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Abstract
Increasingly frequent and severe bleaching events driven by climate change are decreasing coral
populations worldwide. Recovery of these populations relies on reproduction by the survivors of such
events including local and upstream larval sources. Yet, corals that survive bleaching may be impaired by
sublethal effects that suppress reproduction, reducing larval input to reefs, and consequently impeding
recovery. We investigated the impact of the 2020 mass-bleaching event on Acropora millepora
reproduction on inshore, turbid reefs in Woppaburra sea Country (the Keppel Islands), to improve our
understanding of the effects of bleaching on coral populations. A. millepora experienced high bleaching
incidence but low mortality across the island group during this event and thus constituted an ideal
population to investigate potential sublethal effects on reproductive output. Six months after the heat
wave, and just prior to spawning, we collected, decalcified, and dissected samples from 94 tagged A.
millepora colonies with a known 2020 bleaching response, to investigate the relationships between stress
severity and reproduction. Despite having regained their pigmentation, we detected a significant reduction
in fecundity in colonies that had bleached severely. Considering the impact of the bleaching event on the
coral population sampled (i.e. mortality, bleaching severity and colony size), coupled with reductions in
fecundity, we estimated a total decrease in population-level reproductive output of 21%. These results
suggest that reduced reproductive output may impact recovery of coral populations following bleaching
and should be considered alongside traditional estimates from coral mortality.

Introduction
Coral reefs support key ecological functions and ecosystem services that are important for humans
(Sheppard et al. 2005, Worm et al. 2006, Cinner et al. 2016). However, increasingly frequent climate-
change driven disturbance events, including regional scale mass-coral bleaching, have negatively
affected coral reefs globally and are challenging the ecosystem’s recovery potential (Hughes et al. 2017,
2018a, Sully et al. 2019). An estimated 50% of coral cover worldwide has been lost since the 1950s and a
downward trajectory is predicted to continue throughout the 21st century (van Hooidonk et al. 2016, Eddy
et al. 2021). Consequently, the capacity for coral reefs to support critical ecosystem services is declining
(Hughes et al. 2018b, Hughes et al. 2019, Eddy et al. 2021), and the future value of reef systems will
depend on their persistence under future climate-change emission scenarios (Hoegh-Guldberg et al. 2007,
Chen et al. 2015).

Recovery and persistence of reefs after disturbances is driven by the growth of surviving colonies (van
Oppen et al. 2015) and by larval recruitment from sexual reproduction (Glynn et al. 2012). Larval supply
comes from both mass-spawning events (i.e., the synchronous release of gametes by spawning corals at
particular times of the year), and from brooding corals, which experience internal fertilization and then
release fully developed larvae (Sakai et al. 2020). In both cases, reproduction is energetically costly,
requiring a build-up of energy reserves prior to spawning (Leuzinger et al. 2003, Anthony et al. 2007).
Coral eggs are comprised of proteins, carbohydrates, and lipids, which aid in embryo floatation and
provide an energy source for the developing larvae (Harii et al. 2007, 2010). The accumulation of lipids
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and other macromolecules is directly impacted by the breakdown of the coral host-symbiont relationship
and the resulting decline in nutrition from the symbiont to the coral host (Conlan et al. 2020, Rodrigues
and Padilla-Gamiño 2022). Energy use by corals is also altered during bleaching and can lead to
physiological trade-offs, including the differential partitioning of energy between gamete production and
colony maintenance (Rodrigues and Padilla-Gamiño 2022). Due to the annual reproductive cycle in many
coral species, oocyte maturation and/or spawning often coincides with summer heat-stress (Randall et
al. 2020), Shikina and Chang 2016), increasing the potential for bleaching to impact reproductive output.
Therefore, understanding how bleaching events influence the production of coral gametes, and
subsequent supply of larvae to degraded reefs, can inform our understanding of the recovery capacity of
coral populations and communities.

To date, three primary effects of heat-stress on coral reproduction have been documented and include, in
decreasing order of severity: (i) complete failure of gametogenesis; (ii) a decrease in fecundity; and (iii) a
decline in gamete viability. Firstly, complete failure to produce gametes is the most well-documented
sublethal impact of bleaching on coral reproduction (Ward et al. 2002, Levitan et al. 2014) and has been
recorded during heat-stress conditions even when colonies showed no visible signs of bleaching
(Rodriguez-Troncoso et al. 2011). Secondly, a decline in metrics of reproductive output such as egg size
and fecundity has been observed in response to bleaching (Michalek-Wagner and Willis 2001, Baird and
Marshall 2002, Ward et al. 2002, Cox 2007). For example, Jones and Berkelmans (2011) found that
bleached Acropora millepora colonies produced smaller and 50% fewer eggs, and that the proportion of
colonies within the population that were reproductive had declined. Thirdly, some studies have
demonstrated an effect of bleaching on gamete and larval viability. For example, Hagedorn et al. (2016)
documented a decline in sperm motility and fertilization rates following bleaching, while an increase in
developmental abnormalities and a decline in larval survival in response to direct heat stress has been
observed (Randall and Szmant 2009, Lenz et al. 2021). While most studies examine the immediate
impacts of heat stress or bleaching on reproduction, how long these effects persist following heat stress
and colony recovery remains unclear. Furthermore, variability in the persistence of these sublethal effects
has been noted across species, geographic regions and environmental regimes. Therefore, continuing to
investigate the potential long-term sub-lethal impacts of bleaching on species and reefs is critically
important for predicting coral responses to future climate warming.

Severe and widespread bleaching occurred within Woppaburra sea Country (the Keppel Islands, southern
inshore Great Barrier Reef (GBR)) in March - April 2020. Although mortality was low (Page et al. 2023), it
was unknown whether the surviving corals suffered any impacts to reproduction in the spawning season
following bleaching. Furthermore, individual bleaching responses were highly variable, and the
relationship between bleaching severity and post-bleaching reproductive output is not well documented
(Leinbach et al. 2021). To address these knowledge gaps, we tagged Acropora millepora colonies during
bleaching and tracked their fates over six months. Colonies that spanned the full spectrum of bleaching
phenotypes, from none to catastrophic, were then sampled, decalcified, and dissected to address the
following research questions: (i) what is the relationship between bleaching severity and fecundity? (ii)
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how does post-bleaching fecundity compare with historical baselines? (iii) are bleaching severity, colony
size, and coral mortality related?

Methods

Site selection, sample collection and decalcification
This study was conducted on fringing reefs in the Keppel Islands of the southern inshore GBR. Four sites
were selected across the Island group: Great Keppel Island (GKI, 23.1030° S 150.5740° E), North Keppel
Island (NKI, 23.0738° S, 150.8987° E), Halfway Island (HI, 23.1984° S, 150.9718° E), and Pumpkin Island
(PI, 23.0927° S, 150.9011° E) (Fig. 1) and were at 1 to 5 m depth below lowest astronomical tide (LAT).
Acropora millepora is a corymbose species common across Woppaburra sea Country where it has been
extensively studied (Jones and Berkelmans 2011).

Between 18 and 21 April 2020, at the height of the heatwave induced bleaching, 350 adult A. millepora
colonies (~ 10–75 cm maximum diameter, average = 30 cm) were haphazardly tagged across sites, to
capture a wide range of bleaching phenotypes within the populations. Colonies were tagged at each of
NKI (n = 100), PI (n = 101), HI (n = 99), and GKI (n = 50). During tagging, colonies were assigned an in situ
ordinal bleaching score that ranged from 1 to 6, based on the CoralWatch Coral Health Chart (Siebeck et
al. 2006) and were photographed (Fig. 1).

Between 7 and 17 October 2020, approximately 1 month prior to the predicted coral spawning (realized
on 9 Nov 2020 for colonies from the population (C. Randall personal observation)) and approximately 6
months following the height of bleaching, 311 tagged colonies were re-surveyed and the following data
were recorded: (i) mortality status (dead or alive), (ii) percentage of live tissue remaining in intervals of
10% (i.e. 10–100% live tissue), (iii) maximum diameter (cm), (iv) maximum perpendicular diameter (cm),
and (v) bleaching score (1–6), as described above. Colonies that were not sampled at the second time
point (n = 39) were excluded from analysis. Estimated surface area of live tissue  was calculated for
each colony from the maximum diameter ( ) and the maximum perpendicular diameter ( ), both of which
were recorded across a horizontal plane by a diver, using Eq. 1: .Mean colony
diameter was also calculated from  and .

During resurvey, three replicate branches were sampled from the central area of each colony to avoid the
sterile zone found at the outer margins of Acropora colonies (Wallace 1985, Randall et al. 2021).
Branches were collected using a small chisel or knife and were placed in pre-labeled sample bags with
seawater. Immediately post dive, coral samples were transferred to a solution of 10% formaldehyde in 1
µm filtered seawater (FSW) (hereafter ‘formalin’). Samples were then transferred into 3% hydrochloric acid
(HCl) in FSW solution for decalcification, and additional 3% HCl was added over a few days to replenish
the weak acid until complete decalcification of the branches had occurred (decalcification durations
varied from 3 to 10 days). Decalcified tissue samples were rinsed in FSW and stored in fresh formalin
until dissection.

(SA)

a b

SA = π ( a) ( b)1
2

1
2

a b
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Sample dissection
Decalcified samples from a total of 94 colonies were dissected to assess fecundity. Colonies were
systematically chosen for dissection to ensure an even representation across the range of bleaching
phenotypes and, where possible, sites (Fig. 2b).

Branches were dissected under a Lecia M60 Stereomicroscope at 20x − 40x magnification.
Measurements were taken at 25x magnification from live image (5mp digital C-mount camera) within
ToupView software. Maximum branch length was measured with digital calipers, and then a longitudinal
section was cut through the middle of the branch, which was suspended in FSW in a wax dish, using a
scalpel (Fig. 3a). The length of the sterile zone— the tip of Acropora branches where the newest growth
lacks gonads (Wallace 1985)—was clearly visible from the longitudinal section and measured from the
apical polyp tip to the nearest visibly fecund polyp (Fig. 3a). Ten polyps were haphazardly selected from
near the base of the branch, with the branch interior facing downward, in order to minimize bias in
selecting polyps that had visible eggs; polyps were then removed with forceps and dissected as per
Wallace 1985 (Fig. 3b). Very small polyps were avoided, although smaller than average polyps were
sometimes selected as a result of the haphazard process and, in most instances, were observed to be
reproductively mature. The number of polyps (out of 10) that had successfully produced oocytes was
recorded. Then, the number of oocytes within each polyp was counted, and for each of the first three
polyps containing eggs, the maximum diameter  was recorded for each egg observed. Egg volume ( )

was then estimated using Eq. 2: , assuming a sphere.

Statistical Analysis
All statistical analyses were completed in R (R Core Team, 2022). Generalized linear mixed effect models
(GLMM) utilizing a template model builder (Brooks et al. 2017) were used to model reproductive output.
Models were created to test for the additive effects of bleaching score, site, and mean colony diameter on
three reproductive metrics: (1) egg size, (2) number of eggs per polyp, and (3) number of eggs per fecund
polyp. Replicate branch within colony, and colony within site were treated as nested random effects in the
model of egg size. In the models of egg numbers, only colony within site was treated as a nested random
effect due to a lack of convergence in the full model. All response variables (egg size, number of eggs per
polyp, and number of eggs per fecund polyp) were modelled with a Gaussian distribution. A null model
was formulated using only random effects and model selection was undertaken by comparing models
with each combination of predictors against the null model, using second-order Akaike Information
Criterion (AICc) in the MuMIn package (Bartoń 2013). Analysis of Variance (ANOVA) was used to
statistically compare models and validate model selection. Based on this model selection method, site
and mean diameter were not included in the final models of number of eggs per polyp and number of
eggs per fecund polyp. Model assumptions were assessed and validated using DHARMa residual
analysis (Hartig 2021) and results were visualized using ‘ggplot2’ (Wickham 2016).

(d) V

V = π( )
3

4
3

d
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Colony size does not appear to determine reproductive output of each polyp in A. millepora once coral
maturation is reached at approximately 15 cm in diameter (Hall and Hughes 1996, Baria et al. 2012).
Therefore, two colonies from NKI that were less than 15 cm diameter were excluded from the analysis.
Samples from HI were also removed from the site-specific models due to a comparatively small sample
size (HI n = 4, PI n = 29, NKI n = 34, GKI n = 27). Therefore, a total of 88 colonies were included in the
models testing site-level variation, and 92 colonies were included in fecundity models.

To investigate the relationship between bleaching score and colony survival, a logistic regression with a
binomial distribution and a logit link function was modelled using ‘glm’ from the ‘stats’ package and
diagnostics were checked as described above (R Core Team, 2022).

Historical Data
Three years of historical A. millepora fecundity data from the Keppel Islands were used to establish a
baseline of reproductive output prior to recent bleaching. Firstly, Tan et al. (2016) measured the number
of eggs per polyp from haphazardly selected A. millepora colonies in a manner comparable to this study,
in 2009 and 2010, prior to the 2016 and 2017 bleaching events. Secondly, following the sampling
methods described above, a single branch from 49 haphazardly sampled colonies from 10 sites across
the Keppel Islands in October 2019 (6 months before bleaching) were dissected, 12–19 days prior to
2019 spawning. To determine whether reproductive output in 2020 differed from these baselines, we
modelled the number of eggs per polyp against year using a general linear model with a Gaussian
distribution, as described above.

Estimate of population level reduction in fecundity
Based on the results of this study, a population level fecundity reduction was estimated from the
bleaching data that were collected from all 310 colonies surveyed during bleaching in April 2020. Firstly, a
hypothetical population-level fecundity potential was calculated, in the absence of bleaching. To do this,
we first assumed a sterile zone of length 7.3 mm around the colony perimeter as per the mean sterile
zone measured from all replicates. We then re-calculated the maximum fecund diameter ( ) and
maximum fecund perpendicular diameter  for each colony by subtracting 14.6 mm (7.3 mm on each
side) from each metric and used those values to calculate a ‘fecund SA’ in cm2 for each colony using
Eq. 1. The total number of fecund polyps per colony was then estimated by multiplying the fecund SA of
planar area measured by diameter (in cm2) by the average density of polyps in Acropora millepora (87
polyps cm− 2; Hall and Hughes 1996). From this, the modelled number of eggs per polyp, assuming no
bleaching (score = 6; 7.47 eggs per polyp), was multiplied by the number of reproductive polyps per
colony, to create a baseline assumption of a colony’s potential reproductive output, if healthy. Then, to
account for bleaching and partial mortality, the number of fecund polyps for each colony was reduced by
the % reduction in egg number estimated for that colony’s bleaching score and then reduced by the %
partial mortality observed, to estimate a realized reproductive output following bleaching. For colonies
that suffered complete mortality, realized reproductive output was zero. Finally, the percentage reduction
between the hypothetical reproductive output and the estimated realized reproductive output for all

a

(b)
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colonies combined was calculated, providing an estimate of the impact of the 2020 bleaching event on
population-level fecundity. We note that this method assumes a planar SA and thus likely underestimates
the colony-level reproductive potential, although the estimated percentage reduction should scale
proportionally.

Comparison of diver assessed and photo-surveyed
bleaching scores
To assess whether field images of colonies could be used to accurately identify bleaching severity,
bleaching scores were estimated from images taken in April 2020 using Coral Point Count with Excel
Extensions (CPCe), from 10 randomly placed points overlaid on each colony, excluding those points that
fell on the growing tips of the colonies, which are naturally paler than the surrounding colony (Kohler et
al. 2006). The relationship between in situ diver assessed and ex situ photo-surveyed bleaching scores
was tested using a Pearson’s correlation coefficient with the function cor.test in base R (R Core Team
2022).

Results
Of the colonies phenotyped during the height of bleaching (April 2020), 61% had a severe bleaching
response (category = 2, n = 214) while 15% had a catastrophic response (category = 1, n = 53), together
accounting for 76% of all colonies scored (Fig. 2a). Only 4.5% of colonies did not visually bleach
(category = 6, n = 16). Whole-colony mortality was highest at PI (17%, n = 16) while no whole-colony
mortality was observed at NKI (SI Table 1, Page et al. 2023). The likelihood of survival significantly
increased as a function of bleaching score (GLM: z = 3.437, p < 0.001) (Fig. 2d); only ‘catastrophically’
and ‘severely’ bleached colonies (scores of 1 and 2, respectively) suffered whole-colony mortality (2.9% in
score 1 (n = 9) and 3.5% in score 2 (n = 11), which equated to an overall mortality of 6.5% (n = 20). Partial
mortality ranged from 10–90%, but occurred rarely (incidence of 2%), and only in severely bleached
colonies (score of 2, n = 6). As colony size increased, the bleaching response became more severe
(Fig. 2c). Nearly all colonies had recovered by October, with an average score of 5 (‘negligible’ bleaching)
at all sites at that time, with only two colonies retaining a ‘mild’ level of bleaching (score 3, n = 2).

Egg Number
Polyp fecundity (number of eggs per polyp and number of eggs per fecund polyp) significantly differed
by bleaching score, but not by site (Table 1, Fig. 4c, d). Egg output per polyp decreased by approximately
21% from the least bleached (7.5 eggs per polyp) to the most bleached (5.9 eggs per polyp) colonies (SE 
= 0.77, p = < 0.05), with similar results in the egg output per fecund polyp model (SE = 0.63, p = < 0.05)
(Table 1). While egg output differed in the overall models between scores of 1 and 6, pairwise post-hoc
Tukey tests showed no significant pairwise differences in either model.

Egg Size
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Bleaching score was not a significant predictor of egg size, although site and colony diameter were
(Fig. 4a, b). Eggs from GKI colonies were 0.05 mm larger than eggs from NKI colonies (SE = 0.01, p < 
0.0001) and 0.04 mm larger than eggs from PI colonies (SE = 0.01, p < 0.01) (Table 1). These size
estimates equate to an approximate 10% difference in egg diameter, and a consequent 25% difference in
egg volume between GKI and NKI.



Page 9/23

Table 1
Estimated marginal mean (emmean) egg size, number of eggs per polyp, and number of eggs per fecund
polyp modelled against bleaching field score and site as fixed effects. Site abbreviations are as in Fig. 1.

Fecundity
Metric

Best Model Bleaching
score/
Site

emmean SE df lower.CL upper.CL

Mean Egg
Size

Fecundity ~ Field
Score + Site + Mean
Diameter +
(1|Sample/Rep)

1 0.53 0.008 770 0.516 0.549

2 0.54 0.011 770 0.515 0.557

3 0.54 0.026 770 0.489 0.591

4 0.56 0.017 770 0.527 0.594

5 0.54 0.010 770 0.523 0.563

6 0.55 0.013 770 0.528 0.580

Fecundity ~ Field
Score + Site + Mean
Diameter +
(1|Sample/Rep)

GKI 0.57 0.009 770 0.557 0.591

NKI 0.52 0.010 770 0.503 0.541

PI 0.54 0.009 770 0.519 0.555

Mean # of
Eggs Per
Polyp

Fecundity ~ Field
Score + (1|Sample)

1 5.9 0.402 252 5.109 6.694

2 6.04 0.497 252 5.065 7.023

3 6.59 1.251 252 4.125 9.052

4 6.29 0.819 252 4.677 7.903

5 7.08 0.511 252 6.070 8.085

6 7.47 0.653 252 6.180 8.753

Fecundity ~ Field
Score + Site +
(1|Sample)

GKI 6.6 0.434 250 5.743 7.451

NKI 6.65 0.504 250 5.661 7.646

PI 6.46 0.450 250 5.572 7.341

Mean # of
Eggs Per
Fecund
Polyp

Fecundity ~ Field
Score + (1|Sample)

1 6.22 0.330 248 5.575 6.873

2 6.73 0.419 248 5.900 7.551

3 7.11 1.025 248 5.089 9.126

4 6.57 0.671 248 5.245 7.887

5 7.16 0.419 248 6.336 7.987

6 7.68 0.535 248 6.630 8.738

Fecundity ~ Field
Score + Site +

GKI 6.86 0.355 246 6.162 7.562  
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Fecundity
Metric

Best Model Bleaching
score/
Site

emmean SE df lower.CL upper.CL(1|Sample)

NKI 6.91 0.413 246 6.095 7.722  

PI 6.97 0.373 246 6.239 7.707  

Population-level fecundity
Based on the estimate of fecundity for each bleaching score, combined with whole-colony and partial
mortality, we estimated a 21% reduction in total oocyte output of the population six months after the
2020 bleaching event.

Coral fecundity past and present
Mean number of eggs per fecund polyp in 2020 did not differ from pre-bleaching baselines (Fig. 4e).
Samples from 2019 and unbleached samples in 2020 (scores of 5 and 6) had a higher mean polyp
fecundity than compared to the historic baseline, but bleached colonies in 2020 (scores of 1 and 2) had a
similar or lower polyp fecundity than historic baselines.

Comparison of diver assessed and photo-surveyed
bleaching scores
Diver assessed and photo surveyed (CPCe) bleaching scores were tightly and positively correlated (t = 
29.99, df = 348, p < 0.001, r = 0.85) (Fig. S1). The greatest variance in CPCe score was found for colonies
with field scores of 2 and 3, while the least variance was seen for colonies at either end of the scale
(scores 1 and 6). However, some colonies scored as ‘severe’ (score = 2) by divers in situ were scored as
not bleached by the CPCe method, indicating the potential for some underestimation of bleaching from
images (Fig. S1).

Discussion
Severe bleaching occurred throughout Woppaburra sea Country (the Keppel Islands) during the 2020
marine heatwave, but mortality of Acropora millepora was low (~ 6.5% this study; Page et al. 2023).
Despite recovery by the time of coral spawning six months later, we found that heavily bleached colonies
experienced a significant reduction in reproductive output in the form of depressed egg numbers, while
egg size was conserved, resulting in an estimated 21% reduction in population-level fecundity. These
sublethal effects often go undetected and highlight the importance of tracking recovery metrics beyond
survival when assessing the impacts of bleaching on coral populations.

Bleaching and reproductive output
Generally, the capacity for gamete production was maintained in the A. millepora population following
bleaching, with only one survivor suffering complete reproductive failure. Early research into the effects
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of bleaching on reproduction reported mass reproductive cessation, amongst other effects (Baird and
Marshall 2002, Ward et al. 2002). Yet since this early research, fecundity responses have varied greatly
depending on the region, the species, and the extent and timing of bleaching, and susceptibility has likely
changed due to local adaptation. Interestingly, while not reported in Tan et al. 2016, partial reproductive
failure (i.e. some non-reproductive polyps within reproductive branches, or some non-reproductive
branches within a reproductive colony) was observed extensively here: we found that A. millepora
colonies had significantly fewer eggs in colonies that bleached ‘catastrophically’, although egg size was
not significantly reduced (Fig. 4a, b). These responses may be the result of differential allocation of
limited resources to certain polyps or branches (Leinbach et al. 2021). However, Tan et al. 2016
preferentially selected polyps containing visible eggs, potentially underestimating partial reproductive
failure. While an increase in reproductive output in the years after bleaching has also been reported
(Armoza-Zvuloni et al. 2011), our study did not indicate a last-ditch effort to reproduce as evidenced by
the similarity in overall reproductive output amongst years (Fig. 4e).

Egg size appeared largely unaffected by bleaching, but both the mean number of eggs per polyp and the
mean number of eggs per fecund polyp significantly decreased when colonies not bleached (score 6)
were compared to those that catastrophically bleached (score 1), equating to a 21% decrease in total egg
production. Therefore, colonies appeared to have preferentially conserved egg size over egg number. Egg
size is often used in corals as an indicator of health, as smaller eggs are provisioned with less lipids, are
less likely to fertilize, and can have shorter larval durations (Levitan 2006). The conservation of egg size,
but a decrease in egg quantity, is consistent with another study on A. millepora (Jones and Berkelmans
2011), and similar findings for another Acropora species have led researchers to conclude that this size-
number trade-off may be an Acropora-specific trait (Leinbach et al. 2021). The population at large
reflected this response; however, variation in egg size amongst sites (Table 1) suggests that
environmental factors may also influence the degree to which corals are able to provision their eggs. For
example, eggs from GKI were nearly 25% larger in volume than eggs from NKI (Fig. 4b), despite similar
levels of bleaching. Interestingly, NKI had some of the highest cumulative heat-stress during the 2020
bleaching event (Page et al. 2023), suggesting that this environmental stress may have influenced the
provisioning of eggs, irrespective of bleaching score.

The concept of coral species as winners and losers in response to heat stress is not new to coral reef
ecology (Loya et al. 2001, van Woesik et al. 2011), but the Keppel Islands population of A. millepora
appears to act as a ‘winner’ despite exhibiting morphological, biogeographic, and physiological
characteristics of a typical ‘loser’: the corymbose morphology of A. millepora is complex in nature, the
Keppel Islands lie inshore and are less than 20 km from inputs of terrestrial sediments, nutrients and
pollutants, and the species that dominate reefs in this region are considered sensitive, weedy, and fast-
growing (Jones and Berkelmans 2014, Thompson et al. 2022, Page et al. 2023). Despite these factors, A.
millepora remains resilient in this region. Previous studies have shown that an increase in
heterotrophically-derived nutrition can prevent mortality and aid in rebuilding energy reserves up to a year
after bleaching, which is necessary for provisioning eggs (Grottoli et al. 2006, Hughes and Grottoli 2013).
Anthony (1999) demonstrated that A. millepora can have high heterotrophic plasticity; therefore, the



Page 12/23

highly turbid nature of these reefs may provide greater opportunities for heterotrophic feeding than on
lower turbidity mid-shelf and offshore reefs.

Bleaching and coral mortality
Despite the severe bleaching exhibited by nearly 75% of A. millepora colonies, there was some variability
in bleaching response within the population (Fig. 2). In general, mortality remained low, and recovery to
normal coloration (scores of 5 and 6) occurred for nearly all colonies within six months. Differential
bleaching and survival through a marine heat wave can be driven by many factors, including variability in
the prevalence of heat-tolerant symbiont communities (Ziegler et al. 2018, Rowan 2004, Jones et al.
2008). For example, the dominant genera of Symbiodiniaceae hosted can significantly affect coral heat
tolerance (Pelosi et al. 2021), and symbiont shuffling following bleaching has aided in the speed of coral
recovery following past bleaching in the Keppel Islands (Jones et al. 2008). Thus, the low mortality
observed in the Keppel Islands in 2020 may be due to plasticity in symbiont communities hosted (Jones
et al. 2008, Sweet 2014, Bay et al. 2016). The combination of Cladocopium C3 with Durisdinium-
dominated colonies may have also provided some level of heat resilience to A. millepora colonies in this
region, as has been previously identified (Berkelmans and van Oppen 2006, Jones et al. 2008, Bay et al.
2016). Future studies could use amplicon sequencing of multiple markers (Nitschke et al. 2022) or map
reads from whole genome sequencing studies in samples collected over times to better the role of
Symbiodiniaceae in driving bleaching resilience and recovery. Host-specific processes, such as host-
environmental memory (Hackerott et al. 2021), phenotypic plasticity (Bellantuono et al. 2012) and genetic
adaptation to bleaching recovery (van Oppen and Blackall 2019, Marhoefer 2021) may have also
contributed to rapid recovery and high survival in this population.

An alternative explanation for low mortality following severe bleaching discussed in Page et al. (2023) is
that high turbidity in the region, coupled with large tidal ranges, may have facilitated recovery via three
mechanisms: (1) turbidity could have reduced bleaching severity by reducing irradiance stress during
periods of anomalously high seawater temperatures (Cacciapaglia and van Woesik 2016); (2) increased
heterotrophic feeding through the deposition of particulate organic material could have aided recovery
(Grottoli 2006); and (3) higher levels of mass transfer with tidal flow may have helped alleviate the build-
up of superoxide radicals during bleaching (Loya et al. 2001). Shading, feeding and increased flow can
all contribute to the resilience of inshore corals, which in this region are known for their exceptional
growth rates (Diaz-Pulido et al. 2009). Finally, the highly disturbed nature of the system may have already
resulted in local adaptation. Reefs in the Keppel Islands are subjected to frequent and varied stresses
(Diaz-Pulido et al. 2009, Thompson et al. 2022, Page et al. 2023). Therefore, it is likely that some level of
local adaptation to thermal stress has already occurred, and colonies of A. millepora in the Keppel Islands
have been shown to suffer lower background mortality than in other areas of the GBR (Tan et al. 2018).
The 1998 bleaching event caused nearly 32% whole-colony mortality of fate-tracked A. millepora colonies
on the GBR (Baird and Marshall 2002). Twenty-two years later, with more heat accumulation than in
1998, mortality was 5-fold lower in the Keppel Islands, suggestive of their higher tolerance to heat stress
than central-sector populations of A. millepora historically. Finally, below-average temperatures in the
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winter months following bleaching also likely offered a reprieve from stress (Randall and van Woesik
2015; Page et al. 2023), allowing the symbiotic relationship between the coral and their symbionts to
recover quickly.

Comparison of diver assessed and photo-surveyed
bleaching scores
There was a strong correlation between the diver-assessed and photo-surveyed scoring methods
indicating that the photo-based bleaching assessment captured the scale and severity of bleaching well
(Fig. S1). However, occasional discrepancies in diver-assessed scores compared with photo-surveyed
scores suggests that the photo-survey method may miss some bleaching, particularly in highly turbid and
low-light conditions. For example, one colony scored by divers as ‘severely’ bleached was categorized as
‘negligible’ by the photo-survey method (Fig. S1). Applying uniform lighting near the base of the colonies
may significantly improve visibility of interior tissue for ex situ assessments, increasing accuracy. Thus,
despite the occasional mismatch, the photo-survey method was fairly reliable and suggests that this
approach may prove useful when assessing large datasets or studying large-scale bleaching patterns,
particularly with minor improvements in the method e.g. standard camera settings, white balancing using
a white/black/grey scale (Hoogenboom et al. 2017). The photo-assessment technique can be easily
taught and incorporated into citizen science efforts to increase community involvement in reef
monitoring and broaden the scale of rapid assessments required during heat waves, while
simultaneously increasing community awareness of the current state of reefs in their region.

Conclusion
Understanding the impacts of bleaching on coral fitness is important for improving predictions of coral
population and reef trajectories under climate change. Yet quantifying the impacts on longevity, growth
and reproductive output are challenging and are often not captured in acute heat-response studies. Our
results suggest that the reproductive output of the Keppel Islands A. millepora population was reduced by
21% in the year following the 2020 mass-bleaching event. Surviving corals are vulnerable to the often
under-reported and overlooked sublethal impacts that can persist for a significant period (Johnston et al.
2020), and these effects may be further amplified in populations not adapted to such a highly disturbed
and heterotrophic system. Corals that survive the increasing frequency and severity of heat waves
predicted under climate change will likely have reduced fitness and reproductive output (Baird and
Marshall 2002, Hagedorn et al. 2016, Johnston et al. 2020, Leinbach et al. 2021). Thus, further studies
that assess the impacts of bleaching on coral fitness will improve predictions of coral populations and
reef trajectories into the future.
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Figure 1

(a) Map of the Keppel Islands with four collection sites identified: North Keppel Island (NKI), Pumpkin
Island (PI), Great Keppel Island (GKI), and Halfway Island (HI). Background colour represents the mean
temperature in February 2020 at the height of the heat wave, at 2.35m depth, as modeled by eReefs
(www.ereefs.aims.gov.au). Figure after Page et al. 2023. (b) Bleaching colour scale, from 1 to 6, based on
the CoralWatch Coral Health Chart (Siebeck et al. 2006), and corresponding representative colonies of

http://www.ereefs.aims.gov.au/
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each score, from in-water surveys in April 2020. Bleaching severity classifications from ‘none’ to
‘catastrophic’ were added alongside nominal scores from the CoralWatch chart, based on our results.

Figure 2

(a) Bleaching scores of all tagged colonies (n = 350) and (b) dissected colonies recorded in April 2020 (n
= 94), during the height of bleaching at four sites in the Keppel Islands. Colours of the bars represent
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bleaching scores from most severe (“catastrophic”; score=1) to none (score=6) (Siebeck et al. 2006). (c)
Mean colony diameter against the April 2020 bleaching score with a locally estimated scatterplot
smoothing (LOESS) curve and 95% confidence intervals in gray. (d) Logistic model predicting the
probability of coral survival as a function of bleaching score, with 95% confidence intervals in gray. Color
scales in (c and d) represent bleaching scores from severe (score=1) to none (score=6). Note that points
in (d) are jittered along the x-axis for readability.

Figure 3

Acropora millepora tissue dissections showing (a) a longitudinal cross section through a branch, and (b)
a freshly isolated polyp (left) and a dissected polyp (right) showing spermatozoa (s) and oocytes (o)
visible within both primary and secondary mesenteries. White scale bars in (a) and (b) represent 1 mm.
Red line segment in (a) represents the length of the sterile zone. Blue line segment in (b) represents the
maximum diameter of an oocyte within the mesentery. Photomicrographs: Christine Giuliano.
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Figure 4

Modelled egg size (a, b) and number of eggs per polyp (c, d) by bleaching field score (a, c) and site (b, d)
in Acropora millepora. Asterisk indicates a bleaching score that was significantly different from score 6 in
the model (p<0.05). (e) Fecundity in the Keppel Island’s A. millepora population before (2009, 2010; Tan et
al. 2016, 2019 Giuliano, unpublished) and after (2020; present study) bleaching.


