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Abstract

In the Austral summer of 2023-2024, the Great Barrier Reef, Australia, experienced a significant mass coral
bleaching event, driven by record-setting sea surface temperature anomalies. This occurrence was part of the fourth
recorded global coral bleaching event. A collaborative effort was initiated between researchers from different
disciplines on Heron Reef (23°27’S, 151°55’E), to fill critical gaps in our understanding of how marine heatwaves
influence corals across varied ecological and spatial scales. Coral bleaching was quantified using environmental and
ecological data captured across three spatial scales: the reef, community, and individual colony level. Data were
collected using satellite imagery, in situ ecological surveys, temperature loggers and manipulative experiments,
conducted across multiple reef zones and depths. Bleaching responses were quantified primarily from 15 January to
31 May 2024. At the reef scale, satellite remote sensing revealed that 65% of the live coral area on the reef slope
presented some level of bleaching. Both reef and community-scale analyses, including citizen science surveys,
indicated that the windward east reef slope had the greatest bleaching impacts. Colony-scale investigations revealed
finer-scale bleaching responses, such as overall reductions in growth rates across all sites and taxa, higher bleaching
prevalence in hard carbonate substrate as opposed to rubble habitats, higher bleaching susceptibility in juvenile plate
corals compared to branching and massive morphologies, and intra-specific variation in thermal stress response
within a population of Stylophora pistillata. This multi-scale, cross-disciplinary approach provides insights into the
variability of coral bleaching at different spatial scales and underscores the importance of collaboration and scale-

appropriate monitoring to accurately quantify impacts and effectively inform reef managers.

Key words: coral bleaching, monitoring, thermal stress, ecological scales, spatial scales, collaboration

1. Introduction

Ocean warming due to anthropogenic climate change has significantly impacted marine ecosystems, especially coral
reefs. In recent decades, an increasing frequency of heatwaves has resulted in widespread coral bleaching and
mortality (Glynn 1996; Heron et al. 2016b; Sully et al. 2019; Hoegh-Guldberg et al. 2023; Reimer et al. 2024). Coral
bleaching most often occurs when the relationship between coral hosts and their photosymbionts breaks down,
leading to mortality if heat stress is severe and persistent (Hoegh-Guldberg 1999; Hughes et al. 2018a). The
bleaching response varies depending on the duration and severity of temperature stress above the local thermal
threshold (Liu et al. 2014b). The susceptibility and survival of corals are species-specific, influenced by factors
including the identity of photosynthetic symbionts (Ulstrup et al. 2006; Sampayo et al. 2008), microbial
communities (Ziegler et al. 2017; Peixoto et al. 2021), and host genetic factors (DeSalvo et al. 2010; Meyer et al.
2011; Fuller et al. 2020). Local environmental conditions and bleaching history also play a role (Oliver and Palumbi
2009; Guest et al. 2012; Brown et al. 2023b), whereby communities previously exposed to significant heat stress
might develop 'ecological memory' which can mitigate or exacerbate future bleaching impacts (Hughes et al. 2019;
Brown et al. 2023b). However, the degree to which corals can adapt to rapidly warming conditions is unknown.

Furthermore, after degradation of coral reefs there is an increased generation of coral rubble that can further
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complicate recovery prospects depending on many biophysical drivers (Kenyon et al. 2024). While there will almost
certainly be a general decline in coral cover under climate change, the future composition of coral reefs is difficult to
predict, owing to the complex and variable nature of bleaching susceptibility and responses shaped by both biotic

(e.g., community composition) and abiotic (e.g., temperature, salinity, UV exposure, depth, hydrodynamics) factors.

Coral bleaching responses are documented using various techniques, ranging from field surveys to aerial imaging
across different spatial scales, from the polyp to ecosystem level (Hickey et al. 2020; Lutzenkirchen et al. 2024;
Rivera-Sosa et al. 2025). Field studies often use in water surveys to track changes in benthic cover or bleaching
severity in coral species or communities (Siebeck et al. 2006; Done et al. 2017; Knipp et al. 2020; Roelfsema et al.
2021b; Edmunds 2024). While field studies consider community- or colony-scale patterns, remote sensing provides
broader reef-scale observations by detecting changes in sea surface temperature (Henson et al. 2010; Heron et al.
2016a) or visual signs of bleaching (Hughes et al. 2018c; Cantin et al. 2024). The Degree Heating Weeks (DHW)
metric, derived from satellites, is often used to detect large-scale temperature anomalies (Berkelmans et al. 2004;
Liu et al. 2014a; Skirving et al. 2020). Remote methods can also distinguish species-specific responses and potential
acclimatisation (Hughes et al. 2018b; Drury et al. 2022). Both reef- and community-scale approaches help to clarify
local reef conditions and health trends (Palandro et al. 2003; Hughes et al. 2018b). Data collected at various scales
can improve predictive models that track bleaching risk (Liu et al. 2014b), predict the likelihood of future events
(Teneva et al. 2012; Langlais et al. 2017; Mason et al. 2020) and identify bleaching refugia (Cheung et al. 2021;
Bozec et al. 2025). Understanding coral reef responses and variations across spatial scales is crucial for developing
effective conservation and intervention strategies (Morri et al. 2015; Cinner et al. 2018; Gouezo et al. 2021;

Edmunds 2024).

Coral bleaching severity and extent varies across time and space, influenced by factors beyond DHW. Local
conditions such as storm regimes, light availability, hydrodynamics, and turbidity can affect thermal stress and
recovery dynamics (Brown et al. 2002; McClanahan et al. 2005; Brown et al. 2023c). It is challenging to disentangle
these environmental and biotic influences and their relative contributions when monitoring bleaching events (Lesser
and Slattery 2021). This is driven partly by the fact that studies usually focus on a specific scale (e.g., individual
colonies, local communities, or regional ecosystems) which limits overlap among scales due to resource constraints.
There is usually a trade-off between resolution and extent covered (Madin and Madin 2015). For instance, large reef
systems like the Great Barrier Reef (GBR) have been monitored with substantial resources over long-term periods
(Mellin et al. 2020; Emslie et al. 2024), yet less than 1% of the GBR is assessed at the community scale. During
recent mass bleaching events (MBEs) on the GBR, reef-scale approaches were needed to rapidly determine
bleaching extent over a wider area. While understanding finer-scale responses (e.g., identifying thermally tolerant or
sensitive species) is critical to conservation and restoration decisions, reef-scale insights can inform larger scale
predictive models that in turn scale up interventions. Integrating colony-scale processes with reef-scale patterns can

erefore enhance our comprehension of a reef system's resilience and vulnerability.
theref h h f f system' | d vul bilit
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In November 2023, the National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch forecasted a
potential MBE on the GBR. This fourth global bleaching event was confirmed in April 2024, following widespread
bleaching in the Northern Hemisphere during the Boreal summer of 2023 and in the Southern Hemisphere during

the Austral summer of 2023-2024 (Reimer et al. 2024). Like the MBEs on the GBR in 2016, 2017, 2020, and 2022,
this event coincided with widespread above-average sea surface temperature (SST) anomalies, with average SST in

2024 setting a record for the GBR (Henley et al. 2024).

The November 2023 event triggered various scientists, each engaged in distinct, ongoing research on Heron Reef, to
initiate a collaborative effort to share resources and monitor the 2024 bleaching event within the scope of their
existing projects and resources. The aim was to investigate the bleaching response at different scales, from reef-scale
(m-km resolution) to in-situ community- (cm-m resolution) and colony- (mm-cm resolution) scale surveys. Our
specific objectives were to: 1) quantify and compare bleaching impacts across Heron Reef spatially and at varying
ecological resolutions, and 2) examine the contribution of different resolutions to our understanding of coral
bleaching responses. Our findings provide insights into the variability in reported bleaching outcomes at different
spatial scales and underscores the importance of scale-appropriate monitoring and collaboration to accurately

quantify impacts and effectively inform reef managers.

2. Methods
2.1 Study site

Heron Reef is an offshore platform reef in the Capricorn Bunker group of the Southern GBR (23°27°S, 151°55’E)
located within the Sea Country of the Gooreng Gooreng, Gurang, Bailai, and Taribelang Bunda peoples. The reef
covers approximately 27 km? and features a well-developed reef flat, crest, and slope with a relatively wide, shallow
lagoon (Ahmad and Neil 1994). Heron Reef was chosen for this study as it has a history of various research projects
and long-term monitoring by both scientists and citizen science organisations. Long-term monitoring has assessed
the benthic composition annually at the reef scale since 2002, by combining satellite imagery and benthic photo
quadrats (Roelfsema et al. 2018; Roelfsema et al. 2021b; Carrasco Rivera et al. 2025). For example, Brown et al.
(2018, 2023a) has surveyed six sites along the reef slope since 2015, and Connell et al. (1997) has surveyed reef flat
sites since 1964. Citizen science programs, Reef Check Australia (Salmond and Schubert 2023) and CoralWatch
(Siebeck et al. 2006), have monitored Heron Reef since 2009, providing annual benthic composition and impact

assessments across 16 sites.

The bleaching event in 2024, which included Heron Reef, impacted large parts of the GBR. The 2024 event marked
the eighth mass coral bleaching event documented for the GBR since such occurrences were first recorded in the
1980s. Five MBEs have occurred in recent years: 2016, 2017, 2020, 2022 and 2024 (Berkelmans et al. 2004; Henley
et al. 2024). During the 2016 and 2017 MBEs, Heron Reef experienced minimal bleaching (less than 10%; Hughes

et al. 2017), since the region is typically cooled by the southeasterly trade winds and cyclonic activity (Hughes et al.
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2019). In 2020, however, the region did not escape heat stress, with over 80% of branching Acropora colonies on
the Heron Reef flat bleached because of a site-specific DHW value of 7.84 °C-wk (Ainsworth et al. 2021; Brown et
al. 2023b). On the reef slope, the impact of the 2020 heatwave was comparatively lower, with an accumulation of
DHW of 5.60 °C-wk, resulting in only 9% of branching Acropora colonies bleaching (Ainsworth et al. 2021; Brown
et al. 2023b; Wasim et al. 2024). In 2022, 54% of monitored reefs in the southern GBR experienced bleaching
(Emslie et al. 2024), but Heron Reef was not one of them.

2.2 Data collection overview

This study reports on bleaching-related observations from research conducted at different spatial scales and
resolutions on Heron Reef (Figure 1). Coral bleaching datasets were collected and allocated to one of four
geomorphic zones on Heron Reef, delineated by depth and wind exposure: leeward north slope, windward east
slope, windward west slope (all 4—15 m depth) or the reef flat (1-2 m) (Figure 1b). These zones experience different
predominant wind and tidal current directions and strengths and temperature regimes (Roelfsema et al. 2021a;
Vercelloni et al. 2024). In this paper we predominantly report on observations made during the bleaching event,
defined as beginning when thermal stress started to accumulate (i.e., DHWs >0 °C-wk) and ending when that
thermal stress returned to 0, from 15 January to 31 May 2024. The few datasets that use data outside of this temporal

range are temporally delineated as being collected either before or after the bleaching event.
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Figure 1 Overview of data collection activities. Ecological scale and corresponding temporal range of activities

undertaken on Heron Reef across the 2024 mass bleaching event. Panel (a) shows a timeline of the seven studies

included in this paper, including the dates when each study was undertaken along with the corresponding mean daily

in-situ sea surface temperature (solid line) and degree heating weeks (dashed line; from NOAA Coral Reef Watch
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2024). Panel (b) shows a map of Heron Reef and the locations of environmental and ecological observations for this
paper within the leeward north slope, windward east slope, windward west slope (all 4—15 m depth) or the reef flat
(1-2 m) geomorphic zones. Photo quadrat survey site names are also listed. The inset map indicates the position of
Heron Reef within Queensland, Australia. Citizen science surveys conducted at sites across the western reef flat
surrounding Heron Island and the reef slope are not depicted in the above figure. For data collection site coordinates
and dates see Tables S1 and S2. Data collection sites are overlaid on a Planet Dove satellite image from 2 March

2024.

The analyses presented here are an opportunistic compilation of multiple datasets collected by different research
teams who were already conducting various research projects at Heron Island Research Station (HIRS) prior to the
2024 bleaching event (Figure 1; Tables S1 and S2). Together, these datasets span three ecological scales: the reef,
community, and colony (Figure 1a) and include environmental and ecological data. At the reef scale, bleaching
observations were derived by integrating field data and Planet Dove satellite imagery to create a bleaching presence-
absence map (Carrasco Rivera et al. 2025). At the community scale, benthic composition was assessed using
geolocated photo quadrats (Roelfsema et al. 2018) and coral bleaching colour scores collected within all reef zones
(Siebeck et al. 2006). Finally, at the colony scale we recorded growth of coral colonies, bleaching incidence of adult
and juvenile colonies on varied substrates, and bleaching and survival of fragments collected for an aquaria-based
experiment. This study focused on the observations at various scales during the bleaching event from January to
May 2024, not on the before and after bleaching observations, which will be presented in subsequent works. In
doing so, we centered the scope of this study on the importance of scale-appropriate monitoring and collaboration,
supporting a streamlined and focused narrative. The two exceptions to this approach are the community-level
CoralWatch study (Section 2.4.2), which requires before bleaching observations to provide context for the baseline
coral colour score distributions on Heron Reef, as well as the colony-level coral demographics study (Section 2.4.3),
which necessitated inclusion of data from 2022 to 2024 to demonstrate changes in colony growth and mortality over
time. Soft corals were excluded from all analyses due to differing tolerances and physiological responses to thermal

stress (Steinberg et al. 2022).

2.3 Temperature Data Collection and Evaluation

We recorded seawater temperatures at 10-to-60-minute intervals across multiple depth ranges (reef flat: 1-2 m, reef
slope shallow: 4-8 m, and reef slope deep: 9—15 m) and the three exposure zones (windward east, windward west,
and leeward north; Figure 1b). Data were collected between August 2023 and June 2024 using temperature loggers
(ElectricBlue EnvLogger (version T7.3), Onset HOBO 64K Pendant (UA-001-64), Onset HOBO TidbiT MX
(MX2203), and Dataflow Systems Odyssey loggers; Table S1). After retrieval, logger accuracy was validated by
comparing logger-recorded temperature to a reference temperature for a 30-minute period, at 1-minute intervals.

Data were adjusted to account for fine-scale variation between loggers (= 0.91 °C accuracy).
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Coral reef temperature anomalies, or ‘hotspots’ (HS), are commonly determined using climatological baselines (i.e.,
the Maximum Monthly Mean - MMM) to identify periods of thermal stress (Liu et al. 2014a). The climatological
MMM for Heron Reef is 27.3 °C (Weeks et al. 2008). Temperature anomalies were calculated from the collected
temperature data using the U.S. NOAA Coral Reef Watch (CRW) methodology (Eakin et al. 2010); if T,
representing the daily mean temperature, exceeded the region’s coral bleaching threshold (MMM + 1 °C; 28.3 °C),
then the MMM was subtracted from T:

HS, = (T, > MMM + 1°C) — MMM, HS; > 0

Importantly, we did not use nighttime-only temperatures, as is done with NOAA CRW, and instead used 24 h mean
temperatures, due to the diel variability across sites (Brown et al. 2023b). Thermal anomalies were then summed

across a rolling 12-week (84-day) period to determine the extent of thermal stress in DHW (°C-wk):
; HS,
DHW,; = Z (T)' where HS, = 1

n=i-84

Regional SST data from August 2023 to June 2024 were plotted against collected temperature data from Heron Reef
using the NOAA CRW Virtual Stations product for the Southern GBR (v3.1), which includes the region from
Hervey Bay to Mackay (NOAA Coral Reef Watch 2024).

2.4 Ecological data collection

As the resolution of collected data varies with scale, the bleaching metrics we present exhibit minor variability
among scales. While we aim to utilise the metrics of 'bleached’, 'partially bleached,' or 'not bleached' across scales,

any differences in the definitions of these metrics between datasets are clarified below.

2.4.1 Reef scale

Bleaching extent at the reef scale was derived by integration of benthic composition field data with satellite imagery,
using machine learning and object-based contextual editing. Benthic composition data were derived from
georeferenced photo quadrats sampled in March 2024 using an established monitoring protocol (Roelfsema et al.
2021a; Carrasco Rivera et al. 2025). Our surveys were conducted along 21 transects on the reef flat (~2 m depth)
and slope (~5 m depth) of Heron Reef. These included 8 sites on the leeward north slope, 5 on both the windward
east and west slopes, and 3 sites on the reef flat. Each transect was between 100 and 600 m in length (Figure 1b) and
was surveyed while snorkelling on the reef flat and on SCUBA on the reef slope, while towing a GPS to log the
position. Each photo quadrat captured approximately 1 m? of the seabed and was spaced roughly 2—4 m apart.
Benthic composition was derived from the photo quadrats using a trained machine learning model in ReefCloud
(AIMS 2024; see Table S3). Within ReefCloud, 50 random points were overlaid onto each photo quadrat, which

were assigned a benthic classification by the machine (see Table S3; Roelfsema et al. 2021). The machine was
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trained manually until a high model validation score was achieved (F1 > 0.8). Training points were only annotated
as bleached if the coral was distinctly white or fluorescent, to avoid model confusion between bleaching and healthy

pale morphs.

The benthic composition from each photo was used to derive mapping classes that include ‘Coral’, ‘Algae’,

'Algae/Coral’, ‘Rock’, ‘Rock/Coral’, ‘Sand’, ‘Sand/Coral’, and ‘Mixed’ benthic types. The 'Coral' class (where live
coral cover is >30%) was further classified into three levels of bleaching: >50% of coral bleached, 10-50% of coral
bleached, and <10% of coral bleached. Calibration (80%) and validation (20%) datasets were derived from the field

dataset and resampled to ensure representation across the benthic classes.

A cloud free, atmospherically corrected, and multispectral Planet Dove satellite image with a 3 x 3 m pixel
resolution was acquired from the 2nd of March 2024. The calibration dataset was used to train a Random Forest
classifier on the overlaid satellite image, and this was followed by an automated contextual editing routine (Lyons et
al. 2020; Lyons et al. 2024; Carrasco Rivera et al. 2025). The benthic classes were mapped for the reef slope of
Heron Reef limited to 10 m depth. Classes cannot be accurately differentiated at deeper depths. Finally, using the
validation dataset, a confusion matrix was created to determine the accuracy of the mapped distribution of ‘Coral'
and respective bleaching levels (Congalton and Green 2008). We did not map the entire extent of the reef because

there was no consistent field data for other geomorphic zones such as the lagoon, reef flat, and forereef.

2.4.2 Community scale

Bleaching response within benthic communities on the reef flat and slope

Bleaching was investigated at the community scale using benthic composition determined from the same photo
quadrats taken along 21 transects (Figure 1b) in March 2024 (Section 2.4.1) and analysed within R Statistical
Software (v4.4.2; R Core Team 2024) using the ‘tidyverse’ (v2.0.0; Wickham et al. 2019) and ‘ggplot2’ R packages
(v3.5.1; Wickham 2016). For each site, we calculated both the mean total live hard coral cover (%) and relative
percentage of live hard coral cover that was bleached and not bleached (%) from each quadrat and associated

standard error.

The coral bleaching data were further aggregated into three morphotype classifications: ‘branching’, ‘massive’, and
‘plate/encrusting’ (Table S3). Corals exhibiting plate or encrusting morphologies could not be categorised separately
within our dataset as some genera often display both traits concurrently. Solitary corals were excluded from this
comparison of morphotypes as they did not fall into one of these categories and had low occurrence. We calculated
both the mean total live hard coral cover (%) and relative percentage of live hard coral cover that was bleached and
not bleached (%) and associated standard error for each of these morphotypes in each zone (averaged across all
quadrats in a site, and then for all sites in a zone). As we did not model the data, we are not able to account for

spatial autocorrelation of our nested sample design when pooling multiple sites across a zone. To test whether

10
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bleaching prevalence differed significantly among coral morphologies, chi-squared tests were applied separately for

each zone using the ‘stats’ package in R (v4.3.2; R Core Team 2024).

Bleaching indicated by CoralWatch colour scores in different reef zones

The CoralWatch Coral Health Chart (Siebeck et al. 2006) was used to quantify bleaching severity during random
surveys conducted on the leeward north, windward west, windward east, and reef flat zones. The chart employs a
standardised six-point colour saturation scale to measure coral health, where lower colour scores indicate reduced
symbiont density and chlorophyll a content, representing a potentially bleached state (Siebeck et al. 2006). This
method has been used to collect 17% of all globally accessible bleaching field data (Carrasco Rivera et al. 2025).
From 1 September 2023 to 31 May 2024, a total of 167 surveys were conducted at 30 sites on Heron Reef to monitor
changes in coral colour before and during the 2024 bleaching event. Observations were recorded from 12 sites in
both the leeward north and reef flat zones, 4 sites in the windward east, and 6 sites in the windward west (Figure 1b).
Each survey included an average of 20 observations (1 observation = 1 individual coral colony measured), resulting
in the assessment of 3,343 coral colonies throughout the survey period. The surveys followed a random transect
protocol and were carried out by CoralWatch ambassadors, citizen scientists, school groups, and researchers.
Observations were collected during surveys via reef walks (number of colonies observed = 1,196), by SCUBA at
depths of 5-7 m (n=1,051), and by snorkelling at depths of <5 m (n = 1,096). Due to differing susceptibility to
bleaching, 217 observations of soft corals were excluded from the analysis. A chi-squared test was employed to
assess the differences in the frequency distribution of colour scores across the four zones before and during the

bleaching event using the ‘stats’ package in R.

2.4.3 Colony scale

Growth and survival of colonies in coral demography plots

Data were collected in September 2022, 2023, and 2024 at two sites (Coral Gardens, on the windward west slope,
and Libby’s Lair, on the leeward north slope; Figure 1b) to assess changes in coral demography rates (growth,
survival, and recruitment) due to the bleaching event. Whilst we were unable to demonstrate the effect of bleaching
experienced by individual colonies during the bleaching event, we measured the size (2D planar area of live tissue)
of tracked colonies and recorded total mortality across our permanent coral plots (at 6—8 m water depth) before
(September 2022 to September 2023) and after (September 2023 to September 2024) the MBE. We had 9 permanent
plots at Libby’s Lair and 5 at Coral Gardens (Table S7). Our methods for assessing coral demography are shown in
Figure S1, but briefly, we took scaled photographs of all living individuals (following Cant et al. 2023) to measure
coral size. Any new colonies that recruited into the permanent plots were assigned an ID and photographed. From
the scaled images, we manually outlined the area of living coral tissue on each coral colony, following the
SizeExtractR protocol (Lachs et al. 2022) on ImageJ (Schneider et al. 2012). Where partial mortality occurred, parts
of a tracked colony might have no live coral tissue or were overgrown by other organisms. In these instances, only
parts of the colony with live coral tissue were outlined and the area measured. Tracked coral colonies that were

either missing or had no living tissue were considered dead and contributed to total mortality.
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Changes in 2D planar live tissue area between 2022-2023 and 2023-2024 demonstrated the growth or shrinkage
(partial mortality) of coral colonies before and after bleaching, respectively. For all living corals, growth was
defined as the change in 2D planar area from one survey year to the next. Specifically, we calculated ratios of coral
size for both time periods (the period after bleaching and the period before), to determine growth by dividing the

new size (colony size at current year) by the old size (colony size at previous year). We then took log, of each ratio:

new size

log,( ). Log, of the size ratio is intuitive: no change in coral size gives 0 (i.e., log,(1) = 0), doubling in

old size
coral size gives 1 (i.e., log,(2) = 1), and halving in size gives -1 (i.e., log, G) = —1). We performed the Wilcoxon

rank sum test to assess whether growth (the log; size ratio) differed before and after the bleaching event for all
corals pooled across Coral Gardens and Libby’s Lair. We further investigated if the log, size ratio between the two
sites, and among the most abundant taxa (4cropora, Montipora, Merulinidae, and Pocilloporidae; Table S4),
differed before and after the bleaching event using the Kruskal-Wallis rank sum test and the post-hoc Dunn’s test.
For each site or taxon, we also examined the mortality rates before (number of dead coral colonies in September
2023) and after (number of dead colonies in September 2024) the bleaching event. We tested if mortality was
different before or after bleaching for both sites and across the four common taxa using the Cochran-Mantel-
Haenszel test and then calculated the conditional odds ratios for each site and taxon using the R package

‘samplesizeCMH’ (Egeler 2023).

Bleaching incidence of adult colonies in different substrate typologies

Various rubble bed types were assessed because rubble is predicted to increase in cover in the future (Kenyon et al.
2023a), and rubble of different typologies can lead to varying levels of coral recovery (Kenyon et al. 2024). This
project originally aimed to assess how coral survival differs between rubble beds of varying levels of stability and
stable hard carbonate reef, based on the fact that rubble instability can increase coral mortality (Brown and Dunne
1988; Fox and Caldwell 2006). Since little research exists on coral responses to bleaching within rubble bed
environments, especially under varying substrate conditions, this was an opportunity to examine how corals across
different substrate types respond to thermal stress, particularly as climate change increases both the frequency of

bleaching events and production of rubble.

In February 2023, on the windward west slope of Heron Reef, at a site known as Halfway, we established 8
experimental plots, each within a boundary of 5 m x 5 m, across three substrate typologies: loose rubble beds (n =3
plots), interlocked rubble beds (n = 3 plots), and hard carbonate reef (n = 2 plots). All these plots were situated at a
depth of 8—-10 m and on the same aspect of the reef within a 400 m range (Figure 1b). Therefore, we assume that
corals present in each substrate experience similar hydrodynamic activity, temperatures, and light, limiting
confounding factors. Temperature data were also collected from one plot per substrate type as per the methods
outlined in Section 2.3 (Figure S2). Within each plot, 1 m? permanent quadrats were established and every hard
coral colony within each quadrat was tagged with a unique ID tag, photographed, and measured in situ via SCUBA,

for a total of 400 tagged colonies. For each coral present, we noted the percentage of living, dead, and bleached
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tissue per colony during the in situ visual assessments. Colonies were then classified as either living (100%
unbleached tissue), dead (100% mortality), or bleached (any proportion of bleached tissue). Tagged corals were re-
measured in November 2023, February 2024, and June 2024, but only data from the bleaching event (February
2024) is presented here.

While coral species composition is unlikely to change dramatically within a 400 m range (Salmond et al. 2019), we
used a PERMANOVA with log+1 transformed data and a Bray-Curtis resemblance matrix to assess differences in
coral morphologies (branching, encrusting, massive, and plating) between substrates, thus accounting for bleaching
susceptibility driven by community differences. To determine how the proportion of bleached corals (part or all
bleached) and unbleached corals differed between substrate types, a generalised mixed-effects model (‘glmmTMB’
package in R) was used with a binomial error structure and ‘site’ as a random effect (Brooks et al. 2017). Dead

colonies were excluded from this analysis.

Bleaching incidence of juvenile colonies of different coral morphologies

In February 2023, two sites were selected at depths of 8-——0 m on the windward west slope in hard carbonate
dominated areas, to track the natural survival of juvenile corals (defined as coral colonies <10 cm maximum
diameter) in situ (Figure 1b). Permanent benthic quadrats (0.5 x 0.5 m, n = 10) were established at each site and
given a unique ID tag. Every three months from February 2023 to June 2024, all juvenile corals present within each
quadrat were mapped and measured using SCUBA, noting the coral’s morphology (based on classifications in
Roelfsema et al. 2021a) and tissue condition (percentage of tissue alive, dead, or bleached). We present the number
of bleached (either fully or partially bleached), dead, unbleached, and missing individuals (those that could not be
located within the quadrat at the time of the assessment) for each morphological type. Only data from the bleaching
event (February 2024) are presented here. The difference in bleaching incidence between coral morphologies was

assessed using a Pearson’s chi-squared test with the ‘stats’ R package.

Survival and bleaching of coral fragments tracked during a common garden experiment

A common garden experiment was conducted at the HIRS to assess thermal susceptibility differences within a coral
species during a bleaching event. Eighty colonies of Stylophora pistillata corals from 10 reef slope sites (Figure 1b)
were fragmented into 5 cm? nubbins (total of 240 nubbins) between 3 February to 5 February 2024. Sampling
followed depth transects (5—12 m) and colonies were selected irrespective of their bleaching status, at least 3 meters
apart. Within two hours of collection, coral nubbins were glued onto labelled aragonite substrates and placed in
experimental tanks. The experimental setup consisted of a semi-flow-through system with two outdoor aquarium
tables shaded with neutral density shade cloth. Heron Island Research Station maintains a continuous seawater flow-
through system, pumping seawater (from a depth of ~15 m in the Heron-Wistari channel at a rate of ~11 L/s)
throughout the HIRS experimental facilities. We placed three sumps onto each table, which were continuously fed
seawater (flow rate of 0.2 L/s), filtered for large particles, and each contained a 1500 L/hour pump. Each sump fed
into two 70 L aquarium tanks (flow rate of 0.04 L/s) and each tank included a 2500 L/h wave maker. The tanks
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drained back into the sump, and the sumps drained onto the holding tables and back to the reef. We did not control
the temperature, such that the temperature profile reflected the conditions where the seawater was sourced from,
including diel fluctuations (Figure S3). We monitored temperature in the tanks using HOBO loggers (HOBO
Pendant MX Temperature/Light Data Logger MX2202) and found no significant differences in temperature profiles
among tanks over the course of the experiment. The experiment lasted 12 weeks, between 3 February to 27 April
2024. Once a week, we measured the survival, bleaching status, percentage of bleaching, and colour score for each
fragment. Survival was categorised as ‘alive’, ‘dead’ (no polyp visible and/or fragment covered by algae), or
‘partially dead’ (only parts of the coral fragment dead). Bleaching status was recorded as ‘not bleached’, ‘partially
bleached’ (only part of the fragment was completely bleached), or ‘fully bleached’ (entire fragment was completely
bleached). The percentage of bleaching was visually quantified as the area of the fragment that was completely
bleached. The colour score was visually selected based on the closest match to the CoralWatch Coral Health Chart

(Siebeck et al. 2006).

3. Results
3.1 Temperature observations

Mean daily (24-hour) seawater temperatures began to rise in October 2023 and peaked toward the end of the Austral
summer in February 2024. The highest mean daily temperatures were recorded in this month at the windward east
shallow (28.82 °C) and deep slopes (29.03 °C), and on the reef flat (30.18 °C). Mean daily temperatures on the
leeward north deep slopes peaked in January at 28.78 °C, as did temperatures on the windward west shallow (28.77
°C) and deep (28.99 °C) slopes (Figure 2). Regional SSTs for the Southern GBR tended to be slightly higher (by
0.9—1.2 °C on average) than the mean daily temperatures recorded in situ at Heron Reef, likely due to spatial
differences and/or their greater depth below the sea surface. Mean daily temperature obscures tidal fluctuations,
which are greater on the reef flat than the reef slope. On the reef flat, the maximum mean hourly temperature of 32.3
°C, and highest temperature record of 35.2 °C were both recorded in February. The maximum hourly temperature

recorded on the reef slope was 29.6 °C, at the windward west deep slope in the same month.

Heat stress began to accumulate at Heron Reef in mid-January 2024. The lowest maximum DHW value was
recorded for the leeward north slope deep sites at 5.23 °C-wk. These leeward north deep sites experienced lower
heat stress than the deep sites on the windward west slope (8.69 °C-wk) and the windward east slope (9.66 °C-wk).
The shallow slope sites on the windward side experienced less heat stress than their deeper counterparts (shallow
west: 5.42 °C-wk; shallow east: 6.9 °C-wk). The highest heat stress was experienced on the reef flat at 12.13 °C-wk.
Additionally, the heat stress associated with regional SSTs peaked at 14.57 °C-wk, which is slightly higher than the
DHW reported for any specific Heron Reef sites (Figure 2).
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Figure 2 Seawater temperature and degree heating weeks (DHW) across Heron Reef (August 2023 - July 2024)
during the 2024 marine heatwave. From left to right, seawater temperatures (°C) and DHW (°C-wk) for the leeward
north reef slope, windward east slope, windward west slope, and the reef flat. Solid lines represent mean daily (24-
hour) temperatures, where DHW profiles are indicated by shading and DHW maximums are labelled. The solid
horizontal line indicates the region’s climatological maximum monthly mean (MMM; 27.3 °C), and the dashed
horizontal line indicates the region’s coral bleaching threshold (MMM-+1 °C; 28.3 °C). Satellite derived sea surface
temperature (SST) data are from the NOAA CRW Virtual Stations, southern GBR region v3.1.

3.2 Ecological observations
3.2.1 Reef scale

Significant bleaching responses from the 2024 bleaching event were observed on the reef slope through the analysis
of satellite imagery. The total mapped area was 3.6 km?, of which 1.61 km? (44%) was classified as live coral
(Figure 3). Of the live coral pixels (defined as pixels where live coral cover >30%), 43% (0.69 km?) presented over
50% bleaching, 22% (0.36 km?) displayed 10—-50% bleaching, while the remaining 35% (0.56 km?) showed less than
10% bleaching. Thus, a total of 65% (1.05 km?) of the living coral pixels were bleached to some degree. At the
within-geomorphic zone level, the windward east slope displayed the highest level of living coral pixels with
bleaching, where 74% of the living coral pixels presented some level of bleaching, compared to the windward west

and leeward north slopes with 70% and 58%, respectively. The mapped accuracy of the living coral class area was
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68%, and for the bleaching levels of >50%, 10-50%, and <10%, the accuracies were 54%, 62%, and 51%,

respectively.

Bleach
" Reef Slope

Figure 3 Distribution of live coral (where live coral cover is >30%) on the Heron reef slope. Mapped classes display
the level of bleaching (>50% bleached; 10-50% bleached; <10% bleached) during the bleaching event in March
2024. The grey area represents the extent of the reef slope geomorphic zone. The classified live coral area is overlaid

on the Planet Dove satellite image from 2 March 2024, used for the mapping via remote sensing.

3.2.2 Community scale

Bleaching response within benthic communities on the reef flat and slope

Varied coral bleaching responses across sites and morphologies were revealed by the geolocated photo quadrat
surveys. Across the entire study area, hard corals made up an average of 35.4% (+ 3.21 SE) of the total benthic
cover. A mean of 37.9% (& 2.85 SE) of this hard coral was bleached. Hard coral cover was higher on all sides of the
reef slope (40.8% = 4.76, 26.6% + 2.33, and 46.0% + 5.41 for leeward north, windward east, and windward west
zones, respectively) than on the reef flat (17.9% + 6.56). The relative percentage of bleaching was also higher on the
reef slope (40.0% £ 2.53, 49.2% + 6.2, and 37.4% =+ 4.76 for leeward north, windward east, and windward west
zones, respectively) compared to the reef flat (17.2% + 5.75).

While the mean hard coral cover on the slope generally decreased toward the windward east corner of the reef
platform, the relative percentage of bleaching increased (Figure 4). The percentage of bleached coral cover was high
across the entire windward east slope, peaking at Southeast Transect 1 (SETR1; 60.8% + 1.88) and Southeast
Transect 0 (SETRO; 58.8% =+ 1.73), which were also the highest values across all sites. Coral Gardens had the lowest
percentage of bleached coral cover of any site on the reef slope (22.2% = 1.75), while the lowest bleaching

percentage on the reef flat was observed at Reef Flat West (REFWest; 5.99% = 0.76).

16



484

485
486

487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

Total Live Hard

62.1 53.0 35.0 39.1 50.9 364 234 265:324 20.6 28.0 21.8 30.2:39.0 51.3 28.6 51.8 59.1i 4.8 24.8 240
Coral Cover (%)

100
|

Leeward N Slope Windward E Slope Windward W Slope Reef Flat

d ] O Bleached
@ Not Bleached
> =
14 3
bt =
w i
» o

Figure 4 Mean relative percentage of live hard coral cover (% = standard error) that was bleached (beige) and not

Junction
PlateLedge
CoralGrotto

Cascades
LibbysLair
HarrysBommie
CoralCanyons
CoralGardens
HeronBommie
BluePools

Mean Proportion of Live Coral Cover (%)
0 20 40 60 80
| | | | |
NWTR?| —
NWTRS| —
NETRS| ——
NETR4| ——
SETR?| ——
SETR1| n—
SETRO| —
HalfWay| [ ———
ResearchBeach| [ ——

Site

bleached (brown) per photo quadrat transect/site on Heron Reef in March 2024. The total live hard coral cover for
each site is noted in the grey box across the top of the plot and further detailed in Figure S4. Sites are organised by
geomorphic zone, where sites on the slope were surveyed at ~5 m depth and on the reef flat at 1-2 m depth. Refer to

Figure 1b and Table S2 for the location of each site.

Prior to the bleaching event, branching corals were the dominant morphology in all zones (31.19% + 3.90, 26.27% +
3.90, and 13.31% =+ 3.90 for the windward west slope, leeward north slope, and reef flat, respectively) except the
windward east slope, which consisted of relatively low cover of both plate/encrusting and branching morphotypes
(12.30% + 3.20 and 10.81% + 3.90, respectively; Figure S4). Bleaching prevalence differed significantly among
morphologies within each zone (Leeward N Slope: ¥> = 5553.0, df = 3, p-value < 0.001; Reef Flat: y> = 86.5, df =3,
p-value <0.001; Windward E Slope: y*> = 5415.7, df = 3, p-value < 0.001; Windward W Slope: > =5751.4, df =3,
p-value < 0.001). The lowest percentage of bleaching for any morphotype was observed for branching corals on the
reef flat (11.15% + 1.55; Figure 5). Massive corals were most affected by bleaching on the leeward north slope,
windward east slope, and reef flat (58.10% = 0.64, 63.14% + 0.62, and 12.19% =+ 0.66 bleaching, respectively;
Figure 5). On the windward west slope, plate/encrusting corals experienced the highest percentage of bleaching

(54.69% + 1.57; Figure 5c¢).
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Figure 5 Mean relative percentage of live hard corals (% =+ standard error) that were bleached (beige) and not
bleached (brown) for three hard coral morphotypes (branching, massive, plate/encrusting), within each of four
geomorphic zones (panels a-d) on Heron Reef in March 2024. The total live hard coral cover for each morphotype is
noted in the grey box across the top of each plot. The slope was surveyed at ~5 m depth and the reef flat at 1-2 m
depth. Refer to Figure 1b for the location of each zone.

Bleaching indicated by CoralWatch colour scores in different reef zones

During the bleaching event, bleaching was observed in 49 of the 93 surveys (52% of surveys), in which >20% of the
hard corals surveyed had a colour score of 1 (Figure 6). Whilst a statistically significant difference was found in the
frequency distribution of colour scores before and during the bleaching event across all zones (p-value <0.001;
Table S6), the magnitude of this difference varied between zones. The most dramatic increase in bleaching was
observed in the windward east, where there was a 36% increase in the number of colonies that were bleached
(colour score of 1). The leeward north and windward west zones experienced similar increases in bleached corals

with an increase of 22% and 21%, respectively.
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Figure 6 Frequency distribution of CoralWatch coral colour scores from surveys conducted before (1 September
2023 - 14 January 2024) and during (15 January 2024 - 31 May 2024) the 2024 bleaching event across four

geomorphic zones of Heron Reef.

3.2.3 Colony scale

Growth and survival of colonies in coral demography plots pre- and post-bleaching

Colony growth (log, coral size ratio) differed before and after bleaching, but there was no difference between the
two sites nor among the four taxa. Before the 2024 bleaching event (2022-2023), most corals across Coral Gardens
(windward west slope) and Libby’s Lair (leeward north slope) grew (positive log, coral size ratio), with median log,
size ratio greater than 0 (Figure 7a; Coral Gardens = 0.135 and Libby’s Lair = 0.068). However, these changes in
size were not significantly different between the two sites (K-W y 2= 0.42, df = 1, p-value = 0.52). After the
bleaching event (2023-2024), corals reduced in 2D planar area or experienced partial mortality, evidenced by a
general decrease in logy size ratio. The median log, size ratios for both sites were negative (Figure 7a; Coral Gardens

=-0.237 and Libby’s Lair = -0.399), and not significantly different across the two sites (K-W 2= 0.0013, df =1, p-
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value = 0.97). The overall reduction in log, coral size ratio after bleaching, however, meant that growth rates were

significantly different to those before bleaching (Wilcoxon W = 20842, p-value < 0.001). All four focal taxa except

for Merulinids grew before bleaching (Figure 7b; Table S7). Taxa did not differ significantly in their growth rates

before bleaching (K-W x2=6.91, df = 3, p-value = 0.08; Table S8). After the bleaching event, all taxa decreased in

size, as exhibited by negative median log, size ratios, and there were no significant differences across taxa (Figure

7b, Table S7; K-W % 2= 1.70, df = 3, p-value = 0.64).
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548 across sites: Coral Gardens (windward west slope) and Libby’s Lair (leeward north slope. Panels (c) and (d): the
549  number of corals that were alive (solid fill) and dead (transparent fill) at each sampling period. The numbers within
550 each bar are the proportion of the total number of corals that were either alive or dead. Data are grouped by the four
551 main taxa: Acropora, Merulinidae, Montipora, and Pocilloporidae.

552

553 Mortality increased dramatically across sites and for all taxa after the bleaching event. Across both sites, the odds
554  ratio (OR) of a coral being dead after the bleaching event was 4.82 (Figure 7¢; Mantel-Haenszel y 2 = 74.0, df = 1, p-
555 value < 0.001, common odds ratio estimate = 4.82 [95% CI: 3.34—6.97]; Table S10). An OR greater than 1 indicated
556 a positive association between mortality and the bleaching event and the larger the number, the stronger the

557 association. Increased mortality after bleaching also occurred across taxa, where the OR of a coral from the four
558 main taxa being dead after the bleaching event was 5.35 between the 2022-2023 and 2023-2024 sampling periods
559 (Figure 7d; Mantel-Haenszel 32 = 75.9, df = 1, p-value < 0.001, common odds ratio estimate = 5.35 [95% CI: 3.62—
560 7.90]; Table S10). Pocilloporidae and Montipora spp. had the highest proportions of mortality after bleaching (83%
561 and 60%, respectively; Figure 7d).

562

563 Bleaching incidence of adult colonies in different substrate typologies

564 A total of 2% and 11% of corals died in the loose and interlocked rubble beds, respectively, while 6% died in the
565 hard carbonate (Figure 8a). The likelihood of coral bleaching—for corals that were still alive—varied significantly
566 across substrates (p-value = 0.007; Figure 8b). The probability of bleaching was lower in the loose rubble bed than
567 in the hard carbonate (53% + 0.09 and 85% + 0.05, respectively; p-value = 0.01; Figure 8b). Corals were also less
568 likely to bleach in the interlocked rubble bed (58% = 0.07) than in the hard carbonate (p-value = 0.01; Figure 8b).
569 However, the likelihood of bleaching in the two rubble beds was statistically similar (p-value = 0.9; Figure 8b).
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Figure 8 The (a) proportion of bleached, unbleached, or dead corals across substrate types and the (b) average
probability (mean = SE) of bleaching per substrate type for live corals. Differing letters (i.e., A and B) indicate a
significant difference in the probability of bleaching between substrate types.

The composition of coral morphologies was similar across all substrates (p-value = 0.07; Table S11; Figure S5).
Temperatures were also similar between the loose and interlocked rubble bed substrates into which loggers were
deployed (Figure S2). The mean daily temperature peaked in February at 28.7 °C and 28.9 °C in the interlocked and
loose beds, respectively (Figure S2), like other nearby windward west sites at the same depth (windward west deep:
28.99 °C; Figure 2). Unfortunately, the flooding of both loggers in the hard carbonate resulted in no data for the

substrate.

Bleaching incidence of juvenile colonies of different coral morphologies

A total of 148 juvenile corals were recorded in February 2023 at the windward west slope site, with 56% of them
being branching morphotypes, predominantly Acropora spp. During the bleaching event in February 2024, 116 of
these corals were still present, with bleaching impacts (individual colonies either fully or partially bleached)
observed in 43% of these remaining corals (Figure 9). Bleaching incidence was significantly different between coral
morphologies (2= 80.108, df = 3, p-value < 0.05), with bleaching observed for 90% of plate corals, 40% of

branching corals, 34% of massive corals, and 42% of the other hard coral colonies (Figure 9).
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Figure 9 Percentage of juvenile coral colonies (%) by colony condition observed during the bleaching event

(February 2024) per each coral morphotype on the windward west slope.

Survival and bleaching of coral fragments tracked during a common garden experiment

The 12-week common garden experiment resulted in substantial variation in survival and bleaching response among
the 240 S. pistillata fragments. At the end of the experiment, 68% (164/240) of fragments had died and all observed
cases of mortality had bleached prior to death. We observed an increasing number of bleached fragments over the
twelve weeks: the proportion of partially bleached fragments reached 35% (86/240) at week three and the proportion
of fully bleached fragments reached 13% (32/240) at week five (Figure 10a). Bleaching area for each fragment also
increased, reaching an average of 40% at week six (Figure 10b) along with a decrease in overall fragment colour
(i.e., paling) (Figure 10c). For those fragments that were still alive, a recovery stage appeared to be reached in the
last three weeks, as the bleaching area per fragment reduced and the fragments regained a darker colour. The
temperature in the experimental tanks showed concurrence with the temperatures observed on the reef during the

heat stress (Figure S3).
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Figure 10 Variability in bleaching response of 240 Stylophora pistillata fragments held in common garden
conditions at Heron Island Research Station, subject to 2024 heat wave temperatures for 12 weeks (W1-W12). Panel
(a) presents changes in fragments’ survival over time (‘Alive’ = no tissue was dead and 0% was bleached, ‘Partially
dead’ = more than 0% and less than 100% of tissue surface was dead, ‘Dead’ = all tissue was dead). Panel (b) shows
changes in the fragments’ percentage of bleached area over time. Panel (c) shows the changes in fragments’ colour

score over time.
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Table 1 Summary of bleaching responses observed across all spatial scales.

Ecological

common garden experiment
Depth: 5-12 m

Sampling method Key bleaching results
scale
Reef Environmental (temperature & e The greatest accumulation of heat stress (DHW) was within the reef flat (12.12 °C-wk).
‘ DHW) e Northern, eastern, and western slopes accumulated between 5.23-9.66 °C-wk.
e Heat stress on the reef flat in 2024 was 155% higher than the 2020 event (7.84 °C-wk).
Bleaching observations based on e  43% (0.69 km?) of live coral pixels on the reef slope presented >50% bleaching, 22% (0.36 km?)
satellite derived data presented 10-50% bleaching, 35% (0.56 km?) exhibited <10% bleaching.
Depth: <10 m e  Overall, 65% (1.05 km?) of living coral pixels were affected by bleaching (to any level), with bleaching
being most prevalent on the windward east slope.
Community Bleaching response within e  Across the entire reef, 38% of hard coral cover was bleached, with massive and plate/encrusting
=== = benthic communities on the reef morphotypes being the most affected.

& flat and slope ® There was more bleaching on the reef slope than the flat, with the most bleaching on the windward east
Depth: 1-5m slope.
Bleaching indicated by e  Coral colour score changes were most pronounced in the windward east zone.
CoralWatch colour scores in
different reef zones
Depth: 0—7 m
Growth and survival of colonies e The bleaching event was associated with reduced coral growth rates (indicated by log, coral size ratios)
in coral demography plots pre- and heightened mortahty at bOth sites.
and post-bleaching e  Mortality rates were the highest for Pocilloporidae followed by Montipora spp. Merulinidae corals
Depth: 6-8 m showed greater resilience with the smallest increases in mortality.
Bleaching incidence of adult e Bleaching was most probable in the hard carbonate substrate plots (85% probability of bleaching),
colonies in different substrate compared to the interlocked rubble bed (58%) and the loose rubble substrate (53%).
typologies
Depth: 8-10 m
Bleaching incidence of juvenile e Bleaching incidence was observed in 43% of remaining tagged juveniles.
colonies of different coral e Juvenile bleaching incidence was observed in 90% of the plate corals, 40% of branching corals, 34% of]
morphologies massive corals, and 42% of other hard coral morphotypes.
Depth: 810 m
Survival and bleaching of coral o 068% of S. pistillata fragments died over the 12-week period and survivors appeared to recover in the
fragments tracked during a last 3 weeks.

e Different fragments of S. pistillata exposed to the same thermal stress environment for three months

showed different bleaching responses and survival.
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4. Discussion

By quantifying bleaching effects across multiple spatial scales, we documented severe and extensive coral bleaching
in response to the 2024 thermal stress at Heron Reef. Heat stress reached levels never recorded before at Heron
Reef, with 12.13 °C-wk on the reef flat and up to 9.66 °C-wk on the reef slopes. This led to a total of 43% of coral
area on the reef slope considered bleached and 65% affected by bleaching to some degree, when observed at a reef-
scale. At the community level, photo quadrats aligned with remotely sensed patterns, revealing that between 37%
and 49% of corals across the reef slope zones were bleached, whereas only 17% were bleached on the reef flat. At
both reef and community-scales, bleaching was more prevalent on the windward east reef slope, where heat stress
was slightly higher. At the colony-scale, bleaching affected adults and juveniles similarly. Observations from both
methods of data collection detected bleaching in branching and plating corals, with Pocilloporidae and
plating/foliose Montipora corals suffering the highest mortality. Finally, bleaching responses varied at the finest-
scale, among individual colonies of the same species. A summarised description of the key results at each scale are
presented in Table 1. Future studies will ascertain how these bleaching impacts have affected post-bleaching

mortality rates across exposures and depths.

4.1 Temperature observations

Unprecedented thermal stress was experienced across Heron Reef during the 2024 MBE on the GBR. Thermal
stress, as measured by DHW, varied by zone and depth, with the highest heat stress recorded on the reef flat,
followed by windward deep sites, windward shallow sites, and finally leeward north deep sites. Our results revealed
greater heat stress on the reef flat compared to the reef slope, aligning with patterns observed during the 2020
marine heatwave (Ainsworth et al. 2021; Brown et al. 2023b). However, reef flat heat stress in 2024 was 155%
higher (12.13 °C-wk) than in 2020 (7.84 °C-wk). Regarding the reef slope, heat stress was slightly higher at
windward eastern compared to western sites. We expected higher stress in the west, owing to reduced hydrodynamic
energy there compared to eastern sites (Dechnik et al. 2017; Duce et al. 2020). Lower energy can result in longer
seawater residence times which can exacerbate temperature stress. While this link between lower energy and higher
temperature stress was not apparent with respect to aspect, it could explain observed patterns of heat stress across
depth. Heat stress was slightly higher at deeper sites (lower wave energy) as compared to shallow sites (higher wave
energy). Depth is often considered a refuge due to reduced seawater temperatures and/or light levels. However, in
other areas of the GBR during the 2016 bleaching event, a subsidence of upwelling led to very similar temperatures
and heat stress between depths of 10 m and 40 m (Frade et al. 2018). Our results with respect to heat stress on the
reef slope highlight the complexity of coral bleaching and underscore the need for comprehensive monitoring of

seawater temperatures and coral community health across fine-scale spatial resolutions.

4.2 Ecological observations: Reef scale

Monitoring coral bleaching at the reef-scale has only recently gained attention, highlighting an important shift

toward understanding bleaching impacts across an entire reef system (Hickey et al. 2020; Lutzenkirchen et al. 2024).
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Our remotely sensed results provide valuable insights into the extent and severity of bleaching across the Heron
Reef slope down to 10 m in depth. Within the area of reef slope mapped as live coral, approximately 43% (0.69 km?)
exhibited >50% bleaching and 65% (1.05 km?) exhibited some degree of bleaching (>10% bleaching). Bleaching
predominantly affected the windward east slope, which coincided with the highest accumulation of DHW on the reef
slope. The accuracy of these maps aligns with those reported in other remote sensing coral reef studies (Andréfouét
2008; Roelfsema et al. 2018), and the March 2024 live coral cover and bleaching map showed patterns consistent
with previous field-based studies at Heron Reef (Roelfsema et al. 2021a). These reef-wide snapshot estimates
facilitate a broad quantification of disturbance impacts, allowing for the extraction of surface area metrics per
bleaching level (i.e., >50% bleached, 10-50% bleached, and <10% bleached; Naumann et al. 2009; Foo and Asner
2019).

4.2 Ecological observations: Community scale
4.2.1 Bleaching response within benthic communities on the reef flat and slope

Community-scale assessments are a common approach for monitoring coral bleaching and offer insights into the
spatial variability of coral health, resilience, and deterioration. On Heron Reef, analysis of 21 geolocated photo
quadrat transects revealed the average percentage of bleached coral cover was 38% across the entire reef, with
variability in bleaching responses between geomorphic zones and coral morphotypes. Corals on the reef slope
exhibited more bleaching, particularly on the windward east side, with southeast transects SETR1 and SETRO
having bleaching percentages of 61% and 59% respectively. These findings corresponded with high DHW on the
windward east slope. Bleaching, and subsequent mortality on the reef flat, was very high in 2020 (60-70% of total
coral cover bleached and/or dead) (Ainsworth et al. 2021; Brown et al. 2023b). In contrast, only 17% of corals on
the reef flat experienced bleaching in 2024, with a currently unknown survival rate. This suggests that coral
mortality in 2020 could have resulted in strong selection for robust coral hosts and Symbiodiniaceae genotypes
and/or that the colonies which survived the 2020 event experienced beneficial acclimatisation or stress hardening via
environmental memory (Hughes et al. 2019; Brown et al. 2023a; Brown et al. 2023b). In comparison, the reef slope
on Heron Reef experienced very little bleaching during the 2020 event (approximately 10% bleached; Ainsworth et
al. 2021) as compared to the 37-49% bleaching exhibited across the reef slope in 2024. Such spatial and temporal
variability in bleaching responses can arise from interactions between extrinsic factors like hydrodynamics and
intrinsic factors such as adaptations (Penin et al. 2007). This differential response in bleaching across zones may be
related to preexisting coral community composition (Carrasco Rivera et al. 2025; Vercelloni et al. 2024; Darling et

al. 2012).

Unlike ex situ reef-scale observations, in situ surveys can discern coral community bleaching responses at finer
scales, such as by morphotype, providing insights into community shifts following disturbances (Hughes et al.
2018b). During the 2024 event, the massive and plate/encrusting morphotype categories experienced the highest

proportion of bleaching, while branching morphotypes experienced the least. This pattern reflects trends from the
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2016 event, where Hughes et al. (2018b) noted corals in the now revised Faviidae family, which typically exhibit
massive morphologies, experienced the most bleaching. Despite this, corals within the Acroporidae and
Pocilloporidae families faced higher mortality, suggesting that bleaching is not always a reliable predictor of
mortality (Hughes et al. 2018b). However, the colony-scale results in our study showed that bleaching in juvenile
corals was highest for plating morphologies, and that plating adult Montipora corals also had the highest rates of
mortality post-bleaching, showing that mortality can mirror bleaching in some cases. Future research will investigate

the post-bleaching survival of bleached corals observed in this study.

4.2.2 Citizen science bleaching observations

Citizen science initiatives like CoralWatch significantly broaden the scope of participation in observing and
documenting bleaching events as they unfold. Our incorporation of CoralWatch surveys conducted during the March
2024 event revealed that 52% of surveys indicated bleaching. Reductions in coral colour scores were most
pronounced in the windward east zone, reflective of the other community- and reef-scale observations. Previously,
the average colour score from CoralWatch health charts has been used to identify bleached reefs. However,
supplementary analysis (see Figure S6 and Table S5) revealed that this metric is not a sufficiently informative
indicator of changes to colony health. Coral species vary in their susceptibility and resilience to thermal stress,
therefore there is significant variation in coral colour when enduring or recovering from a bleaching event.
Averaging colour scores across a survey can therefore generate a deceptively high overall score, masking fine-scale
heterogeneity in coral colour as bleaching progresses. This limitation meant that bleaching events were only
identifiable after widespread and severe bleaching had already occurred. As a result of these findings, the approach
to recording and reporting bleaching events in the CoralWatch global coral health database has been updated and
now also incorporates changes in the frequency distribution of colony colour scores to assist in the early detection

and communication of bleaching events.

4.3 Ecological observations: Colony scale
4.3.1 Growth and survival of colonies in coral demography plots pre- and post-bleaching

At Libby’s Lair (leeward north slope) and Coral Gardens (windward west slope), we observed trends in growth and
mortality rates reflective of the community- and reef-scale findings. Many corals across the most abundant taxa
(Acropora, Merulinidae, Montipora, and Pocilloporidae) suffered losses of live coral tissue (i.e., partial mortality)
between 2023 and 2024. Since coral bleaching is physiologically stressful, the observed net reduction in coral
colony size could hinder future reproductive output (Ainsworth and Brown 2021). Although our findings show that
all coral taxa were negatively affected, bleaching mortality appears to vary among taxa and growth forms, consistent
with previous findings (Darling et al. 2012; Morais et al. 2021). Merulinidae corals (massive and sub-massive
morphologies), for example, were least affected by the bleaching event, having the lowest mortality. On the other
hand, Pocilloporidae and Montipora corals, which were mostly of branching or plating/foliose morphologies, had

the highest mortality post-bleaching. Taxa-specific variation in bleaching and mortality response might lead to shifts
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in coral community composition if low growth and recruitment persist. Such shifts can impact the delivery of key
ecosystem services reliant on habitat complexity (e.g., Beese et al. 2023). Under climate change, recurrent marine
heatwaves leading to increased frequency and intensity of bleaching events will likely lead to further partial and
total mortality. Where corals have died, open substrate becomes available for the recruitment of new individuals into
the demographic plots, provided there is sufficient brood stock to replenish the local populations (Dietzel et al.
2020). However, it is unclear whether local populations will persist into the future under the current community
structure (e.g., Cant et al. 2021), especially if MBEs negatively affect coral growth indiscriminately, as shown in this
study. For example, we demonstrated that although Merulinidae had the least mortality relative to other taxa, the
taxon’s growth had been negative even before the MBE. Further monitoring and research are needed to determine

the recovery of Heron Reef coral populations.

4.3.2 Bleaching incidence of adult colonies in different substrate typologies

Loose rubble creates a hostile environment for coral recruitment due to its instability and tendency for mobilisation
(Kenyon et al. 2023b). No studies have specifically explored how different rubble bed typologies affect coral
bleaching. Filling these knowledge gaps through further investigation into rubble bed dynamics could provide
insights into the characteristics that influence coral susceptibility to bleaching. Our results indicate significant
variation in the probability of bleached corals between the substrates. The highest proportion of bleached corals was
found on hard carbonate, while fewer bleached corals were found in loose and interlocked rubble beds. Despite the
sites having similar coral community compositions, temperatures, and water depths, small-scale environmental
differences may have influenced the extent of coral bleaching between hard carbonate and rubble bed plots.
Structural complexity can affect water flow, which can affect warm water residence times during a bleaching event
(Lenihan et al. 2008; Green et al. 2019; Grimaldi et al. 2023). Rubble beds, which are less structurally complex than
living reefs, can experience higher free-stream flow than hard carbonate habitats (Guihen et al. 2013). Increased
water flow in the rubble beds could reduce thermal stress and may explain the lower levels of bleaching. Morais et
al. (2024) found severe bleaching in more sheltered lagoonal habitats compared to exposed reef habitats, supporting
other studies that have also shown an influence of water movement and substrate composition on bleaching
responses (Lenihan et al. 2008; DeCarlo et al. 2017; Grimaldi et al. 2023). Differences in coral sizes between
substrates might also have contributed to bleaching discrepancies and should be considered in future investigations.
Although determining the exact drivers of the bleaching differences between substrates is challenging, this kind of
investigation is important given the scarcity of existing data on bleaching within these habitats. As climate change
worsens and rubble bed production increases due to more frequent and intense storms and MBEs (Ceccarelli et al.

2020), research on coral bleaching responses in these habitats will become ever more important.

4.3.3 Bleaching incidence among juvenile colonies of different coral morphotypes

Morphological variation in bleaching incidence was observed in our study of juvenile corals, with plating corals

being the most impacted. This was reflective of the previous demographic results that revealed Pocilloporidae and

29



759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779

780
781
782
783
784
785
786
787
788
789
790
791
792

plating/foliose Montipora spp. had the highest mortality post-bleaching (Figure 7d). Coral morphological
differences are known to mediate stress responses as a function of colony growth form and tissue thickness (Loya et
al. 2001), as thicker tissue provides better protection from intense solar irradiance and increases the mass transfer of
toxic radicals within a colony (Hoegh-Guldberg 1999). Our results suggest the disadvantages from thinner tissue
could explain why 90% of plating and 40% of branching morphologies bleached as these morphologies have thinner
tissue and lower mass transfer rates than massive morphologies making them less able to protect the underlying
symbionts from severe light intensities and higher than average SSTs (Loya et al. 2001). Coral size can also
influence bleaching susceptibility (Hughes and Jackson 1985; Shenkar et al. 2005; Wagner et al. 2010; Pratchett et
al. 2013). Interestingly, smaller branching Acropora colonies have been observed to be less affected by thermal
stress than larger colonies (Loya et al. 2001; Nakamura and van Woesik 2001) suggesting juvenile corals may have
an advantage over larger adult colonies during thermal stress events. However, Alvarez-Noriega et al. (2018)
observed contrasting patterns of bleaching susceptibility between taxa, with juveniles of Acropora spp. and
Goniastrea spp. less susceptible to bleaching than adults but the opposite trend for Pocillopora spp. and
Merulinidae. In this study we observed adult and juvenile colonies to have similar incidences of bleaching, which
was likely a result of the extended duration of thermal stress from the accumulation of DHWs (mid-January — June
2024) during this bleaching event overriding any taxon-dependent tolerances. This reinforces the need for continued
assessments of coral community population structure to understand the vulnerability of juvenile corals to future
disturbance events and their post-disturbance recovery capacity (Alvarez-Noriega et al. 2018; Burn et al. 2024;

Speare et al. 2025).

4.3.4 Survival and bleaching of coral fragments tracked during a common garden experiment

Intraspecific response variation might be an important component of coral persistence during and following mass
mortality events. The common garden experiment conducted here revealed high variation in bleaching response and
survival among Stylophora pistillata fragments exposed to the heat stress that matches the temperature and duration
of the concurrent heatwave. While many fragments bleached and died within a few weeks, others remained healthy
until the end of the heat stress period. Our results suggest that extensive fitness variation can evolve at fine spatial
scales. However, further investigations are needed to evaluate the relative importance of genetic diversity, symbiont
community composition and micro-environmental conditions (e.g., depth, wave exposure) in explaining the
observed phenotypic variation. Within-reef intraspecific variation in heat tolerance might be critical in determining
coral population persistence following heatwaves, yet it is often overlooked (but see Thomas et al. 2018; Humanes
et al. 2022). These findings add nuance to the classification of “winner” and “loser” coral species facing climate
change by suggesting the existence of substantial adaptive potential within species, the genetic basis of which could

be evaluated.
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4.4 Strengths and limitations of data collection methods across scales

Monitoring coral bleaching across different spatial scales revealed unique strengths and limitations for each data
collection method. At the reef-scale, remote sensing techniques offer snapshot assessments over extensive areas,
enabling the detection of large-scale bleaching events and helping to prioritise locations for finer-scale surveys to
evaluate impacts and reef health (Hickey et al. 2020). Remote sensing provides an upscaled and rapid quantification
of bleaching extent beyond what field surveys can (Edmunds and Bruno 1996), while also measuring surface area
metrics (i.e., area in km?). These metrics are crucial for management efforts as they quantify the spatial extent of
coral area that exhibited bleaching stress (Naumann et al. 2009; Foo and Asner 2019). However, the non-uniformity
of bleaching responses highlights the heterogeneity of reef habitats. Our remote sensing model categorises corals as
a single group, lacking the ability to differentiate between morphotypes (e.g., branching, massive, encrusting) or
genera/family, which can only be assessed through complementary in situ surveys. Additionally, remote sensing can
sometimes overestimate bleaching responses due to pixel resolution and spectral mixing of different benthic types
(Andréfouét et al. 2002). Conversely, despite their limited spatial coverage and need for greater resources, bleaching
surveys at the community-scale offer more precise quantification of bleaching, specific to each geomorphic zone,
morphotype, and/or finer taxonomic resolution. The fine-scale differences between reef- and community-scale
estimates in their resolution for discerning bleaching responses was evident within our data. On the reef slope,
community-scale estimates of bleaching ranged from 37% to 49%, while remote sensing estimates indicated that
43% of living coral pixels had >50% bleaching and 65% had >10% bleaching. This variability highlights the
differences detected regarding bleaching severity as a result of different scales and emphasises the importance of

integrating various scales of analysis in discerning bleaching responses.

Colony-scale data collection offers several strengths and limitations when assessing coral bleaching impacts. One
strength is the ability to capture fine-scale ecological dynamics that broader-scale assessments might overlook.
These assessments reveal bleaching susceptibility trends across different morphologies or species, life-history stages
(i.e., juvenile and adult), locations, and microhabitats (i.e., rubble vs. hard carbonate). This scale provides critical
insights for inferring resilience or deterioration of coral communities. However, it is essential to integrate these local
findings with broader reef and community-scale data to develop comprehensive bleaching management strategies

that can span much wider spatial scales (Rivera-Sosa et al. 2025).

Our study revealed that bleaching responses do not need to be solely quantified by scientists. Initiatives like
CoralWatch engage communities and expand data collection and interpretation. Many other citizen science
programs monitor coral reefs and their responses to disturbances across the GBR and around the world (e.g., Reef
Check Australia, Reef Life Survey, Eye on the Reef). Such engagement fosters a deeper appreciation for coral reefs
among participants, potentially enhancing their commitment to conservation efforts and generating a sense of
stewardship (e.g., Hesley et al. 2023). These initiatives also create a wealth of additional data points that enhance
our understanding of how bleaching responses manifest across reef systems. However, the accuracy of bleaching

estimates gathered by non-scientists and non-specialists can vary. Yet, in our study and in previous work (Siebeck et
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al. 2006), analyses using CoralWatch data revealed comparable levels of bleaching to those measured by
researchers. This suggests that with proper training and guidance citizen scientists can provide valuable
contributions to reef monitoring efforts, ultimately enriching the data landscape and facilitating more comprehensive

ecological insights.

4.5 Implications for reef managers - The need for collaboration

Our multi-scale, interdisciplinary approach highlighted the critical need for collaboration among researchers to
effectively monitor the reef during bleaching events and to provide valuable information for managers. Remote
sensing offers significant advantages in mapping coral bleaching responses across large areas, but understanding
intricate variations within coral communities requires combining reef-scale and community-scale assessments.
Further, community-scale surveys can be supported by citizen science data. Cooperation between researchers and
citizen scientists can enrich the data landscape and provide additional insights into bleaching responses. Colony-
scale investigations, despite having limited spatial focus, provide insights into species’ susceptibility and survival
likelihoods to thermal stress and elucidate the factors which modulate those responses. These analyses can be used
to prioritise species or genotypes for restoration, as well as specific locations on the reef where restoration will be
most effective. The integration of multiple spatial scales through collaboration between scientists and citizen
scientists facilitates more informed estimates of bleaching responses, enhancing our understanding of ecological
trajectories over vast scales. Owing to the complexity of bleaching responses and increasing intensity of events,
strategies that incorporate data from various platforms, as well as across various spatial and ecological resolutions,

will become crucial for informing management and applied interventions.

Acknowledgements

The authors would like to acknowledge the Traditional Custodians of the Great Barrier Reef, particularly the Bailai,
Gurang, Gooreng Gooreng, and Taribelang Bunda people, and their continuing connection and stewardship of the
Sea Country on which Heron Reef is located. We would like to thank those that helped in the field including
Kennedy Wolfe for assistance deploying loggers in the field pre-bleaching, Ilha Byrne, Andrew Khalil, Cynthia
Riginos and Katrina McGuigan for their help with the common garden experiment. We would also like to thank
Diana Kleine for the use of her coral icons, Nicola Browne for discussions that greatly improved the vision of this
paper, the Heron Island Research Station staff for support throughout our various research stints (as well as during

the bleaching event), and the two anonymous reviewers whose feedback greatly improved this publication.

Declarations

Funding

32



860
861
862
863
864
865

866

867

868
869
870
871
872
873
874
875
876
877

878

879
880
881
882
883

884
885
886
887
888
889

890

TK, KE, RPH, ZM and DAR’s research was funded by the Reef Restoration and Adaptation Program (RRAP), a
partnership between the Australian Government’s Reef Trust and the Great Barrier Reef Foundation. ZM research
was also funded by a UQ Center of Marine Sciences Marine Station New Project Grant Scheme. DC, KG, FD, KM,
CR research was funded by The Lott. MB, FC, WCH, GD and AD’s research was funded by the Estate of Winifred
Violet Scott and the University of Leeds. FC was further supported by the Panorama Doctoral Training Partnership
(NE/S007458/1), the University of Hull and a JSPS London short-term pre-doctoral fellowship (PE22726).

Conflict of interest

The authors have no relevant financial or non-financial interests to disclose.

Ethics approval

We declare that all applicable international, national and/or institutional guidelines for sampling, care and
experimental use of organisms for the study have been followed, and all necessary approvals have been obtained.
RPH data and TK temperature loggers were deployed, and data was collected under GBRMPA Research permit
G21/45534.1. DAR and ZM data were collected under GBRMPA Research permit G21/44774.1 and granted Free,
Prior and Informed Consent from Port Curtis Coral Coast Traditional Use Marine Resource Agreement. KTB data
was collected under GBRMPA Research permits G19/42845.1 and G24/50387.1. DC, KG, FD, KM, CR data was
collected under Limited Impact Accreditation No. UQ003/2021. MB, FC, WCH, GD, and AD’s coral demographics
data comes under GBRMPA permits G19/42221.1 and G23/49031.1. CoralWatch data comes under GBRMPA
permit G19/41922.2.

Data availability

The CoralWatch dataset generated and analysed during the current study is available from the Atlas of Living
Australia (ALA) Biocollect platform,
https://biocollect.ala.org.au/coralwatch/bioActivity/allRecords#mapVis?hub=coralwatch&hub=coralwatch. All other

datasets generated during and/or analysed during the current study will be made available upon reasonable request to

the corresponding author.

Authors’ contributions

All authors contributed to the study conception and design. Material preparation, data collection and analysis were
performed by DAR, KMG, TMK, ZM, CM, KTB, FFD, DECR, KE, RPH, MB, FC, GD, AD, WVH, CAL, HM, GE
and CR. The first draft of the manuscript was written by DAR, NMH, KMG, TMK, ZM, CM, KTB, FFD, DECR,
RPH, MB, FC, and CR and all authors commented on previous versions of the manuscript. All authors read and

approved the final manuscript.

33


https://biocollect.ala.org.au/coralwatch/bioActivity/allRecords#mapVis?hub=coralwatch&hub=coralwatch

891

892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927

References

Ahmad W, Neil DT (1994) An evaluation of Landsat Thematic Mapper (TM) digital data for discriminating coral
reef zonation: Heron Reef (GBR). Int J Remote Sens 15: 2583-2597.
https://doi.org/10.1080/01431169408954268

Ainsworth TD, Brown BE (2021) Coral bleaching. Curr Biol 31: R5-R6. https://doi.org/10.1016/j.cub.2020.10.048

Ainsworth TD, Leggat W, Silliman BR, Lantz CA, Bergman JL, Fordyce AJ, Page CE, Renzi JJ, Morton J, Eakin
CM, Heron SF (2021) Rebuilding relationships on coral reefs: Coral bleaching knowledge-sharing to aid
adaptation planning for reef users. BioEssays 43: 2100048. https://doi.org/10.1002/bies.202100048

Alvarez-Noriega M, Baird AH, Bridge TCL, et al. (2018) Contrasting patterns of changes in abundance following a
bleaching event between juvenile and adult scleractinian corals. Coral Reefs 37: 527-532.
https://doi.org/10.1007/s00338-018-1677-y

Andréfouét S (2008) Coral reef habitat mapping using remote sensing: A user vs producer perspective. Implications
for research, management and capacity building. J Spat Sci 53: 113-129.
https://doi.org/10.1080/14498596.2008.9635140

Andréfouét S, Berkelmans R, Odriozola L, Done T, Oliver J, Miiller-Karger F (2002) Choosing the appropriate
spatial resolution for monitoring coral bleaching events using remote sensing. Coral Reefs 21: 147-154.
https://doi.org/10.1007/s00338-002-0233-x

Australian Institute of Marine Science (AIMS) (2024) ReefCloud. https://doi.org/10.25845/g5gk-ty57

Beese CM, Mumby PJ, Rogers A (2023) Small-scale habitat complexity preserves ecosystem services on coral reefs.
J Appl Ecol 60: 1854-1867. https://doi.org/10.1111/1365-2664.14458

Berkelmans R, De’ath G, Kininmonth S, Skirving WJ (2004) A comparison of the 1998 and 2002 coral bleaching
events on the Great Barrier Reef: Spatial correlation, patterns, and predictions. Coral Reefs 23: 74-83.
https://doi.org/10.1007/s00338-003-0353-y

Bozec Y-M, Adam AAS, Arellano-Nava B, Cresswell AK, Haller-Bull V, Iwanaga T, Lachs L, Matthews SA,
McWhorter JK, Anthony KRN, Condie SA, Halloran PR, Ortiz J-C, Riginos C, Mumby PJ (2025) A
rapidly closing window for coral persistence under global warming. BioRxiv 2025.01.23.634487.
https://doi.org/10.1101/2025.01.23.634487

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, Skaug HJ, Maechler M, Bolker
BM (2017) glmmTMB Balances Speed and Flexibility Among Packages for Zero-inflated Generalized
Linear Mixed Modeling. The R Journal 9(2): 378—400. https://doi.org/10.32614/RJ-2017-066

Brown BE, Dunne RP (1988) The environmental impact of coral mining on coral reefs in the Maldives. Environ
Conserv 15: 159-165. http://dx.doi.org/10.1017/S0376892900028976

Brown BE, Dunne RP, Goodson MS, Douglas AE (2002) Experience shapes the susceptibility of a reef coral to
bleaching. Coral Reefs 21: 119-126. https://doi.org/10.1007/s00338-002-0215-z

Brown KT, Bender-Champ D, Kubicek A, van der Zande R, Achlatis M, Hoegh-Guldberg O, Dove SG (2018) The
dynamics of coral-algal interactions in space and time on the Southern Great Barrier Reef. Front Mar Sci 5.

https://doi.org/10.3389/fmars.2018.00181

34



928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962

Brown KT, Eyal G, Dove SG, Barott KL (2023a) Fine-scale heterogeneity reveals disproportionate thermal stress
and coral mortality in thermally variable reef habitats during a marine heatwave. Coral Reefs 42: 131-142.
https://doi.org/10.1007/s00338-022-02328-6

Brown KT, Genin A, Mello-Athayde MA, Bergstrom E, Campili A, Chai A, Dove SG, Ho M, Rowell D, Sampayo
EM, Radice VZ (2023b) Marine heatwaves modulate the genotypic and physiological responses of reef-
building corals to subsequent heat stress. Ecol Evol 13: e10798. https://doi.org/10.1002/ece3.10798

Brown KT, Lenz EA, Glass BH, Kruse E, McClintock R, Drury C, Nelson CE, Putnam HM, Barott KL (2023c)
Divergent bleaching and recovery trajectories in reef-building corals following a decade of successive
marine heatwaves. Proc Natl Acad Sci USA 120: €2312104120. https://doi.org/10.1073/pnas.2312104120

Burn D, Hoey AS, Pisapia C, Chandler JF, Thompson CA, Pratchett MS (2024) Comparison of juvenile coral
assemblages between Australia’s Coral Sea and Great Barrier Reef Marine Parks. Coral Reefs 43: 1331-
1343. https://doi.org/10.1007/s00338-024-02541-5

Cant J, Salguero-Gomez R, Kim SW, Sims CA, Sommer B, Brooks M, Malcolm HA, Pandolfi JM, Beger M (2021)
The projected degradation of subtropical coral assemblages by recurrent thermal stress. J Anim Ecol 90:
233-247.

Cant J, Reimer J, Sommer B, Cook K, Kim SW, Sims CA, Mezaki T, O’Flaherty C, Brooks M, Malcolm H,
Pandolfi JM, Salguero-Gomez R, Beger M (2023) Colony-level coral demographic data from Japan and
Australia (2016-2019). Dryad. https://doi.org/10.5061/dryad.wOvt4b8xd

Cantin N, James N, Stella J (2024) Aerial surveys of the 2024 mass coral bleaching event on the Great Barrier Reef.
Australian Institute of Marine Science. Accessed 8 July 2025

Carrasco Rivera DE, Diederiks FF, Hammerman NM, Staples T, Kovacs E, Markey K, Roelfsema CM (2025)
Remote sensing reveals multidecadal trends in coral cover at Heron Reef, Australia. Remote Sens 17: 1286.
https://doi.org/10.3390/rs17071286

Ceccarelli DM, McLeod IM, Bostrom-Einarsson L, Bryan SE, Chartrand KM, Emslie MJ, Gibbs MT, Gonzalez
Rivero M, Hein MY, Heyward A, Kenyon TM, Lewis BM, Mattoocks N, Newlands M, Schlappy M-L,
Suggett DJ, Bay LK (2020) Substrate stabilisation and small structures in coral restoration: State of
knowledge, and considerations for management and implementation. PLOS One 15: ¢0240846.
https://doi.org/10.1371/journal.pone.0240846

Cheung MWM, Hock K, Skirving W, Mumby PJ (2021) Cumulative bleaching undermines systemic resilience of
the Great Barrier Reef. Curr Biol 31: 5385-5392.e5384. https://doi.org/10.1016/j.cub.2021.09.078

Cinner JE, Adger WN, Allison EH, Barnes ML, Brown K, Cohen PJ, Gelcich S, Hicks CC, Hughes TP, Lau J,
Marshall NA, Morrison TH (2018) Building adaptive capacity to climate change in tropical coastal
communities. Nat Clim Change 8: 117-123.

Congalton RG, Green K (2008) Assessing the accuracy of remotely sensed data: Principles and practices. CRC

Press, Boca Raton

35



963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998

Connell JH, Hughes TP, Wallace CC (1997) A 30-year study of coral abundance, recruitment, and disturbance at
several scales in space and time. Ecol Monogr 67: 461-488. https://doi.org/10.1890/0012-
9615(1997)067[0461:AYSOCA]2.0.CO;2

Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, Coté IM (2012) Evaluating life-history strategies of reef
corals from species traits. Ecol Lett 15: 1378-1386. https://doi.org/10.1111/j.1461-0248.2012.01861.x

DeCarlo TM, Cohen AL, Wong GTF, Davis KA, Lohmann P, Soong K (2017) Mass coral mortality under local
amplification of 2 °c ocean warming. Sci Rep 7: 44586. https://doi.org/10.1038/srep44586

Dechnik B, Webster JM, Webb GE, Nothdurft L, Zhao J-X (2017) Successive phases of Holocene reef flat
development: Evidence from the mid- to outer Great Barrier Reef. Palacogeography, Palaeoclimatology,
Palacoecology 466: 221-230. https://doi.org/10.1016/j.palaeo.2016.11.030

DeSalvo MK, Sunagawa S, Voolstra CR, Medina M (2010) Transcriptomic responses to heat stress and bleaching in
the elkhorn coral Acropora palmata. Mar Ecol Prog Ser 402: 97-113. http://dx.doi.org/10.3354/meps08372

Dietzel A, Bode M, Connolly SR, Hughes TP (2020) Long-term shifts in the colony size structure of coral
populations along the Great Barrier Reef. Proceedings of the Royal Society B: Biological Sciences 287:
20201432. https://doi.org/10.1098/rspb.2020.1432

Done T, Roelfsema C, Harvey A, Schuller L, Hill J, Schlappy M-L, Lea A, Bauer-Civiello A, Loder J (2017)
Reliability and utility of citizen science reef monitoring data collected by Reef Check Australia, 2002—
2015. Mar Pollut Bull 117: 148-155. https://doi.org/10.1016/j.marpolbul.2017.01.054

Drury C, Martin RE, Knapp DE, Heckler J, Levy J, Gates RD, Asner GP (2022) Ecosystem-scale mapping of coral
species and thermal tolerance. Front Ecol Environ 20: 285-291. https://doi.org/10.1002/fee.2483

Duce S, Dechnik B, Webster JM, Hua Q, Sadler J, Webb GE, Nothdurft L, Salas-Saavedra M, Vila-Concejo A
(2020) Mechanisms of spur and groove development and implications for reef platform evolution.
Quaternary Sci Rev 231: 106155. https://doi.org/10.1016/j.quascirev.2019.106155

Eakin CM, Morgan JA, Heron SF, Smith TB, Liu G, Alvarez-Filip L, Baca B, Bartels E, Bastidas C, Bouchon C,
Brandt M, Bruckner AW, Bunkley-Williams L, et al. (2010) Caribbean corals in crisis: Record thermal
stress, bleaching, and mortality in 2005. PLOS One 5: €139609.
https://doi.org/10.1371/journal.pone.0013969

Edmunds PJ (2024) Decadal-scale time series highlight the role of chronic disturbances in driving ecosystem
collapse in the Anthropocene. Ecology 105: e4360. https://doi.org/10.1002/ecy.4360

Edmunds PJ, Bruno JF (1996) The importance of sampling scale in ecology: Kilometer-wide variation in coral reef
communities. Mar Ecol Prog Ser 143: 165-171. https://doi.org/10.3354/meps

Egeler P (2023) samplesizeCMH: Power and sample size calculation for the Cochran-Mantel-Haenszel Test. R
package version 0.0.3.

Emslie MJ, Logan M, Bray P, Ceccarelli DM, Cheal AJ, Hughes TP, Johns KA, Jonker MJ, Kennedy EV, Kerry JT,
Mellin C, Miller IR, Osborne K, Puotinen M, Sinclair-Taylor T, Sweatman H (2024) Increasing disturbance
frequency undermines coral reef recovery. Ecol Monogr 94: e1619. https://doi.org/10.1002/ecm.1619

36



999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034

Foo SA, Asner GP (2019) Scaling up coral reef restoration using remote sensing technology. Front Mar Sci 6: 79.
https://doi.org/10.3389/fmars.2019.00079

Fox HE, Caldwell RL (2006) Recovery from blast fishing on coral reefs: A tale of two scales. Ecol Appl 16: 1631-
1635. https://doi.org/10.1890/1051-0761(2006)016[163 1:rfbfoc]2.0.co0;2

Frade PR, Bongaerts P, Englebert N, Rogers A, Gonzalez-Rivero M, Hoegh-Guldberg O (2018) Deep reefs of the
Great Barrier Reef offer limited thermal refuge during mass coral bleaching. Nat Commun 9: 3447.
https://doi.org/10.1038/s41467-018-05741-0

Fuller ZL, Mocellin VIL, Morris LA, Cantin N, Shepherd J, Sarre L, Peng J, Liao Y, Pickrell J, Andolfatto P, Matz
M, Bay LK, Przeworski M (2020) Population genetics of the coral Acropora millepora: Toward genomic
prediction of bleaching. Science 369: eaba4674. https://doi.org/10.1126/science.aba4674

Glynn PW (1996) Coral reef bleaching: Facts, hypotheses and implications. Glob Change Biol 2: 495-509.
https://doi.org/10.1111/j.1365-2486.1996.tb00063.x

Gouezo M, Fabricius K, Harrison P, Golbuu Y, Doropoulos C (2021) Optimizing coral reef recovery with context-
specific management actions at prioritized reefs. J Environ Manage 295: 113209.
https://doi.org/10.1016/j.jenvman.2021.113209

Green RH, Lowe RJ, Buckley ML, Foster T, Gilmour JP (2019) Physical mechanisms influencing localized patterns
of temperature variability and coral bleaching within a system of reef atolls. Coral Reefs 38: 759-771.
https://doi.org/10.1007/s00338-019-01771-2

Grimaldi CM, Lowe RJ, Benthuysen JA, Cuttler MVW, Green RH, Gilmour JP (2023) Hydrodynamic and
atmospheric drivers create distinct thermal environments within a coral reef atoll. Coral Reefs 42: 693-706.
https://doi.org/10.1007/s00338-023-02371-x

Guest JR, Baird AH, Maynard JA, Muttaqin E, Edwards AJ, Campbell SJ, Yewdall K, Affendi YA, Chou LM
(2012) Contrasting patterns of coral bleaching susceptibility in 2010 suggest an adaptive response to
thermal stress. PLOS One 7: ¢33353. https://doi.org/10.1371/journal.pone.0033353

Guihen D, White M, Lundélv T (2013) Boundary layer flow dynamics at a cold-water coral reef. J Sea Res 78: 36-
44. https://doi.org/10.1016/j.seares.2012.12.007

Henley BJ, McGregor HV, King AD, Hoegh-Guldberg O, Arzey AK, Karoly DJ, Lough JM, DeCarlo TM, Linsley
BK (2024) Highest ocean heat in four centuries places Great Barrier Reef in danger. Nature 632: 320-326.
https://doi.org/10.1038/s41586-024-07672-x

Henson SA, Sarmiento JL, Dunne JP, Bopp L, Lima I, Doney SC, John J, Beaulieu C (2010) Detection of
anthropogenic climate change in satellite records of ocean chlorophyll and productivity. Biogeosciences 7:
621-640. https://doi.org/10.5194/bg-7-621-2010

Heron SF, Johnston L, Liu G, Geiger EF, Maynard JA, De La Cour JL, Johnson S, Okano R, Benavente D, Burgess
TFR, Iguel J, Perez DI, Skirving WJ, Strong AE, Tirak K, Eakin CM (2016a) Validation of reef-scale
thermal stress satellite products for coral bleaching monitoring. Remote Sens 8: 59.

https://doi.org/10.3390/rs8010059

37



1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070

Heron SF, Maynard JA, van Hooidonk R, Eakin CM (2016b) Warming trends and bleaching stress of the world’s
coral reefs 1985-2012. Sci Rep 6: 38402. https://doi.org/10.1038/srep38402

Hesley D, Kaufman M, Lirman D (2023) Citizen science benefits coral reefs and community members alike. Front
Environ Sci 11: 1250464. https://doi.org/10.3389/fenvs.2023.1250464

Hickey SM, Radford B, Roelfsema CM, Joyce KE, Wilson SK, Marrable D, Barker K, Wyatt M, Davies HN, Leon
JX, Duncan J, Holmes TH, Kendrick AJ, Callow JN, Murray K (2020) Between a reef and a hard place:
Capacity to map the next coral reef catastrophe. Front Mar Sci 7: 544290.
https://doi.org/10.3389/fmars.2020.544290

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world's coral reefs. Mar Freshwater
Res 50: 839-866. http://dx.doi.org/10.1071/MF99078

Hoegh-Guldberg O, Skirving W, Dove SG, Spady BL, Norrie A, Geiger EF, Liu G, De La Cour JL, Manzello DP
(2023) Coral reefs in peril in a record-breaking year. Science 382: 1238-1240.
https://doi.org/10.1126/science.adk4532

Hughes TP, Jackson JBC (1985) Population dynamics and life histories of foliaceous corals. Ecol Monogr 55: 141-
166. https://doi.org/10.2307/1942555

Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, Babcock RC, Beger M,
Bellwood DR, Berkelmans R, Bridge TC, et al. (2017) Global warming and recurrent mass bleaching of
corals. Nature 543: 373-377. https://doi.org/10.1038/nature21707

Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, Baird AH, Baum JK, Berumen ML,
Bridge TC, Claar DC, Eakin CM, et al. (2018a) Spatial and temporal patterns of mass bleaching of corals in
the anthropocene. Science 359: 80-83. https://doi.org/10.1126/science.aan8048

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, Heron SF, Hoey AS, Hoogenboom MO, Liu
G, McWilliam MJ, Pears RJ, Pratchett MS, Skirving W1J, Stella JS, Torda G (2018b) Global warming
transforms coral reef assemblages. Nature 556: 492-496. https://doi.org/10.1038/s41586-018-0041-2

Hughes TP, Kerry JT, Simpson T (2018c) Large-scale bleaching of corals on the Great Barrier Reef. Ecology 99:
501-501. https://doi.org/10.1002/ecy.2092

Hughes TP, Kerry JT, Connolly SR, Baird AH, Eakin CM, Heron SF, Hoey AS, Hoogenboom MO, Jacobson M,
Liu G, Pratchett MS, Skirving W, Torda G (2019) Ecological memory modifies the cumulative impact of
recurrent climate extremes. Nat Clim Change 9: 40-43.

Humanes A, Lachs L, Beauchamp EA, Bythell JC, Edwards AJ, Golbuu Y, Martinez HM, Palmowski P, Treumann
A, van der Steeg E, van Hooidonk R, Guest JR (2022) Within-population variability in coral heat tolerance
indicates climate adaptation potential. Proceedings of the Royal Society B: Biological Sciences 289:
20220872. https://doi.org/10.1098/rspb.2022.0872

Kenyon TM, Doropoulos C, Wolfe K, Webb GE, Dove S, Harris D, Mumby PJ (2023a) Coral rubble dynamics in
the Anthropocene and implications for reef recovery. Limnol Oceanogr 68: 110-147.

https://doi.org/10.1002/In0.12254

38



1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107

Kenyon TM, Harris D, Baldock T, Callaghan D, Doropoulos C, Webb G, Newman SP, Mumby PJ (2023b)
Mobilisation thresholds for coral rubble and consequences for windows of reef recovery. Biogeosciences
20: 4339-4357. https://doi.org/10.5194/bg-20-4339-2023

Kenyon TM, Eigeland K, Wolfe K, Paewai-Huggins R, Rowell D, Dodgen T, Mumby PJ (2024) Material legacies
on coral reefs: Rubble length and bed thickness are key drivers of rubble bed recovery. Glob Change Biol
30: e17574. https://doi.org/10.1111/gcb.17574

Knipp AL, Pettijohn JC, Jadot C, Hertler H (2020) Contrasting color loss and restoration in survivors of the 2014—
2017 coral bleaching event in the Turks and Caicos Islands. SN Applied Sciences 2: 331.
https://doi.org/10.1007/s42452-020-2132-6

Lachs L, Chong F, Beger M, East HK, Guest JR, Sommer B (2022) SizeExtractR: A workflow for rapid
reproducible extraction of object size metrics from scaled images. Ecol Evol 12: e8724.
https://doi.org/10.1002/ece3.8724

Langlais CE, Lenton A, Heron SF, Evenhuis C, Sen Gupta A, Brown JN, Kuchinke M (2017) Coral bleaching
pathways under the control of regional temperature variability. Nat Clim Change 7: 839-844.
https://doi.org/10.1038/nclimate3399

Lenihan HS, Adjeroud M, Kotchen MJ, Hench JL, Nakamura T (2008) Reef structure regulates small-scale spatial
variation in coral bleaching. Mar Ecol Prog Ser 370: 127-141. http://dx.doi.org/10.3354/meps07622

Lesser MP, Slattery M (2021) Mesophotic coral reef community structure: The constraints of imagery collected by
unmanned vehicles. Mar Ecol Prog Ser 663: 229-236. https://doi.org/10.3354/meps13650

Liu G, Heron SF, Eakin CM, Muller-Karger FE, Vega-Rodriguez M, Guild LS, De La Cour JL, Geiger EF, Skirving
W1, Burgess TFR, Strong AE, Harris A, Maturi E, Ignatov A, Sapper J, Li J, Lynds S (2014a) Reef-scale
thermal stress monitoring of coral ecosystems: New 5-km global products from NOAA Coral Reef Watch.
Remote Sens 6: 11579-11606. https://www.mdpi.com/2072-4292/6/11/11579%#

Liu G, Heron SF, Eakin CM, Rauenzahn JL, Geiger EF, Skirving WJ, Burgess TFR, Strong AE (2014b) NOAA
Coral Reef Watch’s next-generation 5 km satellite coral bleaching thermal stress monitoring. The News
Journal of the International Society for Reef Studies 29: 27-29.

Loya Y, Sakai K, Yamazato K, Nakano Y, Sambali H, van Woesik R (2001) Coral bleaching: The winners and the
losers. Ecol Lett 4: 122-131. https://doi.org/10.1046/j.1461-0248.2001.00203.x

Lutzenkirchen LL, Duce SJ, Bellwood DR (2024) Exploring benthic habitat assessments on coral reefs: A
comparison of direct field measurements versus remote sensing. Coral Reefs 43: 265-280.
https://doi.org/10.1007/s00338-024-02468-x

Lyons MB, Roelfsema CM, Kennedy EV, Kovacs EM, Borrego-Acevedo R, Markey K, Roe M, Yuwono DM,
Harris DL, Phinn SR, Asner GP, Li J, Knapp DE, Fabina NS, Larsen K, Traganos D, Murray NJ (2020)
Mapping the world's coral reefs using a global multiscale earth observation framework. Remote Sensing in
Ecology and Conservation 6: 557-568. https://doi.org/10.1002/rse2.157

Lyons MB, Murray NJ, Kennedy EV, Kovacs EM, Castro-Sanguino C, Phinn SR, Acevedo RB, Alvarez AO, Say C,
Tudman P, Markey K, Roe M, Canto RF, Fox HE, Bambic B, Lieb Z, Asner GP, Martin PM, Knapp DE, Li

39



1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142

J, Skone M, Goldenberg E, Larsen K, Roelfsema CM (2024) New global area estimates for coral reefs from
high-resolution mapping. Cell Reports Sustainability 1: 100015.
https://doi.org/10.1016/j.crsus.2024.100015

Madin JS, Madin EMP (2015) The full extent of the global coral reef crisis. Conservation Biology 29: 1724-1726.

Mason RAB, Skirving WJ, Dove SG (2020) Integrating physiology with remote sensing to advance the prediction of
coral bleaching events. Remote Sens Environ 246: 111794. https://doi.org/10.1016/j.rse.2020.111794

McClanahan TR, Maina J, Moothien-Pillay R, Baker AC (2005) Effects of geography, taxa, water flow, and
temperature variation on coral bleaching intensity in mauritius. Mar Ecol Prog Ser 298: 131-142.
http://dx.doi.org/10.3354/meps298131

Mellin C, Peterson EE, Puotinen M, Schaffelke B (2020) Representation and complementarity of the long-term coral
monitoring on the Great Barrier Reef. Ecol Appl 30: €02122. https://doi.org/10.1002/eap.2122

Meyer E, Aglyamova GV, Matz MV (2011) Profiling gene expression responses of coral larvae (Acropora
millepora) to elevated temperature and settlement inducers using a novel RNA-Seq procedure. Mol Ecol
20: 3599-3616. https://doi.org/10.1111/.1365-294x.2011.05205.x

Morais J, Morais RA, Tebbett SB, Pratchett MS, Bellwood DR (2021) Dangerous demographics in post-bleach
corals reveal boom-bust versus protracted declines. Sci Rep 11: 18787. https://doi.org/10.1038/s41598-021-
98239-7

Morais J, Tebbett SB, Morais RA, Bellwood DR (2024) Hot spots of bleaching in massive Porites coral colonies.
Mar Environ Res 193: 106276. https://doi.org/10.1016/j.marenvres.2023.106276

Morri C, Montefalcone M, Lasagna R, Gatti G, Rovere A, Parravicini V, Baldelli G, Colantoni P, Bianchi CN
(2015) Through bleaching and tsunami: Coral reef recovery in the Maldives. Mar Pollut Bull 98: 188-200.
https://doi.org/10.1016/j.marpolbul.2015.06.050

Nakamura T, van Woesik R (2001) Water-flow rates and passive diffusion partially explain differential survival of
corals during the 1998 bleaching event. Mar Ecol Prog Ser 212: 301-304.
http://dx.doi.org/10.3354/meps212301

Naumann MS, Niggl W, Laforsch C, Glaser C, Wild C (2009) Coral surface area quantification—evaluation of
established techniques by comparison with computer tomography. Coral Reefs 28: 109-117.
https://doi.org/10.1007/s00338-008-0459-3

NOAA Coral Reef Watch (2024) NOAA Coral Reef Watch version 3.1 daily Skm satellite regional virtual station
time series data for Southern GBR. NOAA Coral Reef Watch. Accessed 8 July 2025.

Oliver TA, Palumbi SR (2009) Distributions of stress-resistant coral symbionts match environmental patterns at
local but not regional scales. Mar Ecol Prog Ser 378: 93-103. https://doi.org/10.3354/meps

Palandro D, Andréfouét S, Muller-Karger FE, Dustan P, Hu C, Hallock P (2003) Detection of changes in coral reef
communities using Landsat-5 TM and Landsat-7 ETM+ data. Can J Remote Sens 29: 201-209.
https://doi.org/10.5589/m02-095

40



1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177

Peixoto RS, Sweet M, Villela HDM, Cardoso P, Thomas T, Voolstra CR, Hgj L, Bourne DG (2021) Coral
probiotics: Premise, promise, prospects. Annu Rev Anim Biosci 9: 265-288.
https://doi.org/10.1146/annurev-animal-090120-115444

Penin L, Adjeroud M, Schrimm M, Lenihan HS (2007) High spatial variability in coral bleaching around Moorea
(French Polynesia): Patterns across locations and water depths. Comptes Rendus Biologies 330: 171-181.
https://doi.org/10.1016/j.crvi.2006.12.003

Pratchett MS, McCowan D, Maynard JA, Heron SF (2013) Changes in bleaching susceptibility among corals subject
to ocean warming and recurrent bleaching in Moorea, French Polynesia. PLOS One 8: €70443.
https://doi.org/10.1371/journal.pone.0070443

R Core Team (2024) R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna.

Reimer JD, Peixoto RS, Davies SW, Traylor-Knowles N, Short ML, Cabral-Tena RA, Burt JA, Pessoa I, Banaszak
AT, Winters RS, Moore T, Schoepf V, Kaullysing D, Calderon-Aguilera LE, Worheide G, Harding S,
Munbodhe V, Mayfield A, Ainsworth T, Vardi T, Eakin CM, Pratchett MS, Voolstra CR (2024) The fourth
global coral bleaching event: Where do we go from here? Coral Reefs 43: 1121-1125.
https://doi.org/10.1007/s00338-024-02504-w

Rivera-Sosa A, Muiiiz-Castillo AI, Charo B, Asner GP, Roelfsema CM, Donner SD, Bambic BD, Bonelli AG,
Pomeroy M, Manzello D, Martin P, Fox HE (2025) Six decades of global coral bleaching monitoring: A
review of methods and call for enhanced standardization and coordination. Front Mar Sci 12: 1547870.
https://doi.org/10.3389/fmars.2025.1547870

Roelfsema CM, Kovacs EM, Roos P, Terzano D, Lyons M, Phinn S (2018) Use of a semi-automated object based
analysis to map benthic composition, Heron Reef, Southern Great Barrier Reef. Remote Sens Lett 9: 324-
333. https://doi.org/10.1080/2150704X.2017.1420927

Roelfsema CM, Kovacs EM, Markey K, Vercelloni J, Rodriguez-Ramirez A, Lopez-Marcano S, Gonzalez-Rivero
M, Hoegh-Guldberg O, Phinn SR (2021a) Benthic and coral reef community field data for Heron Reef,
Southern Great Barrier Reef, Australia, 2002—2018. Sci Data 8: 84. https://doi.org/10.1038/s41597-021-
00871-5

Roelfsema CM, Kovacs EM, Vercelloni J, Markey K, Rodriguez-Ramirez A, Lopez-Marcano S, Gonzalez-Rivero
M, Hoegh-Guldberg O, Phinn SR (2021b) Fine-scale time series surveys reveal new insights into spatio-
temporal trends in coral cover (2002—-2018), of a coral reef on the Southern Great Barrier Reef. Coral Reefs
40: 1055-1067. https://doi.org/10.1007/s00338-021-02104-y

Salmond J, Passenger J, Kovacs E, Roelfsema C, Schubert J (2019) Reef Check Australia 2019 Heron Island reef
health report. Reef Check Foundation Ltd.

Salmond J, Schubert J (2023) Reef Check Australia 2023 Heron Island reef health report. Reef Check Foundation
Ltd.

41



1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214

Sampayo EM, Ridgway T, Bongaerts P, Hoegh-Guldberg O (2008) Bleaching susceptibility and mortality of corals
are determined by fine-scale differences in symbiont type. Proc Natl Acad Sci USA 105: 10444-10449.
https://doi.org/10.1073/pnas.0708049105

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImagelJ: 25 years of image analysis. Nat Methods 9:
671-675. https://doi.org/10.1038/nmeth.2089

Shenkar N, Fine M, Loya Y (2005) Size matters: Bleaching dynamics of the coral Oculina patagonica. Mar Ecol
Prog Ser 294: 181-188. http://dx.doi.org/10.3354/meps294181

Siebeck UE, Marshall NJ, Kliiter A, Hoegh-Guldberg O (2006) Monitoring coral bleaching using a colour reference
card. Coral Reefs 25: 453-460. https://doi.org/10.1007/s00338-006-0123-8

Skirving W, Marsh B, De La Cour J, Liu G, Harris A, Maturi E, Geiger EF, Eakin CM (2020) CoralTemp and the
Coral Reef Watch Coral Bleaching Heat Stress product suite version 3.1. Remote Sens 12: 3856.
http://dx.doi.org/10.3390/rs12233856

Speare KE, Enright LN, Aplin A, Adam TC, Edmunds PJ, Burkepile DE (2025) Early life stage bottleneck
determines rates of coral recovery following severe disturbance. Ecology 106: e4510.
https://doi.org/10.1002/ecy.4510

Steinberg RK, Ainsworth TD, Moriarty T, Bednarek T, Dafforn KA, Johnston EL (2022) Bleaching susceptibility
and resistance of octocorals and anemones at the world's southern-most coral reef. Front Physiol 13:
804193. https://doi.org/10.3389/fphys.2022.804193

Sully S, Burkepile DE, Donovan MK, Hodgson G, van Woesik R (2019) A global analysis of coral bleaching over
the past two decades. Nat Commun 10: 1264. https://doi.org/10.1038/s41467-019-09238-2

Teneva L, Karnauskas M, Logan CA, Bianucci L, Currie JC, Kleypas JA (2012) Predicting coral bleaching hotspots:
The role of regional variability in thermal stress and potential adaptation rates. Coral Reefs 31: 1-12.
https://doi.org/10.1007/s00338-011-0812-9

Thomas L, Rose NH, Bay RA, Lopez EH, Morikawa MK, Ruiz-Jones L, Palumbi SR (2018) Mechanisms of thermal
tolerance in reef-building corals across a fine-grained environmental mosaic: Lessons from Ofu, American
Samoa. Front Mar Sci 4: 434. https://doi.org/10.3389/fmars.2017.00434

Ulstrup KE, Berkelmans R, Ralph PJ, van Oppen MJH (2006) Variation in bleaching sensitivity of two coral species
across a latitudinal gradient on the Great Barrier Reef: The role of zooxanthellae. Mar Ecol Prog Ser 314:
135-148. http://dx.doi.org/10.3354/meps314135

Vercelloni J, Roelfsema CM, Kovacs EM, Gonzalez-Rivero M, Moores MT, Logan M, Mengersen K (2024) Fine-
scale interplay between decline and growth determines the spatial recovery of coral communities within a
reef. Ecography 2024: e06818. https://doi.org/10.1111/ecog.06818

Wagner DE, Kramer P, van Woesik R (2010) Species composition, habitat, and water quality influence coral
bleaching in southern Florida. Mar Ecol Prog Ser 408: 65-78. https://doi.org/10.3354/meps

Wasim M, Pandey AC, Basheer Ahammed KK, Dwivedi CS (2024) Two decades of coral bleaching in selected
islands of Pacific Ocean: A holistic impact assessment. Regional Studies in Marine Science 77: 103648.

https://doi.org/10.1016/j.rsma.2024.103648

42



1215
1216
1217
1218
1219
1220
1221
1222
1223
1224

Weeks SJ, Anthony KRN, Bakun A, Feldman GC, Guldberg OH (2008) Improved predictions of coral bleaching
using seasonal baselines and higher spatial resolution. Limnol Oceanogr 53: 1369-1375
https://doi.org/10.4319/10.2008.53.4.1369

Wickham H (2016) ggplot2: Elegant graphics for data analysis. Springer, Cham.

Wickham H, Averick M, Bryan J, Chang W, D'agostino McGowan L, Francois R, Grolemund G, Hayes A, Henry L,
Hester J, Kuhn M, Pedersen TL, Miller E, Milton Bache S, Miiller K, Ooms J, Robinson D, Seidel DP,
Spinu V, Takahashi K, Vaughan D, Wilke C, Woo K, Yutani H (2019) Welcome to the tidyverse. Journal
of Open Source Software 4: 1686. https://doi.org/10.21105/joss.01686

Ziegler M, Seneca FO, Yum LK, Palumbi SR, Voolstra CR (2017) Bacterial community dynamics are linked to
patterns of coral heat tolerance. Nat Commun 8: 14213. https://doi.org/10.1038/ncomms14213

43



