to summer peaks in SSTs provide 140 
insights into disease-bleaching dynamics at both a population and colony level. Our study 141 
also provides important estimates rates of lesion progression and tissue loss associated with 142 
WS on bleached versus unbleached corals and highlights how thermal stress accelerates 143 
tissue loss associated with WSs. Outcomes from our study improve our capacity to predict 144 
the impacts of future heat stress events on coral populations.  145 

Methods  146 

Study site and survey protocols  147 

This study was conducted in partnership with the Great Barrier Reef Marine Park Authority 148 
(GBRMPA) as part of the Reef Health Incident Response System (GBRMPA 2013), following 149 
numerous reports of coral disease in the Mission Beach area of the central GBR region 150 
submitted in December 2016 via the Eye on the Reef program. Prior to 2016, no evidence of 151 
bleaching or disease was found in occasional surveys of coral health at Beaver Reef by the 152 
AIMS long-term monitoring program (Sweatman et al. 2008). In addition, there are no 153 
records of bleaching or disease at this site in the GBRMPA Eye on the Reef Program prior to 154 
the 2016–2017 summer (pers. comm. J. Stella). By late January 2017, bleaching was 155 
occurring on reefs in the central and northern sections of the GBR and the number of 156 
reports of disease and the severity of their impacts had been increasing on reefs throughout 157 
the region, but particularly on reefs off Mission Beach. These reports were corroborated on 158 
reefs around Mission Beach, including Beaver Reef (17°50’49” S 146°29’53” E; Fig. 1), in late 159 
February by the GBRMPA employing reef health and impact surveys (RHIS) (GBRMPA 2017b) 160 
and by an independent disease expert (BLW). Total live coral cover, bleaching extent and 161 
observations of any other reef health impacts, such as predation, were recorded by RHISs 162 
(protocol detailed in Beeden et al. 2014). In this initial survey, disease and bleaching 163 
prevalence were estimated using a rapid snorkel survey, whereby the presence of bleaching, 164 
disease or normal pigmentation was recorded for all corals within an approximately 2 m belt 165 
directly under the surveyor on a 20-min swim. This included tabular species of Acropora (n = 166 
125 colonies), which were the dominant group of corals on these reefs. The WS outbreak 167 
confirmed on Beaver Reef on 21 February constituted a unique opportunity to study the 168 
interactive effects of WS and bleaching.  169 



 170 

 171 

Fig. 1 Location of Beaver Reef (light grey) in the central region of the Great Barrier Reef, 172 
Queensland, Australia  173 

 174 

Subsequent coral cover surveys were undertaken by triplicate 15 m line intercept transects 175 
(LIT) on 27 April and 24 October 2017 (as in Hill & Wilkinson 2004). In order to inform 176 
management decisions and guide further survey efforts, real-time reef health information 177 
was provided to GBRMPA after each survey. Impacts of bleaching and disease were 178 
communicated to the public via the GBRMPA website (http://www.gbrmpa.gov.au/about-179 
the-reef/reef-health/timeline-and-actions).  180 

Monitoring coral health on tagged colonies  181 

The tabular coral Acropora hyacinthus was selected as the target species for a tagging 182 
program at Beaver Reef, based on the high prevalence of WSs affecting this species in the 183 
pilot study and the known susceptibility of this species to both bleaching and disease 184 
(Marshall and Baird 2000; Willis et al. 2004; Harvell et al. 2007; Hobbs et al. 2015). On 16 185 
March, 100 colonies of A. hyacinthus (1–4 m depth) were tagged with numbered plastic 186 
cattle tags and their locations recorded on an underwater map for ease of relocation in 187 



subsequent surveys. The status of each tagged colony was recorded at the onset of this 188 
study (16 March 2017) and again at each of four subsequent time points: twice during the 189 
heat stress event (31 March and 27 April) and twice at later time points to follow their 190 
longer term fate (17 June, 24 October 2017). At each time point, the bleaching state of each 191 
colony was visually assessed and scored (Fig. 2) in one of three categories (modified from 192 
Baird and Marshall 2002): normal pigmentation (no signs of bleaching), moderately 193 
bleached (1–50% of the colony bleached) and severely bleached (51–100% of the colony 194 
bleached). The presence of WS signs was recorded in each category and distinguished from 195 
bleaching by the presence of tissue loss and a distinct lesion front exposing a band of white 196 
skeleton, which was verified in close-up photographs (Bourne et al. 2015).  197 

 198 

Fig. 2 Examples of bleaching categories recorded on tagged colonies of Acropora hyacinthus. 199 
a Normal pigmentation, b mildly-to- moderately bleached: 1–50% bleached, and c severely 200 
bleached: 51–100% bleached. White Syndrome (WSs) on colonies with: d normal 201 
pigmentation, and e moderate bleaching. f Close-up of a WS lesion showing white skeleton 202 
devoid of polyps. Green areas on d, e and f behind the WS front are algal overgrowth on 203 
skeleton recently exposed following tissue loss  204 

 205 

All colonies were tabular and photographed (Canon G16) parallel to the plane of the colony 206 
with a 10-cm scale placed in the colony plane. Colonies were photographed at the five time 207 
points, except in cases where colonies had been dislodged and could not be located. The 208 
total surface area of live tissue (cm2) on each colony was calculated from photographs using 209 
ImageJ (version 1.48), calibrated with the 10-cm scale bar in each photo. At each survey 210 
time point (starting 31 March), partial mortality was estimated as the area that had died 211 
since the previous survey, as indicated by the presence of recently exposed white skeleton 212 
or non-eroded skeleton covered by a light fouling community. The partial mortality metric 213 
was standardised to the area of living tissue measured in the prior survey to account for 214 
difference in colony size. Hence, the metric represents the percent of tissue lost in the 215 



interval between two surveys and is not representative of accumulated tissue loss over the 216 
whole study period. Because partial mortality is most likely not linear, rate of tissue loss 217 
would not be ecologically representative of mortality dynamics. For example, partial 218 
mortality in the interval between 16 and 31 March on the colony illustrated in Fig. 2d was 219 
calculated as follows: the area of recent tissue loss [i.e. white area representing recently 220 
exposed skeleton plus light green area representing skeleton recently overgrown by algae in 221 
the 31 March image (outlined in red)], was divided by the total area of tissue alive on 16 222 
March (areas of normally pigmented brown tissue, plus areas of recently exposed white 223 
skeleton and light green algal overgrowth in the 31 March image (outlined in yellow)). At 224 
time 0 (16 March), tissue loss was estimated from the 16 March photograph based on this 225 
interpretation of skeleton appearance. Areas of old mortality (old dead) were distinguished 226 
by deteriorating skeleton overgrown by a more mature, grey or dark green fouling 227 
community and excluded from colony area calculations. Bleached tissue was included in the 228 
live tissue category and readily distinguished from areas of bare white skeleton representing 229 
tissue loss. In summary, 50% partial mortality represents loss of half of the live tissue on a 230 
colony in the interval from one survey time point to the next survey time point. If whole-231 
colony mortality occurred between surveys, the colony was classed in the same bleaching 232 
category as in the survey immediately prior.  233 

Following the conclusion of the heat stress event and immediately prior to the predicted 234 
mass spawning, the remaining live colonies within the tagged population (n = 32) were 235 
sampled to assess their fertility on 24 October 2017. A small fragment within the fertile zone 236 
(greater than 2 cm from the tip of a branchlet) was collected from each tagged colony, 237 
placed in a numbered plastic bag underwater, fixed in 10% formalin seawater immediately 238 
upon surfacing and then transferred to 70% ethanol in the laboratory. Fragments were 239 
decalcified in 3% formic acid. Five decalcified polyps were haphazardly selected from each 240 
fragment, dissected under a stereo microscope (Olympus CX31RBSF), and the reproductive 241 
status of the colony was characterised by either the presence or absence of eggs and sperm.  242 

Accumulated heat stress at Beaver Reef  243 

Satellite-derived sea surface temperatures (SST) from the National Oceanic and Atmospheric 244 
Administration (NOAA) Coral Reef Watch (CRW) program’s CoralTemp data product 245 
(www.coralreefwatch.noaa.gov/satellite/coraltemp.php) were used to calculate 246 
accumulated heat stress for the period 1 January 2016 to 31 December 2017. Heat stress 247 
was evaluated as Degree Heating Weeks (DHW), an established predictor for coral 248 
bleaching, for which thresholds of 4 and 8 °C-weeks are associated with significant bleaching 249 
and mortality, respectively (Eakin et al. 2010; Liu et al. 2013, 2014; Heron et al. 2016a). The 250 
DHW metrics were calculated using a SST climatology calculated from an initial release of 251 
CoralTemp, as described in Liu et al. (2017).  252 

Statistical analysis  253 

To determine the effects of bleaching and WS on tissue loss, we used a linear-mixed effects 254 
model, fit by restricted maximum likelihood (REML), with WS (presence/absence) and 255 
bleaching categories (normally pigmented, mild and severe) as interactive fixed effects, and 256 
colony as a random factor to account for repeated measures. Therefore, the model explains 257 



survey-specific partial mortality as a function of bleaching category and the 258 
presence/absence of WS, while the temporal component was integrated through the repeat 259 
measure for each colony. All analyses were performed in R (R Core Team 2017) using the 260 
nlme package (Pinheiro et al. 2017). Assumptions were checked, and the best model of 261 
several iterations was selected based on Akaike information criterion, adjusted for small 262 
sample size. Additionally, total accumulated tissue loss (as a percentage of the original 263 
colony size) over the course of the survey was compared with colonies grouped into 264 
maximum observed bleaching and disease severity. Natural pigmentation with WS was 265 
excluded as a category due to insufficient sample size (n < 3). Maximum severity groups 266 
were compared individually by the Wilcoxon rank sum test as the accumulated tissue loss 267 
data were heteroscedastic and could not be alleviated by transformation. Results are 268 
reported as mean ± SE.  269 

 270 

Results  271 

Heat stress exposure  272 

Sea surface temperatures (SST) in 2016 and 2017 indicated corals at Beaver Reef 273 
experienced heat stress in both years, although accumulated heat stress (DHW) in 2016 was 274 
below a level at which significant bleaching would be expected, peaking at 1.9 °C-week (Fig. 275 
3). In contrast, heat stress in 2017 was more than fourfold greater, peaking at 8.3 °C-week 276 
on 31 March, a level at which bleaching and mortality are expected. The 2017 heat stress 277 
began in early January, nearly 6 weeks earlier than the 2016 heat stress onset, and peaked 4 278 
weeks later than the timing of the 2016 peak. The winter months between these events 279 
were exceptionally warm; July 2016 (mean = 25.23 °C) was, on average, 2 °C above the 280 
mean climatological temperature for July (23.16 °C).  281 

 282 

Fig. 3 Satellite-derived sea surface temperatures (SST) at Beaver Reef (5 km resolution) 283 
(purple line) prior to and throughout survey dates. Heat stress is measured as Degree 284 
Heating Weeks (DHW, red) and accumulated for SST at or above the bleaching threshold 285 
(solid blue line), which is 1 °C greater than the maximum of the monthly mean SST 286 
climatology (dashed blue line). Climatological monthly means (blue crosses) indicate that 287 



the recorded SSTs are above climatological averages throughout the period. DHW peaked at 288 
8.3 °C-weeks on 31 March 2017. Grey lines indicate survey dates  289 

 290 

Changes in coral cover  291 

At the beginning of the monitoring period (21 February), overall coral cover was 74.0 ± 292 
6.5%, with a high proportion of corals surveyed already bleached (71.0 ± 8.7%; Fig. 4), along 293 
with signs of recent whole-colony mortality and recent partial colony mortality. Following 294 
the peak in heat stress (31 March), the survey on 27 April revealed coral cover had dropped 295 
to 43.1 ± 3.9%, with 55.0 ± 9.1% of surviving corals bleached. Notably, the overall 296 
percentage of normally pigmented colonies did not change substantially between these 297 
surveys. Six months after the climax of the bleaching event, when heat stress was no longer 298 
present (24 October), coral cover had dropped further to 31.0 ± 11.2%. No bleaching was 299 
observed at this time. The higher variance in coral cover recorded in the October survey 300 
reflected the patchy distribution of the surviving corals.  301 

 302 

 303 

Fig. 4 Patterns in the percentage of live coral cover over 8 months on Beaver Reef, 304 
established by GBRMPA’s reef health and impact surveys during the initial reef survey (21 305 
February) and subsequently by line intersect transect surveys (17 April, 24 October). 306 
Bleached category includes any degree of bleaching observed, and error bars are SE of the 307 
total cover  308 

 309 

Population-level response to heat stress  310 

The initial survey at Beaver Reef (21 February) found that 32% of tabular acroporids were 311 
bleached (n = 125 colonies surveyed), 31% (i.e. 39 colonies) had characteristic WS lesions, 312 
and 19% (i.e. 24 colonies) experienced both bleaching and WS. Other reef impacts, such as 313 
crown-of-thorns starfish predation, were not observed in RHIS surveys. At the first survey of 314 
tagged colonies (16 March; DHW = 6.2 °C-weeks), 15 of the 100 tagged, tabular acroporid 315 



colonies had normal pigmentation with no WS signs (Fig. 5). Of the 100 tagged colonies, 81 316 
were bleached and most of these (55 colonies or 68%) were categorised as severely 317 
bleached (i.e. 51–100% bleached). Disease lesions characteristic of WSs was prevalent 318 
within the population, with 38 colonies with active lesions, 28 of which were in the highest 319 
bleaching category. Two weeks later at the DHW peak (31 March, 8.3 °C-weeks), only five 320 
colonies were visually healthy. Fifteen colonies had suffered complete mortality, and most 321 
of the remaining live colonies were severely bleached (i.e. 51 colonies), with more than half 322 
of these (34 colonies) also having WS lesions. On 31 March, WS prevalence was the highest 323 
observed, affecting 41 of the 85 surviving colonies (48%). On 27 April, after the DHW peak, 324 
53 colonies had died, and 40 of the 47 surviving colonies still displayed bleaching signs. WS 325 
signs were also observed on 24 colonies, with most again in the highest bleaching category 326 
(17 of 23 severely bleached colonies). Of the 17 moderately bleached colonies (i.e. 1–50% 327 
bleached), only four had signs of WSs. By 17 June, only five of the surviving 35 colonies still 328 
displayed moderate bleaching signs, while the remaining survivors had regained normal 329 
pigmentation (i.e. 30 colonies). WSs were noted in only two colonies at this time: one 330 
moderately bleached and one normally pigmented. At the time of the final survey (24 331 
October), a further three colonies had suffered whole-colony mortality, but the remaining 332 
surviving colonies (32) were observed to have regained their pigmentation; only one colony 333 
had signs of WS.  334 

 335 

 336 

Fig. 5 Number of live colonies on five survey dates at Beaver Reef in each of three colony 337 
colour categories: normal pigmentation (no bleaching signs), mildly-to-moderately bleached 338 
(1–50% of colony bleached) and severely bleached (51–100% of colony bleached). The 339 
fraction of colonies displaying white syndrome signs in each bleaching category is displayed 340 
in white. Dead colonies (cross-hatched) are the cumulative number of dead colonies 341 
through time  342 

 343 

Of the 100 tagged colonies, 68 died during the survey period. Of the surviving 32 colonies at 344 
the end of the study (24 October), 13 had substantial (>30% tissue loss) partial mortality (i.e. 345 



66.7 ± 6.6% tissue loss on average), 16 had low-to-moderate partial mortality (< 30% tissue 346 
loss), losing, on average, 11.1 ± 1.8% of their tissues, and three colonies had no tissue loss. 347 
Whole-colony mortality was observed for corals that displayed bleaching signs in each 348 
category, although highest mortality occurred for colonies that had been severely bleached. 349 
For example, 15 severely bleached colonies tagged on 16 March died within 2 weeks. 350 
Despite thermal stress peaking at the end of March, coral health continued to decline, with 351 
a further 38 colonies (32 of which had been severely bleached on 31 March) suffering 352 
complete mortality in the following months. From 27 April to 17 June, whole-colony 353 
mortality continued, with 12 of the surviving 47 colonies dying. A further three colonies died 354 
between 17 June and 24 October. WS lesions had been present on the majority (60–84%) of 355 
colonies that died in each survey interval, except the final interval. When WSs had been 356 
present, mortality was greater, with up to five times more colonies dying when WS was 357 
present versus absent in the first three survey intervals when heat stress was present (16 358 
March to 17 June).  359 

Colony-level response to heat stress  360 

Partial mortality on colonies in the tagged population of acroporids differed widely across 361 
the three bleaching categories (normally pigmented, moderately bleached and severely 362 
bleached). However, the highest percentage tissue loss consistently occurred on severely 363 
bleached colonies that were also affected by WSs (Fig. 6). On 16 March, mean area of tissue 364 
loss on colonies that were both bleached and diseased was 4–7 times greater than on 365 
colonies in the same bleaching categories without WS (i.e. 19.4 ± 5.4% versus 2.7 ± 1.6% for 366 
moderately corals with versus without WS signs; 27.8 ± 4.5% versus 6.9 ± 2.7% partial 367 
mortality for severely bleached corals). At the peak of the heat stress (31 March), mean 368 
tissue loss on severely bleached corals with WSs reached 61.9 ± 5.0% and represented 369 
recent partial mortality on more than half of the live colonies in that category. In 370 
comparison, mean tissue loss on severely bleached colonies with no disease signs was 371 
substantially lower (46.6 ± 10.2%). In the absence of WSs, tissue loss on severely bleached 372 
corals was 20-fold greater than the minor tissue loss recorded on normally pigmented and 373 
moderately bleached colonies (0.6 ± 0.6% and 1.9 ± 0.5%, respectively). On 27 April, tissue 374 
loss on tagged corals had increased further, with severely bleached colonies with and 375 
without WSs averaging 83.2 ± 4.5% and 58.5 ± 13.3% tissue loss, respectively. On 17 June, 376 
well past the DHW peak, further tissue regression was observed in all bleaching categories; 377 
however, only a few colonies remained bleached (i.e. five colonies, all moderately 378 
bleached). At the end of the survey period, accumulated tissue loss was highest in the 379 
severely bleached category with WS, indicating that the cumulative effects of disease and 380 
bleaching have the highest impact on the population. However, accumulated tissue loss was 381 
not statistically different in severely bleached corals without WS, suggesting that for the 382 
most severe forms of bleaching, mortality is likely either with or without the presence of 383 
WSs. In contrast, amongst colonies with mild bleaching, the added presence of WS 384 
exacerbated total tissue loss; in the absence of disease, mildly bleached colonies sustained 385 
lower partial mortality. Increased mortality amongst mildly bleached colonies with WS 386 
suggests that at low levels of bleaching, colonies may have the capacity to endure the event 387 
in the absence of WSs, but loss of photosymbionts increases their disease susceptibility. The 388 
further partial mortality recorded on 17 June indicated knock-on effects of heat stress and 389 
ongoing declines in coral health well past the period of heat stress. Of the moderately 390 



bleached colonies alive on 17 June, the two with WS experienced 100% tissue loss, while the 391 
three without disease had ~ 60% lower tissue loss (39.3 ± 15.2%). On the last survey (24 392 
October), all 32 colonies were normally pigmented, of which only one had WS lesions. Mean 393 
tissue loss on the normally pigmented colonies without WSs was 17.3 ± 4.9%, suggesting 394 
lingering mortality post-heat stress. Finally, the proportion of gravid colonies in the surviving 395 
population (approximately 80%; n = 32 colonies) immediately prior to spawning was lower 396 
than proportions found in a study on A. hyacinthus reproduction during non-bleaching years 397 
(Baird and Marshall 2002). The same study documented fewer gravid colonies (45%) after 398 
bleaching. All six of the non-gravid colonies had suffered some degree of bleaching. In 399 
contrast, all colonies that sustained normal pigmentation throughout the study were gravid.  400 

 401 

Fig. 6 Tissue loss (partial mortality) on tagged colonies of Acropora hyacinthus in three 402 
colony bleaching categories, each with and without white syndromes (WSs), on the five 403 
survey dates. Partial mortality is the proportion of live tissue that had recently died. At the 404 
last survey date, only normal pigmentation (no bleaching) with and without WSs was 405 
observed. When n = 1, no error bars were plotted, i.e. for normally pigmented colonies with 406 
WS on 27 April and 24 October, and for severely bleached colonies without WSs on 17 June. 407 
Error bars are SE  408 

 409 

Over the course of the study, total accumulated tissue loss was highest in the severely 410 
bleached category when WSs were present (97.1 ± 1.6%), although it did not differ 411 
significantly from tissue loss on severely bleached colonies without WSs (85.4 ± 7.1%) 412 
(Wilcoxon ranked: W = 377.5, p = 0.052). Tissue loss was greater on severely bleached corals 413 
than on mildly bleached corals (19.3 ± 8.2%; W = 17.5, p < 0.001), while the ‘mild bleaching 414 
with WS’ category had threefold higher accumulated tissue loss (69.6 ± 10.5%) than mild 415 
bleaching only corals (W = 20.5, p = 0.003). Finally, tissue loss was similar on mildly bleached 416 
and normally pigmented corals (5.4 ± 2.6%) (W = 33, p = 0.46).  417 

The linear-mixed effects model applied to tease apart the synergistic effects of bleaching 418 
and WSs confirmed that patterns in tissue loss on colonies with and without WSs were 419 



consistent for the two bleaching categories, i.e. no interactive effects detected between the 420 
presence of WSs and either moderate bleaching (t = 0.842, df = 355, p = 0.400) or severe 421 
bleaching (t = 0.311, df = 355, p = 0756). Overall, the presence of WSs and severe bleaching 422 
each significantly increased tissue loss (t=2.281, df=355, p=0.0231; and t=5.681, df=355, p < 423 
0.001, respectively). In contrast, the presence of moderate bleaching did not affect patterns 424 
in tissue loss significantly. The model explained 50.9% of the variance in the data 425 
(conditional r-squared).  426 

Discussion  427 

Impact of the marine heatwave  428 

Our study confirms that the presence of severe bleaching combined with an outbreak of 429 
WSs caused extensive mortality of tabular acroporid corals at Beaver Reef in the summer of 430 
2017. The 71.0 ± 8.7% of tabular acroporids found to be bleached on 21 February provides 431 
corroborative evidence that an accumulated heat stress metric of 4.5 °C-week exceeds the 432 
threshold for bleaching, and the subsequent mortality documented in the following 10 433 
weeks (peak heat stress of 8.3 °C-week) similarly supports the established mortality 434 
threshold (Heron et al. 2016b; Hughes et al. 2018b). The presence of accompanying disease 435 
signs, particularly on severely bleached colonies, highlights the reduced disease resistance 436 
of corals during warm thermal anomalies. It is likely that similar disease outbreaks 437 
contributed to coral mortality in the central and northern regions of the Great Barrier Reef, 438 
where heat stress was generally more severe in the summer of 2017 (Hughes et al. 2018b; 439 
Sweatman 2018).  440 

Our finding that 81% of colonies (n = 100) were bleached in our first survey of tagged 441 
Acropora on 16 March is testament to the severity of the 2017 thermal stress event at 442 
Beaver Reef, as well as at other sites in the northern and central regions of the GBR (Hughes 443 
et al. 2018b; Sweatman 2018). At the peak of the DHW metric (8.3 °C-week on 31 March), 444 
severely bleached colonies suffered 20-fold greater levels of tissue loss than colonies 445 
assessed as moderately bleached (1–50%), highlighting the large difference in mortality 446 
levels sustained by corals in the two bleaching categories. The significance of this difference 447 
in partial and whole-colony mortality for corals above and below a 50% visual bleaching 448 
severity threshold was supported by the mixed effect model, which confirmed a significant 449 
(p < 0.01) association between tissue loss and severely bleached corals, but not with 450 
moderately bleached corals. Collectively, this suggests that a 50% colony bleaching 451 
threshold is a useful indicator for predicting extensive bleaching- and disease-associated 452 
mortality.  453 

Impacts to coral health after exposure to high heat stress can take weeks to months (and 454 
longer) to fully unfold, often long after water temperatures return to normal (Baker et al. 455 
2008; Miller et al. 2009). This study documented progressive tissue loss in all colonies with 456 
bleaching and WSs well after the DHW peak, indicating that health impacts continue despite 457 
SSTs returning to levels below thermal thresholds. Peaks in tissue loss on both moderately 458 
and severely bleached colonies (39.3 ± 15.2% and 100%, respectively) approximately 4–6 459 
weeks after the DHW peak indicate a lag effect in the final extent of partial and whole-460 
colony mortality following a thermal stress event. It is likely that depleted energy reserves 461 



following reductions in Symbiodiniaceae communities affected both disease resistance 462 
(Maynard et al. 2015; Muller et al. 2018) and the capacity of corals to maintain tissue 463 
integrity and repair tissue loss in response to daily interactions, such as predation (cf. Shaver 464 
et al. 2018) and competition. This lingering impact on colonies unable to respond swiftly to 465 
favourable water temperature changes because of depleted energy reserves (Marshall and 466 
Baird 2000; Anthony et al. 2007) is likely to cause ongoing partial mortality in most coral 467 
species following severe bleaching. Prolonged impacts of bleaching on coral health were 468 
also highlighted in a Caribbean study, in which bleaching persisted in populations despite 469 
temperatures returning to levels below thermal threshold maxima (Miller et al. 2009). The 470 
study also reported high levels of mortality and increased disease susceptibility post-heat 471 
stress, even though colonies regained their pigmentation and SSTs had decreased (Miller et 472 
al. 2009; Muller et al. 2018). Similarly, surviving colonies at Beaver Reef that had returned to 473 
normal visual appearance, associated with an increase in Symbiodiniaceae populations 474 
within coral tissues (Muller-Parker et al. 2015), still sustained further partial mortality. This 475 
highlights the vulnerability of corals following heat stress events, with ongoing partial 476 
mortality of compromised colonies compounded by sources other than bleaching. This was 477 
observed in our study as the total tissue loss observed increased threefold in mildly 478 
bleached colonies with WS, which otherwise would potentially have had the energy reserves 479 
to fully recover (Anthony et al. 2009). While heat stress events cannot be locally managed, 480 
intervention to reduce additional stressors (e.g. through culling of predatory crown-of-481 
thorns starfish) could increase coral survival following these events, and reductions in 482 
sources of chronic stress, such as nutrient loading or turbidity, could support coral recovery 483 
(Hughes et al. 2010; MacNeil et al. 2019).  484 

The four colonies that retained their normal pigmentation throughout the study probably 485 
had greater resistance to heat stress, maintaining symbioses with their Symbiodiniaceae 486 
communities during the entire period of anomalous heat. Intraspecific differences in 487 
survival during bleaching events were also observed for species of Acropora on the GBR in 488 
2002 (Jones 2008). As all colonies in our study were located at similar depths and exposure 489 
aspects, the increased resistance of these four colonies was likely not due to shelter from 490 
additional stressors such as solar irradiance or water current (McClanahan et al. 2005; 491 
Anthony et al. 2007), or potentially other microenvironmental factors that may have 492 
ameliorated impacts of the heat stress (e.g. Page et al. 2019). Possibly, these colonies had 493 
higher energy reserves, enabling them to sustain symbiosis through the heat stress event 494 
(Wooldridge 2014). Alternatively, they may have hosted a more temperature tolerant 495 
Symbiodiniaceae clade, which potentially could have increased their thermal resistance by 496 
up to 1–1.5 °C (Berkelmans and van Oppen 2006). These heat tolerant colonies constitute a 497 
selective brood stock for stress tolerant genotypes, crucial for restoration efforts in warmer 498 
oceans forecast for the near future (Heron et al. 2016b; van Oppen et al. 2017).  499 

In October, 6 months after the heat stress event, none of the surviving colonies had re-500 
grown tissue over their denuded skeletons, described as the ‘‘Phoenix effect’’ in a study of 501 
Porites—an effect that can substantially facilitate reef recovery after mass bleaching events 502 
(Roff et al. 2014; Holbrook et al. 2018). It is possible that either the duration of our study 503 
was too short to detect re-growth or A. hyacinthus does not recover by re-growing over old 504 
skeleton and instead prioritises new growth (Roff et al. 2014).  505 



The cumulative impacts of bleaching and white syndromes  506 

The presence of WSs significantly exacerbated the impact of bleaching. On average, corals 507 
with WS signs in addition to bleaching-related stress suffered four to sevenfold greater 508 
tissue loss than colonies in the same bleaching categories without WSs. As an example of 509 
the severity of the cumulative effects of WSs and bleaching, moderately bleached colonies 510 
had more than 60% greater tissue loss when WS signs were present versus absent by the 511 
end of the heat stress event (based on 17 June survey). Additionally, WS signs occurred on 512 
the majority of colonies that subsequently suffered complete mortality. Overall, whole- 513 
colony mortality was up to fivefold greater by the June survey for corals displaying 514 
combined bleaching and WSs than for those that were bleached but not diseased.  515 

Similarly, a mass bleaching event followed by a disease outbreak resulted in a 60% reduction 516 
in coral cover in the Caribbean in 2005 (Miller et al. 2009). Subsequently, an outbreak of 517 
white plague disease following the 2015 mass bleaching event further reduced populations 518 
of some coral species to less than 3% of their prior density (Precht et al. 2016). Corals that 519 
had bleached were more susceptible to disease (Brandt and McManus 2009; Muller et al. 520 
2018), and thus, bleaching was argued to be the precursor for the 2015 disease outbreak in 521 
the Caribbean (Precht et al. 2016). Although disease was observed prior to the extensive 522 
bleaching on Beaver Reef, bleaching most likely further reduced disease resistance in the 523 
tagged population of A. hyacinthus. Our finding that WSs significantly exacerbated tissue 524 
loss, increasing accumulated tissue loss by threefold in mildly bleached colonies (to 69.6 ± 525 
10.5% loss), underlines the devastating cumulative effects of bleaching and disease and 526 
highlights the importance of including disease impacts when surveying bleaching, as the co-527 
occurrence of disease may be an important factor in predicting mortality following mass 528 
bleaching events. Although WSs were observed on moderately bleached colonies in our 529 
study, they were most prevalent on severely bleached colonies, further highlighting the role 530 
that compromised health (i.e. bleaching) plays in lowering resistance to disease (Maynard et 531 
al. 2015). WS prevalence was at its maximum (41 of 85 colonies) at the heat stress peak 532 
(DHW = 8.3 °C-weeks) on 31 March, supporting previous reports of WS prevalence being 533 
temperature driven (Selig et al. 2006; Bruno et al. 2007; Harvell et al. 2007; Heron et al. 534 
2010).  535 

The drivers of WS outbreaks are likely several. Bruno et al. (2007) linked increased disease 536 
prevalence with higher sea surface temperatures; a conclusion that was further supported 537 
in modelling studies by Heron et al. (2010) and Maynard et al. (2011). However, the 538 
occurrence of bleaching, on its own, has been suggested to be a poor predictor of WS 539 
outbreaks (Ban et al. 2013). It is possible that warm winter temperatures (i.e. +2 °C above 540 
winter averages) in 2016 sustained a higher than normal baseline prevalence of WSs 541 
(Harvell et al. 2009; Heron et al. 2010; Randall and van Woesik 2015), facilitating an 542 
outbreak in the 2017 summer. This may have been because of either reduced host 543 
resistance caused by chronic heat stress and/ or maintenance of pathogen loads through 544 
winter months. Declines in WS abundance by the end of the study, with only two colonies 545 
displaying WS signs on 17 June and one colony at the end of the study period (24 October), 546 
were most likely linked with decreasing SSTs, but were also potentially due to reductions in 547 
the population density of the coral host (Bruno et al. 2007; Heron et al. 2010). Previously, 548 
high host density ([50% coral cover) has been correlated with high prevalence of WSs (Bruno 549 



et al. 2007), and thus reductions in host density by more than half (to 31.0 ± 11.2% cover) by 550 
the end of the study accord with host density being lower than the suggested threshold for 551 
sustaining an outbreak. Finally, the high mortality of heat-stressed colonies, many of which 552 
were diseased, also reduced disease prevalence in the population, as dead colonies do not 553 
have disease signs. This added to the overall reduction in relative disease prevalence 554 
observed in this study.  555 

Long-term implications of heat stress on the coral population  556 

The 2017 extreme heat stress event, which peaked at 8.3 °C- weeks on Beaver Reef, caused 557 
extensive reef-wide and population-level mortality of corals, as demonstrated by the 68% 558 
mortality and sharp reduction in coral cover of tagged corals at Beaver Reef. Furthermore, 559 
extensive tissue loss on the 32 surviving colonies confirmed that virtually all corals were 560 
affected by heat stress. This extensive loss of the dominant tabular coral and reduced 561 
structural complexity of the coral community is predicted to have severe effects on reef-562 
associated fish and invertebrate communities and overall ecosystem functioning (Rogers et 563 
al. 2014; Kerry and Bellwood 2015; Darling et al. 2017). Furthermore, disease and bleaching 564 
substantially reduced population-level reproductive output, as 68 colonies suffered 565 
complete mortality and many (13) of the surviving colonies had suffered considerable partial 566 
mortality. Additionally, six of the surviving colonies were not gravid pre-spawning in 567 
October. Overall, reproductive potential of the A. hyacinthus population was reduced by ~ 568 
75%, significantly reducing the potential for local recruitment. Low local recruitment 569 
potential, combined with the absence of a ‘‘Phoenix effect’’, suggests that coral recovery at 570 
Beaver Reef will be slow and dependent on nearby source populations (Done et al. 2010; 571 
Holbrook et al. 2018). Similarly, the 2016–2017 back-to-back bleaching events were found 572 
to reduce overall coral recruitment by 89% along the whole Great Barrier Reef in a recent 573 
large-scale study (Hughes et al. 2019). This finding leaves little hope that source populations 574 
will be available to repopulate Beaver Reef and other denuded reefs, which has significant 575 
implications for the resilience of the whole reef system (Hughes et al. 2019). Ongoing 576 
monitoring of sites like ours, where the history of bleaching and disease is known, would 577 
yield important insights into recovery trajectories on GBR reefs (cf. Graham et al. 2011; Neal 578 
et al. 2017). As marine heatwaves are forecast to increase in frequency and severity 579 
(Frölicher et al. 2018), recovery windows will shrink, increasing the likelihood of permanent 580 
changes in the ecosystem (Hughes et al. 2018a, b). Therefore, understanding recovery times 581 
after such events is of prime importance to estimate the likelihood and extent of such 582 
changes.  583 

The high heat stress in 2017 together with high coral cover at the onset of bleaching fits 584 
with model predictions for projecting disease outbreaks and bleaching (Bruno et al. 2007; 585 
Heron et al. 2010; Maynard et al. 2011). Our data support the utility of these models and 586 
their usefulness for future projections of heat stress impacts on reefs. We documented 587 
strong cumulative effects of bleaching and WSs with good explanatory power, even though 588 
other stressors on coral populations, like irradiance or water quality, were not considered. 589 
In addition, our study highlights the importance of understanding the recent thermal history 590 
of reefs, beyond the immediate summer season (DHW), for predicting disease outbreaks. 591 
Overall, by following tagged colonies through time, we demonstrate cumulative impacts of 592 
disease and bleaching on a coral population and confirm that disease (at least locally) 593 



contributed to the substantial loss of corals on the GBR from heat stress in 2017. Future 594 
studies of the impacts of heat stress events should consider the role of diseases in coral 595 
mortality, as they magnify the impacts of stress events that cause bleaching.  596 
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