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Summary   

Severe marine heatwaves have recently becoming a common feature of global ocean conditions due 

to a rapidly changing climate [1, 2]. These increasingly severe thermal conditions are causing an 

unprecedented increase in the frequency and severity of mortality events in marine ecosystems, 

including on coral reefs [3]. The degradation of coral reefs will result in the collapse of ecosystem 

services that sustain over half a billion people globally [4, 6]. Here we show that marine heatwave 

events on coral reefs are biologically distinct to how coral bleaching has been understood to date, in 

that heatwave conditions result in an immediate heat-induced mortality of the coral colony, rapid 

coral skeletal dissolution, and the loss of the three-dimensional reef structure. During heatwave-

induced mortality, the coral skeletons exposed by tissue loss are, within days, encased by a complex 

biofilm of phototrophic microbes, whose metabolic activity accelerates calcium carbonate dissolution 

to rates exceeding accretion by healthy corals and far greater than has been documented on reefs 

under normal seawater conditions. This dissolution reduces the skeletal density and hardness and 

increases porosity. These results demonstrate that severe heatwave induced mortality events should 

be considered as a distinct biological phenomenon from bleaching events on coral reefs. We also 

suggest that such heatwave mortality events, and rapid reef decay, will become more frequent as the 

intensity of marine heatwaves increases and provides further compelling evidence for the need to 

mitigate climate change and instigate actions to reduce marine heatwaves. 

 

Results and Discussion 



The benefits that are derived from coral reefs span from coastal protection to subsistence and 

industrial fisheries, and these benefits are indisputably contingent upon the integrity of the complex 

three-dimensional reef framework [4, 5]. In 2016, the Great Barrier Reef (GBR) experienced the most 

severe marine heatwave that has ever recorded in the region [3]. Reefs of the northern GBR were 

exposed to severe sea surface temperatures (SST), in that thirty-one percent of GBR reefs experienced 

in excess of 8oC weeks (also referred to as 8 Degree Heating Weeks, DHW) the established threshold 

for coral mortality [3, 14, 15]. Associated with this event we observed a conspicuous weakening and 

erosion of the coral skeleton in corals exposed to the severe event on the northern GBR (Figure 1A-

D). We also found that the severe heat stress event in the northern GBR was exacerbated by the 

temporal development of the heating event, in that the sea surface temperature changes were 

characterized as a rapid and direct SST trajectory that has previously shown to result in high coral 

mortality [16] (Figure 1F, Figure S1). A rapid degradation of the coral three-dimensional structure 

was observed in situ on the GBR (Figure 1D) and this occurred in the absence of any major storm or 

wave events (Figure S1). The loss of structure was also not consistent with mechanical damage (e.g., 

the breakage or tipping of colonies), but was apparent as an erosion of surface area and complexity 

of the coral colonies exposed to the rapid and severe heat stress. Further observations indicated a 

rapid colonization of exposed calcium carbonate skeleton by a microbial biofilm associated with the 

rapid coral mortality (Figure 1A-D). Accompanying the formation of this biofilm was an apparent 

concurrent decay of the corals’ calcium carbonate corallite structure (Figure 1D). Interestingly severe 

heat stress events, wherein DHW exceeded 8oC weeks, are not only evident in temperature records of 

the northern GBR from 2016, but in fact occurred on 37% of reef locations worldwide during the 

2014-17 widespread global coral bleaching event (Figure 1E) [1], suggesting that these type of 

bleaching events are in fact a global phenomenon. 

 



To investigate the drivers of the observed rapid coral skeletal decay we simulated the severe heatwave 

conditions observed on the northern GBR during 2016. Two coral species that exhibited high 

mortality on GBR reefs in 2016 (Pocillopora damicornis and Acropora aspera) [3] were 

experimentally exposed to elevated SST conditions that resulted in not only the rapid loss of 

endosymbiotic dinoflagellates (bleaching) but also an immediate loss (heat induced mortality) of the 

coral host tissue (Figure 2A,B,E,F). Within our heatwave simulations, and consistent with field 

observations, the newly exposed calcium carbonate skeleton of heat-killed corals was rapidly 

colonized and encased by a complex microbial biofilm originating from the skeleton (within 2 days) 

(Figure 2A-H) (Figure 2, Figure S2, Video S1, Data S1, S2). Utilizing Fast Repetition Rate 

fluorescence (FRRf) we show there is an expansion of extant endolithic photoautotrophs within the 

coral skeleton and demonstrate the loss of photosynthetic signatures, characteristic of Symbiodinium 

spp., is followed by an immediate increase of photosynthetic signatures of Ostreobium spp. and 

phycocyanin-containing cyanobacteria (Figure 2 I,J, Figure S3). Ostreobium spp. is a green microalga 

globally prevalent in corals and found in high abundance within the skeleton below the corals organic 

matrix and polyp tissues [17]. A rapid population growth of Ostreobium spp. commonly occurs as a 

result of higher light penetration into the skeleton following coral bleaching and where the bleached 

coral tissue remains intact following the loss of symbionts this endolithic Osteobium spp. population 

is hypothesized to act as a beneficial symbiotic microbial association and provide a nutritional benefit 

to the coral through the provision of fixed carbon [18-22]. In the current study the endolithic bloom 

was observed immediately after the loss of host tissues (i.e., following heat induced tissue death and 

coral mortality), and was found to grow outwards through the denuded coral polyp skeleton, and a 

complex biofilm encasing the coral skeleton was established (Figure 2 C,D,G,H; Figure S3; Video 

S1, Data S1,S2). In this case the endolithic bloom was found to act as a colonizing microbe within 

the remaining coral skeleton, wherein increased light penetration of the skeleton likely enhanced 

growth of the otherwise light-limited endolithic community, and given the loss of intact coral tissues, 



no longer act as beneficial interaction for the host but as opportunistic overgrowth. The loss of the 

coral host tissues as a result of severe heat stress would in fact allow for a complete biofilm formation 

of the entire coral (within 1-3 days of the initiation of bleaching). We find that this biofilm was 

dominated by filamentous, chlorophyll-containing microalgae (genus Ostreobium spp.) and also 

colonizing Cyanobacteria (genera Oscillotoria spp, Anabaena spp.), alongside a loss of the 

characteristic coral-associated gammaproteobacteria. The overgrowing biofilm developed within one 

week of coral bleaching into a mixed population dominated by these filamentous chlorophyll 

containing microbes (Figure 2; Figure S3). This is distinct to that which has been reported in bleached 

corals where the host remains intact, wherein the typical coral-bacterial associations remain but the 

bleached coral microbiome increases in diversity and there is no reported increase in colonizing 

photo-autotrophs, as was found in the current study [23]. Importantly, filamentous Ostreobium spp. 

and cyanobacteria are both active chemical bioeroders of coral reef substrates and the growth of these 

microbes is known to accelerate coral skeleton decay [10, 24, 25]. In addition, while processes such 

as herbivory or scouring of the skeleton, which were not examined in this study, have the potential to 

modify or ameliorate the rate of biofilm formation, these would not alter the impact of heat induced 

mortality of the host. Observations of large-scale coral mortality events occurring and the extent of 

biofilm formation and colonization (as seen in Figure 1) indicate that algae removal processes are 

unlikely to effectively prevent the rapid biofilm formation that occurs during widespread heat induced 

mortality and heatwave conditions (Figure 1A-D). 

 

Concerningly we further show that P. damicornis and A. aspera skeletons encased by this microbial 

biofilm decalcified at rates of 1.9 ± 0.6 and 2.2 ± 0.7 µmol Ca2+/cm-2/h-1 (mean ± S.E.), respectively 

(utilizing quantification of CaCO3 accretion-dissolution through changes of free Ca2+ in surrounding 

seawater measured by microwave plasma-atomic emission spectrometry under ambient light 

intensity). Interestingly, CaCO3 accretion-dissolution in darkness demonstrated the same trend as in 



the light, independent of species (Figure 3A, B). Importantly the removal of the external biofilm did 

not significantly alter the decalcification rates, indicating internal microbial populations were 

contributing to the majority of decalcification (P. damicornis, p = 0.177, A. aspera, p = 0.668, Figure 

3A, B). Corals of both species held within the replicate ambient (control) conditions remained healthy 

throughout the simulation period and exhibited significant growth within the experimental systems 

(Post-hoc sequential Bonferroni, p < 0.001) calcifying at respective rates of 1.7 ± 0.2 and 1.7 ± 0.3 

µmol Ca2+.cm-2.h-1 (Figure 3A, B). When converted to monthly rates, the dissolution values recorded 

here were more than 10 times found in a normal reef environment and more than 5 times higher than 

coral skeletal dissolution rates seen in extreme conditions (1010 µatm pCO2 with elevated 

temperatures; Table S1). The effect of this rapid dissolution can be seen in the field images from the 

2016 bleaching event at Lizard Island (Figure 1) and further highlight the unique biological 

phenomena, caused by severe temperature and light conditions of marine heatwave events, on coral 

reefs which we investigate in the current study (Figure 1A-D). 

 

Interestingly when exposed to heatwave conditions microbial dissolution significantly altered the 

physical properties of the corals’ calcium carbonate skeleton. Computer tomograph (CT) scans [26] 

showed significant increases in total porosity (130%, p = 0.038) and micro-porosity (860%, p = 0.006) 

of biofilm encased P. damicornis (Figure 3C) and total (53%, p = 0.027) and macro-porosity (107%, 

p = 0.046) in A. aspera (Figure 3D) over the 5-week simulation period. This increase in porosity also 

resulted in a significant loss (12 ± 1%, p = 0.022) of skeleton strength (hardness) for P. damicornis 

(Figure 3C). Consistent with increased porosity, skeletons of both P. damicornis and A. aspera also 

exhibited alterations to the ultrastructure and a loss of the characteristic calcium carbonate skeleton 

structure within 2 weeks of biofilm development (Figure 3E-L, Figure S4). Corals exhibited a 

widening of corallites and thinning of septa (Figure 3G, H, K, L) when compared to healthy corals 

(Figure 3E, F, I, J, Figure S4). Similar microscale characteristic alterations have been reported as a 



result of decalcification in corals exposed to a high CO2 environment [27]. Finally, we also find that 

oxygen bubbles trapped within the microbial biofilm immediately following coral mortality further 

signified a localized internal enhancement of microbial metabolism (Figure 1G). Microprobes 

confirmed a lower photosynthesis-to-respiration ratio (P:R, mol O2: mol O2), driven by increased 

respiration over photosynthesis rates, inside the biofilm (P. damicornis = 1.35 ± 0.16, A. aspera = 

0.56 ± 0.09) compared with healthy corals (P. damicornis = 1.76 ± 0.25, A. aspera = 1.02 ± 0.13). 

Increased respiration rates, and the associated increased CO2 release, further accelerate chemical 

dissolution of the skeletal substrate, as reported in the current study. Whilst the exact mechanism by 

which microbial biofilm enhances dissolution could not be pinpointed, these responses are entirely 

consistent with metabolic acceleration of coral skeleton dissolution by Ostreobium spp. and 

cyanobacterial communities, as well as with heterotrophic bacterial breakdown of dissolved organic 

carbon from dead coral tissue [10, 28-30].  

 

In conclusion we propose that the rapid transition to microbial biofilm formation and skeletal decay 

that is associated with marine heatwave induced coral mortality, as reported here, is likely to become 

more common on coral reefs under future climate change (Figure 4). We suggest that further research 

into the frequency and severity of heatwave conditions on coral reefs is urgently needed, in particular 

it is imperative to determine what conditions on reefs, such as mixing, water flow and SST trajectory, 

have the potential to mitigate the speed of heat-induced mortality events. Information such as this 

may be critical in determining the effectivity of any local-scale interventions aiming to minimize coral 

mortality and retain reef-wide ecosystem function [31]. This research also highlights the need to re-

think our understanding of coral bleaching and the immediate impact of climate change on coral reefs. 

Coral bleaching has been widely described, and modelled, as a process of symbiosis breakdown from 

which corals have the capacity to recover, via a re-uptake of endosymbionts, if elevated temperatures 

abate. Under these conditions corals surviving the thermal stress event and subsequent bleaching 



process, have the potential to acclimatize and adapt to thermal stress and predicted future SST 

increases [11]. However, here we show that marine heatwave events on coral reefs are biologically 

distinct to how coral bleaching has been understood to date, in that heatwave conditions result in an 

immediate heat-induced mortality of the coral colony, rapid coral skeletal dissolution, and the loss of 

the three-dimensional reef structure. 

 

Our results here taken in context of underlying sea surface temperature conditions becoming more 

physiologically damaging within the coming decade [16] and climate models projections of severe 

coral bleaching exceeding 8oC-weeks DHW annually by 2030 [32], highlights the potential for 

bleaching events to have far more severe implications to the entire  reef structure in the immediate 

future. Taken together these results suggest far greater coral mortality associated with coral bleaching 

events in the future.  Our results also demonstrate that projected increases in SST have the potential 

to fuel the growth [10] and metabolic rates of microalgae and cyanobacteria during summer 

heatwaves, further enhancing the rate of microbial-driven coral dissolution [10, 33]. In fact the 

reduction in structural complexity as documented here, has already been observed as a result of the 

recent 2014-17 global coral bleaching event, where an approximately 30% reduction in topographic 

complexity was found in less than one year of the severe bleaching on two surveyed reefs [12]. Our 

evidence suggests erosion of coral skeletons is likely to occur far quicker than has so far been 

anticipated for coral reefs worldwide [34]. Such rapid decay starkly contrasts with previous estimates 

of erosion to the reef structural framework following bleaching, which is assumed to occur over 

timescales of months to years [7-9, 12]. Reef degradation is therefore likely to be an immediate 

consequence of severe marine heatwave events on coral reefs and concerningly, the implications of 

marine heatwaves on coral reefs globally have not yet been fully realized in predictions of future coral 

reef function [13]. 

 



The maintenance of the complex three-dimensional architecture of corals reef is integral to sustaining 

ecological and socio-economic services of coral reefs in the immediate aftermath of anomalously high 

summer temperatures [5, 35, 36]. Our study provides compelling evidence for the urgent need for 

society to execute global and local efforts to mitigate climate change for the protection of coral reef 

ecosystems. A failure to mitigate climate change and minimize the emergence of frequent and severe 

marine heatwaves, as shown by Henson et al. [37], not only puts corals and coral reefs at risk of 

ecosystem collapse but also threatens the livelihoods of the half a billion people worldwide directly 

reliant on the goods and services they supply [38].  
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Figure Legends 

Figure 1 Responses of northern GBR corals to the severe marine heatwave in 2016. (A-D) 

Time series of microbial colonization and succession following coral mortality (images from 

Chasing Coral courtesy of Exposure Labs). (E) Worldwide distribution of bleaching-level (DHW ≥ 

4°C-weeks) and severe heat stress (DHW ≥ 8°C-weeks) during the period January 2014-May 2017, 

the latter threshold (dark red) indicating locations that have experienced marine heatwave 

conditions similar to those seen in the northern GBR in 2016. (F) SST (blue) and DHW (red) 

experienced by northern GBR corals at Lizard Island. (G) Microprobes were used to monitor 

microbial metabolism changes by measuring oxygen bubbles trapped within the biofilm that rapidly 

developed on the coral skeleton post-mortem. See Figure S1. 

 

Figure 2 Microbial biofilm formation of Pocillopora damicornis and Acropora aspera. (A-H) 

Fluorescence images of healthy (A,E) and bleached (B,F) corals and the progression of microbial 

biofilm (C,D,G,H) after heatwave induced coral mortality of P. damicornis (A-D) and A. aspera (E-

H) over a 6 week period (blue – coral tissue, red – photosynthetic algae). Multispectral FRR 

fluorescence for P. damicornis (I) and A. aspera (J) for healthy (open circles) and experimental coral 

(closed circles) at 450 nm (blue), 530 nm (green) and 625 nm (red). See also Figures S2 and S3, Table 

S1, Data S1, S2, Video S1. 

 

Figure 3. Skeletal changes in Pocillopora damicornis and Acropora aspera.  Light and dark 

calcification rates for P. damicornis (A) and A. aspera (B) for healthy (black), algal overgrown (red) 

and overgrown with exterior biofilm removed (red hatched) corals 5 weeks after bleaching. Skeletal 

density and porosity of P. damicornis (C) and A. aspera (D), (values represent average ± standard 

error, n = 4, black = control, red = treatment).  Bars cluster p>0.05. Representative SEM images of 

P. damicornis (E-H) and A. aspera (I-L) corallites for healthy (E, D, I, J) and biofilm encased (G, H, 



K, L) corals at the end of the simulation period. See also Figures S2, S3 and S4, Data S1, S2, Video 

S1. 

 

Figure 4. Schematic representation of the succession of coral dissolution following marine 

heatwaves. Coral fragments transition from healthy (left) to becoming encased by microbial biofilm 

(right) under severe heat stress, resulting in coral mortality, microbial colonization, and skeletal 

decay. 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

STAR Methods 

CONTACT FOR REAGENT AND RESOURE SHARING 

Requests for an information, resources or reagents should be directed to and will be fulfilled by the 

Lead Contact Tracy Ainsworth (tracy.ainsworth@unsw.edu.au). 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Pocillopora damicornis colonies (approximately 10 cm in diameter) (n = 32 colonies divided into 

quarters to generate 128 fragments; parent colony was annotated per sample and each parent colony 

fragment was assigned to unique analysis to prevent pseudo-replication) and Acropora aspera 

nubbins (8-10 cm long) (160 fragments collected from at 6 distinct colonies separated by at least 10 

m) were collected from the reef flat of Heron Island, Australia (23.4423ºS, 151.9148ºE) in January 

2017, and were randomly allocated to one of four flow-through raceways (approximately 1000 L 

each) (see schematic Figure S2b).  

 

METHOD DETAILS 

Observations at severe bleaching field site. 

Time-lapse footage of coral bleaching, mortality and degradation from Lizard Island, Australia 

(14.67933ºS, 145.446ºE) was collected by Exposure Labs from 9th March until 15th May 2016. 

Temperature analysis was undertaken at 0.5° (~50 km) resolution using the Coral Reef Watch (CRW) 

Contingency SST produce, which became the primary data source for CRW’s 0.5° products on 1st 

February 2016 (i.e., during the studied heat stress event). These data were used to analyze the SST 

mailto:tracy.ainsworth@unsw.edu.au


time-series and derive data products. Reef-containing pixels (n=1928) were defined using the 

ReefBase reef locations dataset and following Heron et al. (2014). Wind speed data for Lizard Island 

were acquired from the satellite-derived Blended SeaWinds 0.25°, daily dataset. Monthly 

climatological wind speed and variability were determined from the period July 1987-April 2017, and 

used to consider potential reef degradation related to high wind (storm) events during the period of 

observations. During the footage acquisition, the only wind speed event to exceed the climatological 

value by more than two standard deviations (SD) coincided with the peak of bleaching (14th March, 

Figure S1), before structural degradation was seen. Notably, the only wind speed event greater than 

the gale force threshold (17 m/s = 34 kts;) occurred on 19th May, after the observation of structural 

degradation. Significant wave heights (Hs) for Lizard Island from the WaveWatch III model (0.5°, 3-

hourly) for the period February 2005-December 2016 were similarly examined to also consider effects 

of longer period waves (swell) generated by distant weather systems. Wave height exceeded the 

climatological value by more than two SD only once during the footage acquisition (25th April, 0300 

hrs UTC; Figure S1); however, neither this nor any other wave event reached the threshold required 

for the waves to cause mechanical significant damage to corals (Hs ≥ 4 m)[39]. Importantly for both 

wind and wave conditions, the corals studied were inside the lagoon, thereby protected from any 

broad-scale impacts and with limited fetch for the development of damaging sea conditions. That no 

broad-scale events occurred during the period of footage acquisition indicates that it is very unlikely 

that structural degradation was associated with external physical impacts. Corals were also collected 

from sites within the Northern Great Barrier Reef exposed to these severe conditions for tissue 

biopsies and symbiont density as a means to determine the extent of the bleaching during the event. 

The collected corals were observed to be extremely weak, break easily upon handling, and be 

colonized by micro-algae (personal observations of authors Ainsworth, Leggat). Taken together these 

in situ observations of the 2016 heat-wave provided the impetus for the current study to undertake a 

simulation of the severe marine heat-wave conditions. SST conditions during the 2016 marine 



heatwave (Figure S1) and previous summertime periods linked to bleaching conditions in the region 

(Figure S1) were also investigated, with 2016 marine heatwave found to be more severe than past 

bleaching events, these thermal profiles were used for experimental simulation of marine heatwaves. 

 

Experimental simulation of extreme thermal heat stress conditions.  

Each pair of raceways (control and treatment) was fed from a sump tank (3000 L), which was supplied 

with water from the reef flat. Coral nubbins (P. damicornis and A. aspera) were allowed to acclimatize 

for one week and were assigned to two thermal treatment raceways and two ambient raceways, the 

thermal treatment corals subjected to a simulated bleaching event, heating was controlled throughout 

the experiment by heating the sump tanks using two 3 kW submersible, programable, titanium heaters 

(Aquasonic, Australia). Elevated temperatures were maintained throughout the peak 

light/temperature conditions by daily ramping beginning at 9am, peak daily temperatures occurring 

mid-day and cooling occurring through the afternoons with overnight relaxation of temperatures. 

Each day temperature was increased approximately 1 degree from the previous day until the peak 

thermal exposure at the bleaching threshold (34°C for these corals on the heron island reef flat) over 

several days. Thermal variance was simulated based on reef conditions experienced on Lizard Island 

during the 2016 bleaching event (please see Figures S1 and S2). Water flow was maintained 

throughout the experimental period at approximately 0.05 meters per second within all the 

experimental raceways. Each coral fragment was imaged every 2 days throughout the experimental 

period and images are provided as supplementary image files (Data S1, S2) and changes to coral 

buoyancy at the end of the experimental period were video recorded (Video S1). In the experimental 

systems alkalinity was recorded at 2306 µm/kg seawater (+/-7) (control) and 2311 (+/-7) (treatment); 

salinity was recorded at 34.7 ppt (+/-0.05) (controls) and 34.9 ppt (+/-0.07). pH was recorded twice 

daily in all experimental tanks and was found to range between 7.9 - 8.2, consistent with previous 

records for the reef flat environment at Heron Island. 



 

Tissue Imaging 

The coral biofilm was dissected from the coral skeleton to allow wholemount imaging. The biofilm 

was suspended in DNA/RNA free water in a cover glass bottomed petri dish and innate fluorescence 

was imaged on a Zeiss Confocal Microscope under 10X magnification, excitation using 488, 561, 

633 lasers, fluorescence emission was collected in 9.2nm bands between 488 and 700nm.  The biofilm 

was also imaged via Z-stacking (70-100 optical slices per polyp) and 3D images were constructed 

using Zeiss Zen 2009 imaging software.  

 

Biofilm microbial community profiling.  

DNA was extracted from the biofilm of bleached and healthy coral skeletons. PCR amplification and 

sequencing was performed by the Australian Genome Research Facility. The 16S rRNA gene PCR 

primers 27F/519R with barcode on the forward primer were used in a PCR under the following 

conditions; 29 cycles of 95 °C for 7 minutes, 94 °C for 45 seconds, 50 °C for 60 seconds, 72 °C for 

60 seconds, 73 °C for 7 minutes. AmpliTaq Gold 360 mastermix (Life Technologies, Australia) for 

the primary PCR.  A secondary PCR to index the amplicons was performed with TaKaRa Taq DNA 

Polymerase (Clontech). The resulting amplicons were measured by fluorometry (Invitrogen 

Picogreen) and normalized.  The eqimolar pool was then measured by qPCR (KAPA) followed by 

sequencing on the Illumina MiSeq (San Diego, CA, USA) with 2 x 300 base pairs paired-end 

chemistry. DNA yield was recorded for all samples, DNA amplification was attempted for all samples 

and failure to amplify DNA was recorded.  

 

Fast Repetition Rate (FRR) fluorescence monitoring of heat stress response of coral 

photosynthetic microbes. 



Active fluorometry was used daily to evaluate the physiological response of all control and heat stress 

coral nubbins throughout the experiment. A multispectral FRR flourometer (FastOcean, Chelsea 

Technologies Group, UK) was used to discriminate the responses of different photosynthetic 

microbial pigment groups during heat stress and subsequent biofilm development. We employed the 

same set up of housing corals within the open optical head of an FRRf. All nubbins were measured 

at 08:00 local time by initially acclimating nubbins to low light. The FRRf was programmed to deliver 

single turnover chlorophyll fluorescence induction curves using LED excitation of different colors 

(blue, 450nm, green, 530nm, and orange 625nm), to preferentially stimulate chromophytes (e.g. 

Symbiodinium spp., Fl-ex: 450>530>625), chlorophytes (e.g. Ostreobium spp., Fl-ex: 450>625>530) 

and phycocyanin-containing cyanobacteria (e.g. Anabaena spp., Fl-ex: 625>530>450), respectively. 

A model was fit to each induction curve to retrieve physiological terms, including the fluorescence 

yield (F0, instrument units), and maximum photochemical efficiency (Fv/Fm, dimensionless). 

Photophysiological responses for A. aspera were similar to those for P. damicornis, with the 

exception that heat stressed fragments show a switch from the Symbiodinium community (days 10-

13) to the biofilm development, as a cumulative dominance of F0 (625, 450) over F0 (530) primarily 

through growth of Ostreobium spp. Loss of Fv/Fm from heat stress (Days 8-11) exhibited a slower 

‘recovery’ to initial values but again reflecting active growth through a switch in microbial 

assemblage. Trends show maintenance of F0 (450>530>625) in control fragments throughout the 

experimental period, as expected for an intact coral where the photosynthetic community is dominated 

by Symbiodinium spp. Heat stress-treatment fragments show a switch from the Symbiodinium 

community (days 0-7) to the biofilm development, as a cumulative dominance of F0 (625) over F0 

(450, 530) of a mixed assemblage of Anabaena and Ostreobium spp. Loss of Fv/Fm from heat stress 

was transient (Days 8-11) and recovers to initial values reflecting active growth but through a switch 

in microbial assemblage. 

 



Calcium Chemistry 

Analysis of calcium was performed using a microwave plasma-atomic emission spectrometer 

(Agilent MP-AES 4100, USA) equipped with a concentric nebulizer and a double pass cyclonic spray 

chamber.  Sea water samples were digested with concentrated nitric acid for 1h and were filtered from 

0.45 μm syringe mounted filter. Digests were further diluted with 2% nitric acid solution and 

quantified for calcium ion by external standard method (R2= 0.999). For the highest sensitivity, 

nebulizer pressure and viewing position were optimized automatically by the instrument. Before 

every sample reading, 30 s of uptake time and 30 s of torch stabilization time were set. Emission 

measurements were done at wavelengths, 422.67 nm and 393.36 nm and for each sample, 5 s read 

time with 3 replicates were applied. Precision and accuracy of the method was validated using 

replicate analysis of spiked samples. The recovery obtained was between 90.5 to 106.3%, with a 

precision of < 4 % RSD. 

 

Scanning electron microscopy 

A 2 cm wide cross-section was taken from the mid-point of the 7 cm coral branch. The cross-sections 

of coral skeletons were then washed in freshwater, the coral tissues and biofilm were removed with 

gentle brushing, and the skeletons allowed to dry overnight prior to mounting on stainless steel disks. 

Each cross-section was mounted to allow for imaging of the polyp structure on the outer surface of 

the coral skeleton and the skeleton was coated in 99.5% pure gold. Samples of healthy control corals 

(n=4 per species per time point, for 3 time points), thermally exposed corals (n=4 per species per time 

point, for 3 time points) and wild collected corals (n=4) were imaged using a Jeol JSM5410LV.  

 

CT Scan  

CT scanning was used to determine micro-, macro-, and total porosity of skeletons from biofilm 

encased and healthy corals. Each sample image (n=2 coral skeletons per experimental tank, per 



treatment per species) was acquired with a double helical trajectory on an FEI HeliScan MicroCT and 

reconstructed at 26.2 μm. A variant of the flood fill algorithm with a constrained invasion radius was 

used to mask the external empty space in the image. The images were segmented into pore, solid, and 

sub-resolution porosity (micro-porosity) phases using a converging active contours algorithm. The 

contribution of sub-resolution porosity to the total porosity was estimated based on local voxel 

intensity. All associated methods and algorithms are available through collaboration with the National 

Laboratory for X-ray Micro Computed Tomography, Australian National University, Australia. 

 

Skeletal hardness analysis 

A 1 cm cross section of coral was taken 4 cm down from the newest growth point of each fragment 

(n=5 per treatment, per species). Cross sections were embedded in resin and polished [40], before 

micro-hardness (6-8 replicate measurements per cross-section) was assessed using a Model D Shore 

scleroscope, calibrated on reference material and optimized for natural rock as outlined by 

International Society for Rock Mechanics (ISRM, 2014). With this technique, hardness is determined 

by the rebound height of the diamond tipped hammer, by its own weight and from a fixed height. It 

is measured on a calibrated scale which gives the Shore hardness value (SH) in its own units, with 

higher values indicated a harder material.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Microbiome Community Analysis 

Sequences were joined, depleted of barcodes then sequences <150bp removed, sequences with 

ambiguous base calls removed, sequences were denoised, OTUs generated, and chimeras removed, 

sequence data was processed and analyzed utilizing the open source Quantitative Insights into 

Microbial Ecology (QIIME) [41]. Operational taxonomic units (OTUs) were defined by clustering at 

3% divergence (97% similarity). Final OTUs were taxonomically classified using BLASTn against a 



curated database derived from GreenGenes, RDPII and NCBI. Sequence data is openly available via 

Figshare DOI 10.6084/m9.figshare.4867415 and at NCBI (BioProject ID PRJNA540757) or directly 

through the authors (bill.leggat@newcastle.edu.au).  A microbiome dataset consisting of 69,194 

sequences per sample (total of 968724 sequences) was subsequently generated and used in the 

following analyses. Analysis of the 16s rDNA of healthy and biofilm encased P. damicornis at the 

end of the experimental period show distinct differences in the bacterial population. The population 

of the biofilm encased corals are dominated by cyanobacteria (45% ± 5%), with the majority being 

from the family Pseudanabaenaceae (34.4%), with one taxon making up 10% ± 2% of the bacterial 

population. In contrast in healthy coral this family only comprised 5.3% of the bacterial population. 

The next most abundance group in biofilm encased P. damicornis are Alphaproteobacteria (35% ± 

4%), which are dominated by one OTU (10% ± 2%) with no close match in available databases. In 

healthy corals this OTU represents only 1.3% ± 0.5% of the bacterial population.  

Statistical analysis 

Data for the calcium chemistry, skeletal hardness, oxygen measurements, microporosity, 

macroporosity and total porosity were analysed using SPSS Statistics (v24, IBM Corp.) using an 

ANOVA with temperature a mains effect and tank a random effect.  

 

DATA AND SOFTWARE AVAILABILITY  

All figures and corresponding metadata are available via FigShare DOI 10.6084/m9.figshare.4867415 

and can be provided directly via contact with the authors (tracy.ainsworth@unsw.edu.au, 

bill.leggat@newcastle.edu.au, emma.camp@uts.edu.au). Code for the analysis of SST data and the 

raw SST data are available from https://coralreefwatch.noaa.gov/. Methods and algorithms for the 

Computed Tomography (CT) scanning are available through collaboration with the National 

Laboratory for X-ray Micro Computed Tomography, Australian National University, Australia. 16s 



sequence data is available at NCBI under BioProject ID PRJNA540757 or directly through the authors 

(bill.leggat@newcastle.edu.au).  

 

 

Data S1. Daily records of P. damicornis coral fragments within experimental simulation of 

extreme heatwave conditions and control ambient conditions. Related to Figure 2, 3. 

Data S2. Daily records of A. aspera coral fragments within the experimental simulation of 

extreme heatwave conditions control ambient conditions. Related to Figure 2, 3. 

Video S1. Buoyancy record of representative biofilm encased and healthy P. damicornis 

fragments. Related to Figure 2, 3. 
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Figure S1. Atmospheric and oceanographic conditions for Lizard Island. Related to Figure 1. 

A. Wind speed for Lizard Island during time-lapse footage acquisition. Daily data from the satellite-

derived Blended SeaWinds 0.25° dataset (black line) superimposed upon the seasonal climatology 

(black dashed) plus/minus two standard deviations (grey envelope). One wind event exceeded the 

high end (14th March) of the envelope during the footage acquisition (9th March-15th May 2016) but 

remained below gale force. B. Significant wave height for Lizard Island during time-lapse footage 

acquisition. Three-hourly output from the WaveWatchIII 0.5° model (black line) superimposed 

upon the seasonal climatology (black dashed) plus/minus two standard deviations (grey envelope). 

One wave event (24th April) exceeded the high end of the envelope during the footage acquisition 

(9th March-15th May 2016) but remained below the 4 m, considered as the threshold for wave 

damage to corals. C. Water temperature for Lizard Island during the 2016 marine heatwave. 

Temperature recording from 0.6m data logger data sourced from the Australian Institute for Marine 

Science GBROOS. D. SST trajectories of bleaching years 1985- 2017.  

 



 



Figure S2. Experimental conditions and responses of corals to elevated temperature. Related to Figures 2, 3. A. Temperature regime of 

experimental heatwave. B. Experimental design and coral allocation to raceways and analysis. C. Filamentous photoautotroph colonizers on, and 

collected from, P. damicornis and A. aspera, scale bar 20 µm.  
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Figure S3. FRR fluorescence and bacterial population responses of Pocillopora damicornis and Acropora aspera. Related to Figures 2, 3. 

Photophysiology responses for P. damicornis (A, B) were similar to those for A. aspera (C, D), with the exception that heat stress-treatment 

fragments show a switch from the Symbiodinium community (days 10-13) to the biofilm development, as a cumulative dominance of F0 (625, 

450) over F0 (530) primarily through growth of Ostreobium spp. Loss of Fv/Fm from heat stress (Days 8-11) exhibited a slower ‘recovery’ to 

initial values but again reflecting active growth through a switch in microbial assemblage. Bacterial population associated with healthy and 

biofilm encased Pocillopora damicornis within the treatment and control replicates. Significantly different bacterial associates of healthy (white 

bars healthy control corals, n=7) and biofilm encased (black bars heatwaves impacted corals, n=6) at the end of the experimental period.  Bars 

represent averages ± standard error.  

 
 
 



  
Figure S4. Scanning electron micrographs of P. damicornis (top) and A. aspera (bottom) biofilm affected coral skeletons. Related to 
Figure 3. 
 

  



Substrate Environmental conditions Rate (g CaCO3 
m-2 month-1) 

Reference 

Mollusc sediment Ambient, reef lagoon 29.2 [S1] 
Mollusc shell 
(Strombus gigas) 

Experimental inorganic nutrient 
enrichment, in situ 

37.6 [S2] 

Mollusc shell 
(Strombus gigas) 

Experimental inorganic nutrient 
enrichment, in situ 

33.2 [S3] 

Mollusc shell 
(Strombus gigas) 

Experimental inorganic nutrient 
enrichment, in situ 

49.4 [S4] 

Mollusc shell 
(Tricadna sp.) 

Inshore reef subject to terrestrial 
discharge (river) 

11.4 [S5] 

Coral block (Porites 
sp.) 

Volcanically acidified reef (pCO2 = 
502 µatm) 

126.6 [S6] 

Coral block (Porites 
sp.) 

Oligotrophic offshore reef (Osprey 
Reef) 

111.7 [S7] 

Coral block (Porites 
sp.) 

Oligotrophic offshore reef (Osprey 
Reef) 

112.5 [S8] 

Coral block (Porites 
sp.) 

Experimental pCO2 increase, ex situ 
(pCO2 = 750 µatm) 

39.0 [S9] 

Coral block (Porites 
sp.) 

Oligotrophic offshore reef (Osprey 
Reef) 

116.7 [S10] 

Micritic limestone Ambient, reef lagoon 43.3 [S11] 
Coral block (Porites 
cylindrica) 

Experimental pCO2 + temperature 
increase, ex situ (pCO2 = 1010 
µatm; temp = control + 4℃) 

239.6 [S12] 

Coral colony 
fragment (Acropora 
aspera) 

Experimental, marine heatwave 
induced mortality 

1584 This paper 

 
Table S1. Maximum rates of microbioerosion reported in the literature. Related to 
Figure 2. These values are from a range of different substrates and under a variety 
environmental or experimental conditions.  
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