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seawater residence times, greater mixing, and/or increased 
flow. These results highlight that variable thermal regimes, 
and any acclimatization or adaptation to elevated tempera-
tures that may lead to, do not necessarily equate to protection 
against bleaching and mortality during marine heatwaves. 
Instead, thermally stable habitats that have greater seawater 
exchange with the open ocean may offer the most protection 
to corals during the severe marine heatwaves that accompany 
a changing climate.

Keywords Environmental variability · Extreme 
environments · Climate change · Thermal stress · Coral 
bleaching · Coral reefs

Introduction

Coral reefs are among the most threatened ecosystems on 
Earth, with half of the world’s reef-building corals lost since 
1950 (Eddy et al. 2021). While the decline of coral reefs 
is attributable to a range of stressors (De’ath et al. 2012), 
increasing ocean temperatures are currently considered 
among the greatest threats to reef survival (Hughes et al. 
2018; Hoegh-Guldberg et al. 2019; Van Woesik et al. 2022). 
Increases in seawater temperature above a coral’s natural 
thermal threshold by as little as 1 °C can lead to the break-
down of the symbiosis between the coral host and endos-
ymbiotic algal partners, a process known as coral bleach-
ing (Hoegh-Guldberg 1999). Mass coral bleaching events 
are becoming more frequent and are now occurring several 
times a decade (Hughes et al. 2021). On the Great Barrier 
Reef (GBR), three recent marine heatwaves have occurred 
within a five-year period (2016, 2017 and 2020), resulting 
in greater levels of coral bleaching and mortality relative to 
prior bleaching events (e.g., 1998, 2002), likely due to more 
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sustained heat stress and shorter recovery times in recent 
events (Berkelmans et al. 2004; Hughes et al. 2017) but see 
(DeCarlo and Harrison 2019). Remotely sensed tempera-
ture data and aerial surveys have resulted in a comprehen-
sive description of the patterns of thermal stress and coral 
bleaching across the latitudinal length of the GBR during 
these events (Berkelmans et al. 2004; Hughes et al. 2017, 
2021); however, the coarse spatial resolution (> 5 km) of 
these methods do not effectively capture reef-scale patterns 
in heat stress (Wall et al. 2015; Green et al. 2019), which 
can vary on the scale of meters and lead to substantial dif-
ferences in bleaching and mortality within short (< 1 km) 
distances (Pineda et al. 2013; Schoepf et al. 2020).

Individual reef systems are made up of interconnected 
geomorphological zones that are characterized by distinct 
diel and seasonal fluctuations in multiple seawater phys-
icochemical parameters (Phinn et al. 2012; Brown et al. 
2018; Cyronak et al. 2020). For example, reef flats and 
lagoons are subject to semidiurnal tidal oscillations, result-
ing in extreme short-term variability in temperature, pH, 
irradiance, and oxygen, whereas conditions on neighbor-
ing subtidal fore reefs and reef slopes are typically more 
stable (Oliver and Palumbi 2011; Schoepf et al. 2020; 
Rathbone et al. 2022). As such, the physicochemical con-
ditions to which reef communities are exposed can vary 
dramatically across small spatial scales (Cyronak et al. 
2020; Reid et al. 2020; Kekuewa et al. 2021), often result-
ing in distinct benthic communities across habitats (Phinn 
et al. 2012; Brown et al. 2018; Roelfsema et al. 2021). 
These complexities mean that disentangling individual and 
interactive effects of seawater biogeochemistry constitu-
ents on coral thermal tolerance (i.e., the temperature at 
which corals bleach) and coral community resilience (i.e., 
the amount of bleaching and mortality experienced by a 
community during a heatwave) can be difficult. Despite 
this challenge, diel temperature variability has emerged as 
an important factor in promoting elevated coral bleaching 
thresholds (Oliver and Palumbi 2011; Kenkel et al. 2013; 
Schoepf et al. 2015, 2020), and thus has been predicted to 
promote coral survival in response to intensifying marine 
heatwaves (Safaie et al. 2018; Sully et al. 2019). Corals 
can currently tolerate extreme temperature conditions as 
a result of evolutionary selection over generations (i.e., 
adaptation) and/or non-genetic increases in fitness (i.e., 
acclimatization) through mechanisms such as phenotypic 
plasticity, harboring stress-tolerant symbiont communi-
ties, higher baseline expression of stress response genes, 
and/or epigenetics (Bay and Palumbi 2014; Palumbi et al. 
2014; Kenkel and Matz 2016; Putnam 2021), providing a 
glimmer of hope that they will be able to acclimate and/
or adapt to a changing climate. With the increasing fre-
quency and severity of marine heatwaves, it has become 
critically important to understand how the additional heat 

accumulation associated with marine heatwaves affects 
coral communities when superimposed on top of thermally 
variable conditions in situ (Brown and Barott 2022). While 
experimental assessments from thermally variable vs. 
adjacent stable habitats have demonstrated elevated heat 
tolerance in corals from the variable habitats (Oliver and 
Palumbi 2011; Kenkel et al. 2013; Schoepf et al. 2015), 
we are only just beginning to observe the influence of 
climate change-induced heatwaves on these heat tolerant 
communities in the field. For example, recent studies on 
a handful of species have reported contrasting responses 
of corals from thermally variable habitats during in situ 
heatwaves, from severe coral bleaching (Schoepf et al. 
2020; Ainsworth et al. 2021) and a reduction in thermal 
tolerance (Klepac and Barshis 2020) to rapid recovery 
(Schoepf et al. 2020), with differences likely due to the 
species examined and/or the duration and magnitude of 
heat stress sustained. As such, whether coral populations 
and communities acclimated and/or adapted to variable 
thermal conditions can resist bleaching during increas-
ingly frequent and severe marine heatwaves remains an 
important outstanding question.

To test the hypothesis that thermally variable reef envi-
ronments will become important spatial refugia for coral 
reefs in a changing climate, we evaluated changes in coral 
reef benthic community composition across five different 
geomorphological zones of Heron Reef in the aftermath 
of a severe marine heatwave that occurred in 2020 (Ains-
worth et al. 2021; Hughes et al. 2021). By incorporating a 
range of common thermally stable (sheltered and exposed 
reef slopes) and thermally variable (reef crest, reef flat, 
shallow lagoon, and deep lagoon) geomorphological habi-
tats, we were able to investigate the responses of benthic 
assemblages spanning diverse life history strategies (e.g., 
competitive, stress-tolerant), growth forms, and symbiont 
clade/subclades associations to the heatwave (Fig. 1). In 
addition, to better understand how temperature regimes 
and heat stress varied among the geomorphological 
zones, we recorded continuous in situ temperature pro-
files at high spatial resolution during two year-long peri-
ods that included an ambient (non-heatwave) time period 
(September 2015–August 2016) and a severe marine 
heatwave (September 2019–August 2020). Together, 
temperature data and benthic community composition 
from the aftermath of the 2020 heatwave were compared 
between thermally variable and stable sites (n = 8), and to 
data from previous non-bleaching years (July 2015 and 
August 2016) along identical transects at these same loca-
tions. This ecological approach is powerful as it allows 
us to investigate how a diversity of coral reef communi-
ties that have adapted or acclimated over their lifetime 
to distinct physicochemical regimes respond to heatwaves 
within their native habitat. Understanding coral responses 
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to heatwaves within this complex, ecologically relevant 
context is critical for uncovering real world responses of 
coral communities to better predict their fate in the ongo-
ing climate crisis.

Materials and methods

Study location

This study was conducted across eight sites at Heron Island, 
southern Great Barrier Reef (23°27′ S 151°55′ E), previ-
ously characterized in detail (Brown et al. 2018, 2021). 
Briefly, sites included each geomorphological habitat of 
Heron Reef: reef slope, reef crest, reef flat, shallow lagoon 
and deep lagoon (Phinn et al. 2012) (Fig. 1). The geomor-
phological habitats of Heron Reef are distinguished by 
diverse benthic communities, with hard coral cover higher 

within the reef slope and macroalgae cover greater within 
the lagoonal habitats (Brown et al. 2018; Roelfsema et al. 
2021). Reef-wide coral cover in 2015 and 2016 was among 
the highest observations in the past 60 years (Connell et al. 
1997; Brown et al. 2018; Roelfsema et al. 2021) (e.g., ~ 75% 
within the south-west reef slope and ~ 20% within lagoon), 
making these years optimal as a recent baseline record. 
Within the reef slope habitat, four sites were established: 
two within the north-east section of the reef (Fourth Point, 
4.2 m and 8 m) and two within the south-west (Harry’s Bom-
mie, 6.1 m and 8.2 m) (Fig. 1). The northeast of Heron Reef 
is the exposed side, subject to extreme wave forces during 
cyclones, whereas the south-west is sheltered from waves 
generated by both the south-east trade winds and extreme 
wave action of cyclones (Connell et al. 1997). One site was 
established in each other geomorphological habitat, with 
each site sharing its name: Reef Crest (RC; 0.9 m), Reef 
Flat (RF; 0.7 m), Shallow Lagoon (SL; 1.3 m) and Deep 

Fig. 1  Hard coral abundance by site and year across Heron Reef. 
Cross section of Heron Reef indicating each site and mean depth (m). 
Map shading represents geomorphological habitats, redrawn from the 
data of Phinn et al. 2012. Hard coral cover is displayed by functional 
group, with inset showing total coral cover (% ± SE; n = 3). Asterisks 
(*) indicate where there are significant (p < 0.05) differences within 

categories. ACR-B, Acroporidae- branching; ARC-TCD, Acropo-
ridae- tabular/corymbose/digitate; ACR-PE, Acroporidae- plating/
encrusting; POCI, Pocilloporidae; FAV-LOB, Faviidae-Lobophylli-
dae; POR-M, Poritidae-massive; POR-B, Poritidae-branching; POR-
PE, Poritidae-encrusting/plating varieties; and OTHER, other hard 
corals (including non-scleractinian corals)
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Lagoon (DL; 2.6 m) (Fig. 1). Inside the lagoon, semidiurnal 
tidal fluctuations result in higher variability in temperature 
and pH than reef slope sites (Brown et al. 2018; Cyronak 
et al. 2020) (Fig. 2, Fig. S1). Photosynthetically active radia-
tion (PAR; µmol quanta  m−2  s−1) is lower within reef slope 
habitats (HB5: 75.9, HB8: 72.8, FP5: 179.4, FP8: 58.9) than 
within the lagoon habitats (RC: 199.2, RF: 371.7, SL: 201.8, 
DL: 198.8), due to differences in depth (Brown et al. 2018; 

Cyronak et al. 2020). Mean depth and PAR were determined 
by use of Conductivity Temperature Depth (CTD) units that 
continuously recorded between July 2015–November 2016 
(SBE 16plus V2 SEACAT fitted with an auxiliary PAR sen-
sor, Satlantic/ECO-PAR sensor) (see Brown et al. 2018 for 
more detailed methodology).

Fig. 2  Temperature profiles and representative images from ther-
mally stable and thermally variable habitats across Heron Reef. 
Images show coral communities before thermal stress (November 
2015), during the peak of the marine heatwave (March 2020) and five 
months after the marine heatwave (August 2020). In situ temperature 
profiles and heat stress accumulation recorded from September 2015–
August 2016 and September 2019–August 2020 at four sites across 
Heron Reef: (A) Thermally stable reef slope at 5  m depth (Harry’s 
Bommie 5  m), (B) thermally stable reef slope 8  m depth (Harry’s 
Bommie 8 m), (C) thermally variable reef flat and (D) thermally vari-

able shallow lagoon. Points indicate hourly measurements and solid 
black lines indicate mean daily temperatures. Heat stress accumula-
tion (gray shading) was estimated by degree heating weeks (solid 
gray line) calculated from mean daily temperatures. Degree heating 
weeks were not calculated for (B) in 2019–2020 due to an incom-
plete record. Solid horizontal line indicates the region’s climatologi-
cal maximum monthly mean (MMM; 27.3 °C) and dashed horizontal 
line indicates the region’s coral bleaching threshold (MMM + 1  °C; 
28.3  °C). Insets show mean daily temperature amplitude (°C ± SE). 
Image credit: Before, After: Kristen Brown; During: Aaron Chai
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Benthic community composition

Benthic community composition was recorded in August 
2020 using the method described by Brown et al. (2018). 
During each survey, three replicate 15 m transects were 
laid north, east, and west from a permanent reference point. 
Quadrats (0.25  m2) were alternated right and left every 0.5 m 
along the transect line, totalling 30 quadrats per transect. 
Percent cover of each quadrat was recorded in situ from 
22 specific categories. The four main categories were hard 
coral, other invertebrates (including soft corals and sponges), 
algae and substrate. Hard corals were differentiated into 
family and growth form: Acroporidae- tabular/corymbose/
digitate (ARC-TCD), Acroporidae- branching (ACR-BRA), 
Acroporidae- plating/encrusting (ACR-PE), Pocilloporidae 
(POCI); Poritidae-massive (POR-M); Poritidae-encrusting/
plating varieties (POR-PE); Poritidae-branching (POR-
BRA); Faviidae-Lobophyllidae (FAV-LOB); and other hard 
corals (including non-scleractinian corals). Bleaching status 
was recorded to family and growth form for all live corals 
and due to low bleaching prevalence across sites (Fig. S2), 
combined as ‘bleached hard coral’ for analyses. Macroalgae 
were separated as: fleshy macroalgae, calcifying algae of the 
genus Halimeda, articulate/crustose coralline algae (ACA/
CCA) and turf algae/cyanobacteria. Substrate was divided 
into sand/sediment, coral rubble and recently dead hard 
coral (i.e., coral skeletons with epithetic algal community 
with turf height < 3 mm). Recently dead hard coral was also 
recorded to family and growth form where possible (Fig. 

S2). Benthic community composition in 2020 was com-
pared to data collected in July 2015 and August 2016 along 
the same transects (Brown et al. 2018). All surveys were 
conducted within the same season (austral winter), because 
macroalgae display significant shifts in composition and 
abundance across seasons (Brown et al. 2018). The rela-
tive changes in hard coral (including bleached coral), algae 
and hard substrate (including coral rubble and recently dead 
coral) were determined by subtracting the mean between 
years and dividing by the initial cover:

Evaluation of thermal stress

Seawater temperatures were recorded at hourly inter-
vals using cross-calibrated HOBO Pendant loggers (UA-
001–64; ± 0.552 °C accuracy) between September 2019 
and August 2020. Logger accuracy was assessed at the 
end of the deployment period using a water bath (Thermo 
Scientific Precision TSGP20). Due to logger failures, only 
a partial temperature record was obtained at HB8 (from 
December 2019), RC (from February 2020) and DL (from 
February 2020) and there is no temperature record at FP5 
(Table 1, Fig. S1). No loggers were deployed at FP8 during 
2019–2020. Seawater temperatures recorded in 2019–2020 
were compared to temperatures recorded at the same loca-
tions in 2015–2016 (see Brown et al. 2018 for detailed meth-
odology). The mean, maximum, minimum, and mean daily 

Relative change (%) =
(

Coverfinal − Coverinitial
)

÷ Coverinitial × 100

Table 1  Temperature metrics across Heron Reef by site and year

Degree heating weeks were not calculated for sites where a complete temperature record was not obtained
* Data recorded from December 2019
$  Data recorded from February 2020

Period Site Mean SE Minimum Maximum Mean daily 
amplitude

SE Degree 
heating 
weeks

Sept 2015–Aug 2016 Harry’s Bommie 5 m 24.36 0.02 17.37 28.31 1.06 0.03 0.00
Harry’s Bommie 8 m 24.56 0.02 19.75 28.25 0.81 0.02 0.00
Fourth Point 5 m 24.44 0.02 16.34 28.60 1.27 0.03 0.00
Reef crest 24.51 0.03 17.54 32.17 2.81 0.07 0.00
Reef flat 23.97 0.03 18.04 31.80 2.96 0.06 2.85
Shallow lagoon 24.91 0.03 18.74 30.92 2.22 0.05 2.26
Deep lagoon 24.45 0.03 18.96 30.02 1.34 0.03 2.25

Sept 2019– Aug 2020 Harry’s Bommie 5 m 24.85 0.02 20.04 29.35 1.11 0.02 5.60
Harry’s Bommie 8  m$ 25.50 0.03 21.57 29.35 0.53 0.03
Fourth Point 5 m Temperature logger lost
Reef crest* 24.22 0.04 17.48 33.22 2.43 0.08
Reef flat 25.32 0.03 18.05 36.49 4.45 0.10 7.84
Shallow lagoon 24.85 0.03 18.33 31.47 2.23 0.05 7.51
Deep lagoon* 26.06 0.04 22.62 30.05 1.21 0.05
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amplitude were calculated at each site for the two periods 
September 2015–August 2016 and September 2019–August 
2020 (Table 1). Daily (24 h) mean temperatures (T) were 
extracted from the logger data. The climatological maximum 
monthly mean (MMM) of Heron Reef is 27.3 °C (Weeks 
et al. 2008). Temperature anomalies, or ‘hotspots’ (HS), 
were calculated from the logger data using U.S. National 
Oceanic and Atmospheric Administration (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:

Importantly, we did not use nighttime-only temperatures, as 
is done with NOAA CRW, instead choosing to use 24 h mean 
temperatures due to the diel variability across sites. Thermal 
anomalies were then summed across a rolling 12-week (90-
day) period to determine the extent of thermal stress in degree 
heating weeks (DHW; oCwk−1):

Statistical analyses

Differences in mean daily seawater temperatures between year 
(two levels: 2015–2016, 2019–2020) and site (three levels: 
HB5, RF, and SL) were explored using a linear model. Dif-
ferences in benthic community composition were analyzed 
using permutational multivariate analysis of variance (PER-
MANOVA) and principal components analysis (PCA), with 
the fixed effects of site (eight levels: HB8, HB5, RC, RF, SL, 
DL, FP5, FP8) and year (three levels: 2015, 2016, 2020) using 
the adonis and rda functions in the vegan package, respec-
tively (Oksanen et al. 2013). Significant effects were followed 
by pairwise comparisons using the pairwiseAdonis2 function 
in the pairwiseAdonis package (Arbizu 2020). Resemblance 
matrices were obtained using Bray–Curtis dissimilarity and 
9999 permutations. All temperature metrics (Table 1) were 
assessed using the vif function in vegan, and meaningless met-
rics were removed if variance inflation exceeded 5. Tempera-
ture metrics showing significant correlations with PCA ordina-
tion were plotted as vectors using the envfit function in vegan.

The significant interaction between site and year was fur-
ther explored on the percent cover of specific benthic catego-
ries using a linear model. The significance of fixed effects and 
their interactions was determined using an analysis of variance 
with a type III error structure using the Anova function in car 
package (Fox et al. 2012). Significant interactive effects were 
followed by pairwise comparison of estimate marginal means 
using the emmeans package with Tukey HSD adjusted p values 

HS
i
= (T

i
≥ MMM + 1 ◦C) −MMM,HS

i
≥ 0

DHW
i
=

i
∑

n=i−90

(

HS
n

7

)

, whereHS
n
≥ 1

(Lenth et al. 2018). Data were tested for homogeneity of vari-
ance and normality of distribution through graphical analyses 
of residual plots for all models. All statistical analyses were 
done using R version 4.0.0 software (R Core Team 2021), and 
graphical representations were produced using the package 
ggplot2 (Wickham 2016).

Results

Heat stress varied between habitats during the 2020 
heatwave

Mean daily seawater temperatures were significantly hot-
ter in September 2019–August 2020 when compared to 
September 2015–August 2016 across all sites (F = 4.03, 
p = 0.04) (Table 1, Fig. 2, Fig. S1, Table S1). Maximum 
temperatures recorded were between 0.55–4.69 °C warmer 
in 2019–2020 than 2015–2016 across all sites (Table 1, 
Fig. 2). Across the three sites where a complete temperature 
record was obtained in 2019–2020 (Harry’s Bommie–5 m 
depth, Reef Flat and Shallow Lagoon), hourly temperatures 
were significantly influenced by the interaction of year and 
site (F = 161.92, p < 0.0001). Pairwise comparisons revealed 
that within the thermally variable Reef Flat, annual mean 
temperatures were nearly one and a half degrees warmer 
(1.35  °C) in 2019–2020 when compared to 2015–2016 
(p < 0.0001), whereas the stable reef slope site (Harry’s 
Bommie 5 m) only exhibited an increase of 0.49 °C (Table 1, 
Fig. 2). During the heatwave, the mean daily amplitude 
increased at the Reef Flat, where it was 1.49 °C greater in 
2020 than in 2015–2016 (4.45 °C vs. 2.96 °C, respectively) 
(Table 1, Fig. 2). In contrast, the mean daily amplitude did 
not change within the thermally stable reef slope during the 
heatwave (1.11 °C vs. 1.06 °C). Increased variability within 
the Reef Flat was driven by extreme hourly temperatures 
of up to 36.49 °C, which coincided with midday low tides 
in mid-February during the heatwave (Fig. 2). As a result, 
the accumulation of heat stress, measured as degree heating 
weeks (DHW), was greatest within the thermally variable 
Shallow Lagoon and Reef Flat during the 2020 heatwave, 
reaching a maximum of 7.51 °C  wk−1 and 7.84 °C  wk−1, 
respectively (Table 1, Fig. 2). In contrast, hourly tempera-
ture maxima within thermally stable reef slope sites never 
exceeded 30 °C (maximum of 29.35 °C), and Harry’s Bom-
mie 5 m only reached a maximum of 5.60 °C  wk−1 during 
the 2020 heatwave (Table 1, Fig. 2).

Benthic community composition shifted 
following the marine heatwave

Due to the COVID-19 pandemic and associated travel 
restrictions, we were unable to quantitatively assess coral 
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bleaching during the peak of heat stress in March 2020; 
however, we were able to confirm severe and extensive 
coral bleaching within the thermally variable Reef Flat and 
selective coral bleaching within the thermally stable reef 
slope (Harry’s Bommie) from photographs taken at that time 
(Fig. 2, Fig. S3–S4). Severe and extensive coral bleaching 
was observed within the thermally variable Reef Flat dur-
ing the heatwave (Fig. 2, Fig. S3), with Ainsworth et al. 
2021 reporting up to 60% of corals experiencing bleaching 
by mid-February 2020. In contrast, Ainsworth et al. 2021 
observed that only 10% of corals within the thermally stable 
reef slope were experiencing bleaching at the same time, 
which was in agreement with our observations (Fig. 2, Fig. 
S4). We found that branching Acropora, the most abundant 
hard coral across Heron Reef (Brown et al. 2018), exhibited 
differential patterns in the susceptibility between the ther-
mally stable and variable habitats (Fig. 2, Fig. S3–S4). Ains-
worth et al. 2021 further supported these findings, reporting 
that symbiont densities were 50-fold less in branching Acro-
pora from the reef flat than corals impacted by bleaching on 
the coral reef slope at the peak of the heatwave (Ainsworth 
et al. 2021). Within thermally stable reefs, we observed that 
foliose and plating Montipora and tabular, corymbose, and 
digitate Acropora that were the most susceptible to bleach-
ing (Fig. 2, Fig. S4).

PERMANOVA testing revealed that benthic com-
munity composition was significantly influenced by 
site (pseudo F = 27.34, p < 0.0001) and year (pseudo 
F = 13.49, p < 0.0001) (Table S2). Principal component 
analysis further revealed distinct patterns through time, 
with the first two principal component (PC) axes explain-
ing 27.9% and 13.3% of the variance, respectively. PC1 
was most closely correlated with Pocilloporidae (POCI) 
and coral rubble, and PC2 with Acroporidae- tabular/

corymbose/digitate (ARC-TCD), Acroporidae- branch-
ing (ACR-BRA) and Acroporidae- plating/encrusting 
(ACR-PE) (Fig. 3, Table S4). Convex hulls revealed sig-
nificant overlap between non-heatwave years (2015 and 
2016), with 2020 shifting into space distinguished by 
bleached hard coral and recently dead coral. Visual pat-
terns reflected significant differences between years, with 
pairwise comparisons revealing no significant differences 
in benthic communities between 2015 and 2016 (p = 0.79), 
yet significant and nearly significant differences between 
2015 and 2020 (p = 0.04) and 2016 and 2020 (p = 0.06), 
respectively (Fig. 3, Table S3). Between sites, significant 
overlap was observed between three of the four thermally 
stable reef slope sites: Fourth Point 5 m, Harry’s Bommie 
5 m, and Harry’s Bommie 8 m. Benthic composition of 
thermally stable Fourth Point 8 m, having suffered severe 
cyclone damage ~ 10 years earlier (March 2009) (Brown 
et al. 2021), was distinct from the other reef slope sites 
and was closely aligned to lagoonal sites (Fig. 3). The 
thermally variable Reef Flat, Shallow Lagoon and Deep 
Lagoon sites grouped in neighboring space, and most 
closely aligned with communities with greater coral rub-
ble, macroalgae and sand (Fig. 3). Maximum tempera-
ture (r2 = 0.62, p = 0.0001), daily temperature amplitude 
(r2 = 0.49, p = 0.0001) and DHW (r2 = 0.45, p = 0.0001) all 
were significant predictors of benthic community compo-
sition, while annual mean temperature was not significant 
(r2 = 0.04, p = 0.35) (Fig. 3, Table S5).

Across all of Heron Reef, total hard coral cover signifi-
cantly decreased from 42.9% cover in 2016 to 35.5% cover 
in 2020 (decrease of 7.6 ± 2.1%) (F = 3.79, p = 0.001) (Fig. 
S5, Table S6). Some remnant coral bleaching (up to 3% 
cover) was still observed five months after peak heat stress 
(Fig. 2, Fig. S2). There were no significant differences 

Fig. 3  Principal components 
analysis (PCA) of benthic 
community composition by 
year. Convex hulls represent 
year groupings. Biplot vectors 
represent key benthic catego-
ries (dash-line arrows). Inset 
displays significant (p = 0.0001) 
temperature metrics (black 
arrows) according to squared 
correlation coefficients  (r2). 
ARC-TCD, Acroporidae- tabu-
lar/corymbose/digitate; ACR-
BRA, Acroporidae- branching; 
ACR-PE, Acroporidae- plating/
encrusting; POCI, Pocillopori-
dae; POR-MASS, Poritidae-
massive; DHW, Degree heating 
weeks; Tamp, Diel temperature 
amplitude; Tmax, Maximum 
temperature
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in the abundance of algae or other benthic invertebrates 
between years (p = 0.34) (Fig. S5). Also, there was no 
significant change in hard substrate cover between 2015 
and 2016; however, between 2016 and 2020, there was a 
significant increase in hard substrate cover (9.56 ± 2.1%) 
(p < 0.001), driven by an increase in recently dead coral 
and coral rubble (Fig. S2, S5).

Decline in hard coral cover was greatest 
within thermally variable habitats

The largest relative declines in coral cover from 2016 to 
2020 were observed within the thermally variable habitats 
of the Reef Crest (− 25.6%), Reef Flat (− 69.8%), Deep 
Lagoon (− 82.6%), and Shallow Lagoon (− 28.6%) (Fig. 4, 
Table S8), the latter of which historically has had only ~ 3% 
coral cover (Brown et al. 2018). At the thermally stable reef 
slope sites, declines occurred but were of lesser magni-
tude. For example, on the south-west reef slope at Harry’s 
Bommie 5 m, a relative decline of − 19.1% was observed, 
whereas at 8 m coral cover declined by − 10.9% (Fig. 4, 
Table S8). On the north-east reef slope at Fourth Point, the 
8 m site experienced virtually no relative change in coral 
cover (− 0.26%), whereas at 5 m, coral cover declined by 
− 13.0% (Fig. 4, Table S8). Within the stable sites, mac-
roalgae cover increased by + 9.9% and + 18.4% on the north-
east reef slope at 5 m and 8 m, respectively, whereas on 
the south-west reef slope, macroalgae cover decreased by 
− 4.0% at both 5 m and 8 m (Fig. 4, Table S8). The highly 
variable habitats of the Reef Flat, Shallow Lagoon, and 

Deep Lagoon experienced − 34.5%, − 12.4% and + 2.8% 
changes in macroalgal cover, respectively (Fig. 4, Table S8). 
The Reef Crest experienced the largest relative declines in 
macroalgae (− 37.2%) (Fig. 4, Table S8). Hard substrate, 
including bare substrate, recently dead coral, and coral rub-
ble, increased across most sites between 2016–2020 from 
29.2% and up to 170.8% (Fig. 4, Table S8). All absolute and 
relative changes in hard coral, algae and hard substrate are 
presented in Tables S7 and S8.

Changes in hard coral cover by functional group were 
habitat‑specific

The abundance of ACR-TCD and ACR-PE significantly 
declined between 2016 and 2020 at the 5 m south-west 
reef slope site, by − 9.6 ± 4.6% and − 9.6 ± 2.1%, respec-
tively (χ2 = 426.95, p < 0.001) (Fig. 1, Table S9). At the 
8 m south-west reef slope site, there was also a signifi-
cant reduction in ACR-PE (− 10.2 ± 4.1%) between 2016 
and 2020 (Fig.  1). In contrast, ACR-BRA increased 
significantly between 2016 and 2020 at both the 5  m 
(+ 8.8 ± 4.1%) and 8 m (+ 10.1 ± 9.9%) south-west reef 
slope sites (Fig. 1). An increase in recently dead coral 
was also observed at the 5 m (+ 21.2 ± 2.3%) and 8 m 
(+ 16.5 ± 1.6%) south-west reef slope sites between 2016 
and 2020 (Fig. 1). At the 5 m north-east reef slope, a sig-
nificant decline in ACR-TCD (-9.5 ± 3.3%) and increase in 
recently dead coral (+ 9.4 ± 1.8%) was observed between 
2016 and 2020 (Fig.  1). No significant changes were 
observed at 8 m on the north-east reef slope between years. 
Within the thermally variable Reef Flat, the abundance 

Fig. 4  Relative change in 
benthic cover across thermally 
stable and variable sites. (A) 
Relative change (%) in cover 
between 2015 and 2016. (B) 
Relative change in cover 
between 2016 and 2020. Ben-
thic categories are displayed 
at the top of the Figure: hard 
coral (includes bleached coral); 
algae; and recently dead coral 
(includes coral rubble)
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of ACR-BRA significantly declined between 2016 and 
2020 (− 7.1 ± 2.2%), and recently dead coral increased 
(+ 19.9 ± 3.3%) (Fig. 1). Within the Deep Lagoon, there 
were notable, although nonsignificant reductions in 
POCI (− 5.9 ± 1.5%), Poritidae-branching (POR-BRA; 
− 1.9 ± 0.9%) and Poritidae-massive (POR-M; -3.9 ± 1.7%) 
and a significant increase in coral rubble between 2016 
and 2020 (+ 10.3 ± 10.1%) (Fig. 1). No significant changes 
were observed at the Shallow Lagoon between years.

Discussion

Thermally variable habitats that currently endure extreme 
temperatures are predicted to promote heat-tolerant cor-
als through both acclimatization and adaptation (Bay and 
Palumbi 2014; Palumbi et  al. 2014; Kenkel and Matz 
2016). Yet, whether these gains in heat tolerance by coral 
communities native to naturally variable environments 
increases preparedness and ultimately survival through 
extreme marine heatwaves remains a critical outstanding 
question. Here, we found that corals residing within ther-
mally variable habitats that are able to withstand daily 
short-term, extreme fluctuations in temperatures are still 
highly sensitive to bleaching and mortality during climate 
change-driven heatwaves. We reveal that during the 2020 
heatwave at Heron Reef, thermally variable reef sites expe-
rienced disproportionately greater increases in temperature 
relative to stable reef sites. This was driven by amplified 
daily temperature maxima (up to 36.5 °C at variable sites 
vs. 29.4 °C at stable sites), increases in the daily mean tem-
perature (up to + 1.4 °C at variable sites vs. + 0.9 °C at stable 
sites), and greater increases in the magnitude of diel vari-
ability (up to ± 4.5 °C  d−1 at variable sites vs. ± 1.1 °C  d−1 
at stable sites). This led to higher cumulative heat stress 
at variable (7.51–7.84 °C  week−1) compared to stable sites 
(5.60 °C   week−1)—a more pronounced increase in heat 
stress than if the heatwave had increased temperatures by 
the same amount across all habitats. While it is possible that 
thermal variability led to elevated thermal tolerance (i.e., 
higher bleaching threshold), this disproportionately higher 
heat stress appears to have negated any potential advantage 
of corals native to variable temperature regimes may have 
gained relative to corals in stable temperature regimes, lead-
ing to declines in hard coral cover that were three times 
greater in the thermally variable habitats than declines 
within thermally stable habitats (26– 82% vs. 0.3–19%, 
respectively). This difference in the additional heat stress 
and resultant mortality caused by an in situ heatwave in vari-
able habitats representing four distinct geomorphological 
zones is notable, as static experimental heat stress assays 
would not have captured this natural environmental hetero-
geneity (Ziegler et al. 2021).

While temperature regimes that expose corals to sub-
bleaching stress have been recognized as a mechanism to 
increase the physiological preparation for marine heatwaves 
events (Ainsworth et al. 2016; Safaie et al. 2018; Sully et al. 
2019), this protective mechanism is expected to be lost 
as climate change intensifies (Schoepf et al. 2015; Ains-
worth et al. 2016). Indeed, in our study, anomalously high 
temperatures within thermally variable habitats seemed to 
overwhelm the ability of corals to cope with heat stress, 
despite prior protective, sub-bleaching stress exposure. 
Temperature maxima within the thermally variable Reef 
Flat coincided with midday low tides when solar heating 
combined with tidal ponding to drive temperatures (recorded 
at five-minute intervals) briefly over 38 °C at the peak of 
the heatwave (mid-February 2020) (Ainsworth et al. 2021). 
Even hourly temperature maxima were ~ 5 °C hotter within 
the Reef Flat than temperatures previously experienced in 
a non-heatwave year. Extreme temperatures pushed diur-
nal variability above ± 4.4 °C  d−1, levels which have been 
previously shown to lower heat tolerance (Schoepf et al. 
2019). In contrast, corals from thermally stable reef slope 
habitats were exposed to the same, minimal diurnal vari-
ability (± 0.5–1.1 °C  d−1) and temperature maxima only 1 °C 
hotter than temperatures from a non-heatwave year. While 
co-occurring environmental conditions (e.g.,  pCO2, oxygen, 
and flow) were not directly quantified, presumably higher 
irradiance due to shallower depths as well as decreased oxy-
gen, elevated  pCO2, and limited flow as a result of longer 
seawater residence times (Brown et al. 2018; Cyronak et al. 
2020; Reid et al. 2020; Rathbone et al. 2022) could have 
exacerbated stress in corals from the inner lagoonal habitats 
(i.e., Reef Flat, Deep Lagoon). Surprisingly, the thermally 
variable Reef Crest demonstrated divergent patterns to the 
other thermally variable sites. Similar to the reef slope habi-
tats, temperature maxima were only 1 °C hotter than tem-
peratures from a non-heatwave year (32.2 °C in 2015 vs. 
33.2 °C in 2020) and diurnal variability was nearly the same 
between heatwave (± 2.43 °C  d−1) and non-heatwave years 
(± 2.96 °C  d−1). It is important to note that a complete tem-
perature record (i.e., from September 2019–August 2020) 
was not obtained at the Reef Crest, but we did capture the 
peak of the heatwave (February–August 2020) (Fig. S1). 
Even so, because irradiance (PAR; µmol quanta  m−2  s−1) 
was similar between the Shallow Lagoon (201), Deep 
Lagoon (199) and Reef Crest (199) (Brown et al. 2018), we 
hypothesize that greater exposure to the open ocean resulted 
in greater mixing and flow (Reid et al. 2020; Kekuewa et al. 
2021) — factors which are known to offer some protection 
to corals during marine heatwaves (Wall et al. 2015). Using 
the reef as a natural laboratory allowed us to capture these 
important differences in community resilience, which are not 
possible to predict and thus analogously replicate in experi-
mental settings; however, future studies could investigate 
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the thermal tolerance of corals across these locations using 
a controlled heat stress assay to better understand if thermal 
variability results in elevated heat tolerance under identical 
environmental conditions e.g., (Voolstra et al. 2020). Addi-
tionally, the effects of co-occurring environmental param-
eters that exacerbate or alleviate thermal stress both in situ 
and in controlled experimental settings are poorly under-
stood and an important avenue of future studies (Ziegler 
et al. 2021; Van Woesik et al. 2022).

Differences in heat stress between habitats resulted in 
divergent patterns of coral community resilience in the 
aftermath of the marine heatwave. In 2015, 2018, and 
2019, no marine heatwaves were recorded across the GBR, 
whereas in 2016, 2017 and 2020, significant marine heat-
waves occurred (Hughes et al. 2021). In 2016 and 2017, 
aerial surveys revealed that Heron Reef experienced minimal 
coral bleaching at the peak of heat stress (2016: < 1% of 
corals, 2017: 1–10% of corals) (Hughes et al. 2017). Inter-
estingly, in a study that examined patterns in coral cover 
across Heron Reef from 2002 to 2018, a notable reef-wide 
decline in hard coral cover (− 7.8%) was observed between 
2015 and 2018, suggesting a more significant effect of the 
2016 and 2017 marine heatwaves than implied from aerial 
bleaching surveys. While our study cannot determine the 
exact amount of coral cover lost during each heatwave 
event between 2016 and 2020, the data of Roelfsema et al. 
2021 agree with our observations—specifically, that habi-
tats that historically experienced the greatest thermal vari-
ability (i.e., Reef Flat) underwent the greatest declines in 
hard coral cover (Roelfsema et  al. 2021). In our study, 
we expand on the observations of Roelfsema et al. 2021, 
incorporating five additional sites and long-term tempera-
ture data that demonstrates extreme temperature incursions 
during the heatwave were detrimental for corals inhabit-
ing thermally variable habitats. Specifically, we reveal that 
the thermally variable Reef Flat and Deep Lagoon, which 
boasted ~ 18% coral cover in 2015 (Brown et al. 2018), were 
reduced to < 5% coral cover following the 2020 heatwave. 
These declines will have long-term impacts until populations 
can recover, which historically can take up to decades for 
populations faced with chronic disturbances (Connell et al. 
1997), and in the interim, will likely drive reef accretion 
negative across > 50% of the Heron Reef platform (Brown 
et al. 2021). Again, the Reef Crest was different from other 
thermally variable sites, experiencing a comparatively small 
decline in coral cover (from 53% in 2015 to 48% in 2020), 
supporting the findings of others that habitats closer to the 
open ocean may experience some mitigation of the most 
severe tidal ponding and resultant heat stress (Reid et al. 
2020).

The most significant species-specific declines in coral 
cover reflected patterns in bleaching susceptibility, with a 
loss of nearly all branching Acropora within the Reef Flat. 

Interestingly, within the thermally variable Reef Crest and 
across the thermally stable south-west reef slope, branching 
Acropora cover did not decline and even increased through 
time. There were no clear ‘winners’ within the thermally 
variable habitats, although some massive faviids expe-
rienced only partial mortality on the upper portion of the 
colonies (Fig. 2), and solitary polyp corals (e.g., Fungia 
and Heliofungia) seemed to experience negligible mortal-
ity. The contrasting patterns in the susceptibility of branch-
ing Acropora between the thermally stable and variable 
habitats observed here may be due to local adaption and/
or cryptic species diversity between habitats (Kenkel and 
Matz 2016; Schoepf et al. 2020). Interestingly, our findings 
are in contrast to a recent study in western Australia that 
found that corals (principally branching acroporids) in more 
stable habitats suffered the most extensive mortality during 
a heatwave, while corals in more thermally variable habitats 
were able to fully recover within six months following coral 
bleaching (Schoepf et al. 2020). Differences between this 
study and Schoepf et al. (Schoepf et al. 2020) are likely due 
to the duration and magnitude of heat stress sustained. In 
our study, heat stress within the thermally variable habitat 
exceeded 7.8 °C   wk−1, whereas in Schoepf et al. (Schoepf 
et al. 2020), heat stress peaked at ~ 4 °C  wk−1 within the 
thermally variable intertidal habitat (Le Nohaïc et al. 2017). 
Taken together, corals inhabiting thermally variable environ-
ments may be able to withstand moderate heat stress events 
(e.g., < 8 °C  wk−1); however, as ocean temperatures continue 
to rise, thermal protection gained from acclimatization may 
no longer protect corals from future marine heatwaves.

Conclusions

Short-term fluctuations in extreme temperatures have been 
suggested to reduce the risk of coral bleaching (Safaie et al. 
2018; Sully et al. 2019) and promote coral heat tolerance 
(Oliver and Palumbi 2011; Palumbi et al. 2014; Schoepf 
et al. 2015, 2020). This study makes the critically impor-
tant step of identifying that thermal protection gained from 
acclimatization to variable temperature regimes may not 
protect corals against bleaching and mortality during severe 
heatwaves due to disproportionate increases in temperatures 
in these habitats. Instead, deeper, thermally stable habitats 
and shallow habitats with greater flow are able to offer some 
protection from the most dangerous temperatures associ-
ated with marine heatwaves. As the climate continues to 
change, this study clearly shows that long-term monitoring 
is crucial to understand: (i) how thermal variability devi-
ates during heatwaves within and between reef systems, and 
(ii) the ecological and physiological responses of individual 
organisms and benthic communities to thermal stress across 
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multiple habitats. More research is needed to understand 
the interactions between various environmental conditions 
that co-occur within thermally variable habitats (e.g., irra-
diance, oxygen) and how multiple stressors influence coral 
survivorship. Nevertheless, urgent and collective efforts to 
limit climate-induced temperature increases to 1.5 °C remain 
critical to limit the loss of coral reef ecosystems now and 
into the future.
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