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Abstract Coral reefs are under threat from cumulative
impacts such as cyclones, crown-of-thorns starfish (COTS)
outbreaks and climate-driven coral bleaching events.
Branching corals are more severely impacted by these events
than other coral morphologies due to their sensitivity to heat
stress and weaker skeletons and COTS preferred prey. The
central Great Barrier Reef experienced unprecedented back-
to-back bleaching events in 2016 and 2017. This study com-
menced in 2017 at the peak of heat stress and examined
the impact of the heatwave on the survival and recovery of
corals by assessing the growth, health (based on the visual
health index) and physiological parameters (chlorophyll
a, zooxanthellae density, lipid and protein content) of two
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species, Acropora millepora and Pocillopora acuta (N =60
colonies for each species). It was conducted across a gradi-
ent of turbidity at three reefs, Pandora, Orpheus and Rib, that
experienced in April 2017, degree heating weeks (DHW)
of 9, 8 and 7, respectively. Orpheus experienced the worst
bleaching, based on visual health score, followed by Rib
and Pandora. Rib experienced the greatest mortality (78%
by Nov 2017); however, this was attributed to the presence
of actively feeding crown-of-thorns starfish. Growth rates
of A. millepora were almost twice the rate of P. acuta. Both
species showed significant seasonal variation with growth of
A. millepora and P. acuta 35-40% and 23-33% significantly
greater in the summer, respectively. Differences in growth
rates were best explained by indicators of energy acquisi-
tion. For example, the most important predictor variable in
determining higher growth rates and visual health score in
A. millepora was chlorophyll a content. For P. acuta, vis-
ual health score was the best predictor variable for higher
growth rates. This study highlights the important role that
chlorophyll a and associated symbionts play in growth and
survival in these corals during and after a heat stress event.
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Introduction

Coral reefs are highly biodiverse ecosystems and under
threat from increased frequency of anthropogenic distur-
bances such as rising temperatures, pollution and sedimen-
tation (Hoegh-Guldberg 2011; Hughes et al. 2018). This
is of concern as coral reefs are a major food source for a
large proportion of the global population, provide consid-
erable economic benefits and house a large proportion of
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the world’s marine biodiversity (Cesar et al. 2003). Even
large well-connected coral reef systems such as Austral-
ia’s Great Barrier Reef (GBR) are at risk from more fre-
quent heatwaves as the global climate system responds to
increasing greenhouse gases. There have now been four
mass bleaching events recorded on the GBR in the last five
years, the unprecedented back-to-back bleaching events
in 2016 and 2017 and again in 2020 and 2022 (GBRMPA
2022).

Bleaching susceptibility varies among geographical
locations, species and individual corals (Grottoli et al.
2004). Bleaching extent of corals is influenced by envi-
ronmental conditions such as turbidity (Anthony et al.
2007), nutrient availability (Rodrigues and Grottoli 2007)
and water temperature (Heron et al. 2016; Hughes et al.
2018; Lough et al. 2018). Among coral species, faster
growing species such as Acropora spp and Pocillopora
spp are typically more sensitive to heat stress and are
therefore more vulnerable to bleaching(Loya et al. 2001;
Darling et al 2013) with higher mortality rates than mas-
sive corals such as Porites spp (Guest et al. 2012; Baum
et al. 2023). Among individuals, bleaching susceptibil-
ity is regulated by underlying physiological mechanisms
(Dunn et al. 2012; Grottoli et al. 2006). A shift to more
thermally resistant Symbiodiniaceae (Berkelmans and van
Oppen 2006; Rowan 2004, LaJeunesse et al. 2018), the use
of lipid reserves (Anthony et al. 2009) and heterotrophy
(Anthony and Fabricius 2000) are some of the mechanisms
that determine individual resistance and resilience to heat
stress (Gates and Edmund 1999; Maynard et al. 2008).

Coral bleaching occurs when the endosymbiotic pho-
tosynthetic dinoflagellates (Zooxanthellae, Symbiodini-
aceae spp.) are expelled by the coral host due to stress.
Although there are various sources of stress that can
result in bleaching, since the 1980s large-scale mass coral
bleaching events have been linked to thermal stress during
extreme heat waves (Glynn 1993; Heron et al. 2016; Lough
et al. 2018). As a result of the loss of the symbionts, the
coral tissue loses its pigmentation provided by the sym-
biont, becoming translucent, revealing the white skeleton
beneath, giving the appearance of being “bleached”. The
carbon by-products of photosynthesis produced by the
symbionts can provide ~90% of the energy requirements of
the coral host (Grottoli et al. 2006; Jones et al. 2008). As a
result, disruption of the provision of nutrients to the corals
can lead to starvation and to reductions in skeletal tissue
growth, calcification, and fecundity while increasing the
susceptibility to disease and mortality (Kemp et al. 2014;
Heron et al. 2016; Hughes et al. 2017; Grottoli et al. 2018).
Bleached corals can recover and regain their symbionts if
the heat stress is not too intense or too prolonged (Grottoli
et al. 2006). In addition, symbiont shuffling during ele-
vated temperature from sensitive to more thermotolerant
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symbionts allowed some corals to recover even during a
heat stress event (Claar et al. 2020).

For all organisms, the exchange of energy regulates
physiological processes, including maintenance, growth and
reproduction, which determine survival and fitness (Maltby
1999). The energetic dynamics of corals are determined by
the symbiotic relationship between the coral host and sym-
biont. The Symbiodiniaceae fix carbon, which is transferred
to the host coral as an energetic source (Muller-Parker et al.
2015). The excess carbon is stored as lipids or excreted as
mucus (Anthony and Fabricius 2000, Cooper et al. 2011).
When the carbon fixed by the Symbiodiniaceae is insuffi-
cient for the respiration for both organisms, energy may be
provided by alternative sources (Muller-Parker et al. 2015)
including: lipid reserves (Anthony et al. 2009; Rodrigues
and Grottoli 2007) and/or heterotrophy by the host (Grot-
toli et al. 2006, 2018; Anthony et al. 2009; Schoepf et al.
2013). Therefore, the dynamics of the available energy will
determine the content of high-energy reserves (lipid, pro-
tein and carbohydrates) (Anthony et al. 2009; Muller-Parker
et al. 2015). Corals with greater energy reserves and more
thermally resistant endosymbionts may have the capacity to
acclimatise to thermal stress (Grottoli et al. 2014).

Fast coral growth is also a key factor in the recovery
of reefs after disturbance (Smith et al. 2008, Jones and
Berkelmans 2010). Acropora millepora and Pocillopora
acuta are fast-growing, habitat generalist, branching coral
species (Pratchett et al. 2015), with low tolerance for heat
stress (Maynard et al. 2008; Guest et al. 2012). The faster
growth of these corals allows for quicker recover from physi-
cal damage or bleaching events and they have displayed an
increase in tolerance from recurrent bleaching events (Guest
et al. 2012) possibly by modification of their zooxanthellae
(Rowan 2004; Berkelmans and van Oppen 2006) and/or by
regulation of the host physiology (Baird et al. 2009).

The objective of this study was to assess the health,
growth and physiological parameters (chlorophyll a, zoox-
anthellae density, protein, and lipid content) of branching
coral species A. millepora and P. acuta during and through-
out a year after the 2017-bleaching event on the central
GBR. The term “health” is used throughout the manuscript
in reference to the standardised Coral Watch health charts
that measures the pigmentation of a coral colony based on
the shade of colour from the chart and reflects visual health
(Siebeck et al. 2006). However, invasive sampling of physi-
ological condition is needed to determine overall health of a
coral and needs to be ground-truthed in a specific region to
capture the range of colour for healthy and bleached corals
(e.g. Bahr et al. 2020). The study was carried across three
locations on the central GBR: Pandora Reef, Orpheus Island,
Rib Reef. Monitoring of individual corals (April 2017—April
2018) was used to quantify visual health (using standardised
health charts), growth and physiology of these species, and
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investigate via in situ sampling the effects of thermal stress
and post-stress survival and recovery. We were specifically
interested in:

e How does growth differ through time, species, location
and what is the key indicator for greater growth rates
during and after bleaching events?

e What physiological parameters influence higher survival
and greater growth post-bleaching events? Does higher
lipid and chlorophyll a content play a key role as previ-
ously hypothesised?

e Visual health score cards had been standardised based on
chlorophyll and symbiont density (Siebeck et al. 2006),
but does the composition of other physiological traits
(protein, lipids) also play a role in determining the visual
health score?

Methods
Study Sites

To investigate temporal dynamics of coral growth and
physiology during recovery from bleaching, visual health
of colonies of A. millepora and P. acuta was monitored
in situ via photogrammetry and branches collected across
three locations (two sites per location): Pandora Reef (Site A
-18.81199S, 146.43138E, Site B -18.81177S, 146.42911E),
Orpheus Island (Site A -18.64603S, 146.48991E, Site
B -18.64276S, 146.49142E), and Rib Reef (Site A:
-18.479868S, 146.86588E, Site B: 18.47972S, 146.86740E).
These central GBR sites are located across a turbidity gradi-
ent due to summer freshwater flood plumes containing sedi-
ment from the mainland (Fig. S1). Pandora Reef (located
on the boundary of a sediment wedge) and Orpheus Island
(outside of the sediment wedge) are positioned inshore,
while Rib reef is located on the midshelf (Anthony 2000).
The inshore reefs are seasonally influenced by Burdekin
River runoff, which enters the GBR south of Townsville

whereas Rib is only affected by extreme freshwater flood
events (Fabricius et al. 2014). To avoid confounding bias,
sampled corals were selected only on the leeward side in
depths of <4 m. The study coincided with an outbreak of
crown-of-thorns starfish (COTS) at Rib Reef, so corals were
tagged at 3—4 m depth to minimise COTS predation on the
sampled corals while maintaining comparable sampling
depth across locations.

Environmental conditions

Sea-surface temperature (SST) data were acquired from the
NOAA Coral Reef Watch (CRW) CoralTemp product (see
Skirving et al. 2019, 2020) and daily time-series extracted
at the study locations (Fig. S1). Heat stress for the period
2015-2020 was calculated using the Degree Heating Weeks
(DHW) metric, following the standard CRW algorithm that
accumulates temperature anomalies that are at least 1 °C
above the climatological summertime maximum temperature
(Liu et al. 2014; Heron et al. 2014).

Coral sampling

In April 2017, 120 colonies (60 A. millepora and 60 P.
acuta) were tagged (Table 1) and photographed with a coral
health chart and reference scale (Fig. 1). They were pho-
tographed with a Canon G7 camera at each time point to
obtain data on coral health and mortality (see details below).
Selected corals were evenly distributed at each location, two
sites (A, B) at each reef, and with colony size ranging from
10 to 55 cm maximum diameter (n= 10 colonies per site
per species). In order to re-locate sampled corals, cattle tags
were placed in the vicinity of the coral so as not to disrupt
growth. After four weeks (May 2017), re-sampling was car-
ried out to collect two branches from each colony for physi-
ology and take another coral health photo. Collected coral
branch fragments were snap frozen with liquid nitrogen and
stored in a dewar immediately after collection to preserve
tissue physiology, transported to the Australian Institute of

Table 1 Total number of

Species Location  April 2017 May 2017 Nov 2017 April 2018
corals (N) sampled at Orpheus,
Pandora and Rib of A. millepora N Dead NS N Dead NS N Dead NS N Dead NS
and P. acuta in April 2017, May
2017, November 2017, and A. millepora Pandora 20 - 18* - - 18 - - 17 - 1
April 2018 Orpheus 20 - 17 3 - 9 11 - 6 11 3
Rib 20 - 17 3 - 1 19 - - 19 #*
P. acuta Pandora 20 - 20 - - 19 - 1 14 - 6
Orpheus 20 - 20 - - 19 1 - 9 2 9
Rib 20 - 15 5 - 10 10 - - 10 10%*

NS not sampled as colonies could not be re-located

*Two corals of A. millepora were incorrectly identified and not included further in the study. **Collection

trip to Rib in 2018 did not occur
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Fig.1 The spectrum of bleaching experienced by A. millepora corals on the central Great Barrier Reef in April 2017. Round visual health

scores determined from health charts displayed on the image

Marine Science (Townsville), and stored at — 80 °C until
processing. Dead colonies were noted but not re-sampled
(Table 1).

Before the onset of austral summer, a third trip took place
in November 2017 to document recovery over austral winter
when the water is cooler. Coral health was re-assessed by
photographing each colony alongside the coral health chart
and a reference scale (Fig. 1), and another two branches
from each colony were collected. One colony at Pandora
Reef could not be re-located and so was not sampled (NS
in Table 1). Due to the high incidence of mortality recorded
at Rib Reef, no subsequent sampling was undertaken at that
site (Table 1) and re-location tags were removed. The final
trip was undertaken in April 2018 (post-austral summer) to
Pandora and Orpheus to collect branches and reassess coral
health and growth. Growth was assessed from photos of col-
ony size calculated as change from April-Nov 2017 winter
to Nov 2017-April 2018 summer. On the final collecting trip
in April 2018, several corals at Pandora (n=7) and Orpheus
Island (n=12) could not be re-located possibly due to loss of
marking tags and/or the result of poor visibility from heavy
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freshwater flooding events. All of those corals that could not
be located, however, had a visual health score of 4 or greater
in Nov 2017, which is a non-bleaching, heavily pigmented
colour category and mortality was not assumed.

Coral bleaching and growth

Coral health and size (based on arithmetic mean radius and
surface area) were assessed by digital analysis using ImageJ
software. The images were taken from above making sure
to frame the individual, and the coral health chart (Siebeck
et al. 2006) used as a scale, to measure the different degrees
of bleaching. The coral health chart provides a six-point
scale: from 1 (severely bleached) to 6 (healthy coral with
strong pigmentation) based on the brightness/saturation
scale within four colour hues, to determine coral bleaching
and changes in coloration (Fig. 1). To analyse coral health
from the images taken in the field, mean grey-values were
recorded for each scale grade on ImageJ and used to build a
regression curve. Three points from random locations on the
coral were then measured in visually similar light conditions,
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i.e. not taken from shaded portions of the colony. These
values were extrapolated to the regression curve to obtain
health values ranging from O to 6 4 (Cantin, unpublished).

To quantify growth parameters, each image was scaled
and the outline of the coral traced to determine2D planar
surface area (SA; cmz). In addition, the longest dimension of
the coral was recorded. To measure arithmetic mean radius
(AMR), as both of these species in general grow in a circular
shape, SA was used to estimate the radius (SA=7xr?). The
AMR produces a linear value (cm) to determine change in
colony size as a proxy for growth through time.

Physiological analysis

Sampled branch fragments, ranging from 2 to 4 cm in length,
were carefully removed from the tagged colonies, wrapped
in aluminium foil with the corresponding tag number, and
frozen for further analysis. Coral fragments were kept on
ice during processing to reduce decomposition of the sam-
ple. The samples were individually placed in large ziplock
bags, where they underwent tissue stripping (or tissue blast-
ing). For each fragment, 7 ml of filtered seawater (0.22 pm)
was added to the bag and the tissue was removed using a
high-pressure airgun. This coral slurry was transferred into
a 10-ml Falcon tube for subsequent subsampling. To ensure
the collection of the remaining coral tissue, the process was
repeated with 2 ml of water and then again with 1 ml. The
coral slurry removed was homogenised for 30 s, and the
final volume was recorded for posterior standardisation. The
homogenised slurry was subsampled three times for chloro-
phyll a content analysis (1 ml); total protein content (1 ml);
and zooxanthellae counts (1 ml), which was preserved with
10% formalin (200 pl). The remaining coral slurry was trans-
ferred to a 20 ml scintillation vial for posterior lipids analy-
sis (Fig. S2). Detailed methods for determining chlorophyll
a content, zooxanthellae density, protein and lipid content
are available in Supplementary Materials.

Statistical Analysis

Linear mixed effects (Ime) models were used to determine
the significant difference between the fixed variables (vis-
ual health/growth/physiological parameters) and explana-
tory variables: coral taxa, location and sampling date with
a nested effect of site (Table S1). Models that considered
various explanatory variables were assessed using maximum
likelihood (ML) and Akaike Information Criterion-corrected
(AICc) to identify best-fit models. Model assumptions were
validated with visual inspection of plotted residuals (lin-
earity, homogeneity of variance, normality). Models with
the lowest AICc were chosen; where two or more mod-
els returned the same AICc value, the simpler model was
selected based on the rule of parsimony (Table S1). The

selected model was then fit with REML to evaluate the sta-
tistics. Detailed statistical analysis and transformations for
each of the Ime can be found in Supplementary Materials.

The model averaging procedure applied here quantifies
the magnitude of the regression coefficient for each variable
in the presence and absence of all other variables (Burn-
ham and Anderson 2002). Weighted AIC model averaging
was used to assess the relative strength and direction of a
variable in determining the visual health score and growth
rates for each species, following Hoogenboom et al. (2011).
For visual health score, the effect of physiological variables
(lipid concentration, protein concentration, zooxanthellae
density and chlorophyll a content) were modelled on visual
health score to estimate the magnitude and strength of each
of these predictor effects on coral visual health score for
each species. For growth, the effects of colony longest diam-
eter, visual health score, tissue quality and chlorophyll a
were modelled to determine what predictor effects had the
greatest strength for determining higher growth rates. Tissue
quality is a combined variable of lipids and protein content
standardised per unit SA, converted to energetic equivalents
based on enthalpies of combustion (23.9 J mg™' for pro-
tein and 39.5 J mg™! for lipid, see Anthony and Fabricius
2000, Hoogenboom et al. 2011). First, each variable was
standardised to have a mean of zero and a standard deviation
of one, and then Akaike Information Criterion (AIC) was
determined for each possible model (Table S2a,b,c,d). The
Akaike weight (wAIC,) for each model was calculated, and
the wAIC; values were then summed over all models that
contained that predictor variable to assess the support for a
given predictor variable (WAIC)). Lastly, model averaging
was employed across regression parameters: each model’s
parameter estimate was weighted according to wAIC;, which
yielded the direction and magnitude of the effect of each
variable. All statistical analyses were conducted in R (R
Development Core Team 2020).

Results
Thermal stress on the central GBR

At our study sites in 2016, Pandora experienced the great-
est thermal stress (maximum DHW ~ 4 °C-weeks), whereas
Rib and Orpheus both experienced similar, but slightly
lower values (~2-3 °C-weeks) (Fig. 2). The level of ther-
mal stress at all three reefs was much higher in 2017; the
highest thermal stress was experienced at Orpheus and Pan-
dora (~8-9 °C-weeks), while at Rib it was slightly lower
(~7 °C-weeks). While year-round SST values were well-
correlated between all site pairs (R>>0.95), when consid-
ering only extreme SST values that contributed to the ther-
mal stress (DHW; i.e. SST > MMM + 1 °C for both reefs),

@ Springer
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Fig. 2 Sea surface temperature
(SST) and thermal stress (as 14
Degree Heating Weeks, DHW)
for Rib, Orpheus and Pandora
from Jan 1, 2015-May 1, 2018 12
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pair-wise comparisons indicated distinctions between the Acropora millepora Pocillopora acuta
datasets (R2 of 0.65 for Pandora-Orpheus, 0.13 for Pandora- 601 a) April 2017 60 b) April 2017 ERib Reef
Rib and 0.37 for Orpheus-Rib), showing thermal stress more 0t a0t B Pandora Reef
similar between Pandora and Orpheus that was consistent BOrmpheus Is

with observed variations in thermal stress.
Mortality

A range of health scores were observed in April 2017 for
both A. millepora and P. acuta (Fig. 3a, b). Four weeks after
the first corals were surveyed (May 2017), a total of 9%
(11/120) of corals had died (Fig. 3c, d). Of those 11 colo-
nies that died, 9 had a bleaching health score of 2 or less
with no visible signs of damage from COTS. The other two
colonies were visibly healthy, pigmented and located at Rib
Reef and therefore likely eaten by COTS. By Nov 2017, the
highest rate of mortality was recorded with 78% (31/40) of
corals dead at Rib Reef likely a result of the COTS outbreak
as most had feeding scars and significant partial mortality,
and there was still a high abundance of COTS in the area
(Fig. 3e, f). As mentioned above, no subsequent collection
was undertaken at Rib. A further 11% (9/80) of corals at
Pandora and Orpheus died from bleaching by November
2017 and one colony of P. acuta at Orpheus could not be
located. No further mortality was recorded from Novem-
ber 2017 to April 2018 of located colonies. Compared to
Pandora, greater coral mortality was observed at Orpheus
Island, with a reduction of 20% of A. millepora and 8% of
P. acuta during the study (Fig. 3).

In April 2017, corals at Pandora and Orpheus with a
health score of 3 or greater (fluorescing and/or darker
pigmented colonies) had 100% survival during the study;
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Fig. 3 Frequency distribution of visual health scores for A. millepora
(aceg) and P. acuta (bdth) at each sampling time point, April 2017
(a, b), May 2017 (c, d), Nov 2017 (e, f) and April 2018 (g, h). Visual
health score ranges from O (fully bleached) to 6 + (healthy; see Fig. 1)
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Fig. 4 Cox regression survival probability combined for both spe-
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3+ with initial sampling in April 2017 (04_17) and the following
sampling time points: May 2017 (05_17), November 2017 (11_17)
and April 2018 (04_18). Colonies at Rib were excluded from analysis

colonies at Rib were excluded from this consideration due
to the confounding factor of COTS outbreak (Fig. 4). The
difference in survival probability among health scores 1, 2
and 3 + was significant (Likelihood ratio test=24.6 on 2
df, p= <0.001). Repeated sampling of corals one month
later in May 2017 showed a survival probability of 83%
and 90% if they had a health score of 1 and 2, respectively,
in April 2017. By November 2017, a further seven months

Fig. 5 Average coral visual
health score for P. acuta and A.
millepora, and each sampling
location (Pandora, Orpheus,
Rib), and by sampling date
(April 2017, 04_17; May 2017,
05_17; Nov 2017, 11_17; April
2018, 04_18) during the study

Health

later, those corals that were heavily bleached in April 2017
(health scores 1 and 2) both had ~50% survival probability.
Of our sampled colonies, no mortality was observed beyond
the November 2017 time point meaning those that survived
to that sampling date were still alive the following April
2018 (Fig. 4).

Corals at Orpheus Island were more prone to bleaching
in April 2017 with the majority of A. millepora in the health
score 2 and 3 category (Fig. 3a). The difference in bleach-
ing health score between taxa was not significant; however,
there was variation among locations with Orpheus having
significantly lower bleaching health score compared to
Pandora and Rib (Ime p > 0.05, Fig. 5, Table S3). In April
2017 during peak heat stress, 100% of the Acropora corals
at Orpheus Island had a health score <3 compared to 30%
of the A. millepora at Pandora. In general, corals at Pan-
dora experienced lower bleaching severity and no mortality
was recorded. The overall visual health of corals on the reef
gradually improved through each successive sampling trip
with no bleaching recorded for our 2 focal species in Nov
2017 and April 2018 (Fig. 3).

Growth

The model that best explained the growth data, by com-
parison of AICc, included season, location and genus as the
explanatory variables with health and size not identified in
the model (Table S1). The lack of inclusion of health in the
model is likely due to the exclusion of dead corals (which
thus did not exhibit growth). If corals were heavily bleached
(visual health scores of 1 and 2), they likely succumbed to
mortality and on subsequent sampling a growth rate could
not be determined. Investigation of the models that included
visual health as a predictor variable confirmed the visual
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health score did not significantly impact growth determined
by proportional change in area or ARM (Ime p > 0.05).
When investigating growth rates by AMR, there was a
significant difference between A. millepora and P. acuta
(Table S4, Tukey post hoc test p-adj=0.001) with aver-
age growth rates being at least two times greater for A.
millepora (Fig. 6, Table S4). Growth rates were also sig-
nificantly greater in summer (Nov’18—April’19) compared
to winter (April-Nov’18) (Fig. 6, Table S4) where growth
of A. millepora and P. acuta were 35-40% and 23-33%
greater in the summer, respectively. Despite growth rates
being in general greater at Pandora than Orpheus, the
difference was non-significant (Table S4, Tukey’s post
hoc test p-adj=0.075). P. acuta at Rib Reef, on average,

experienced negative growth (considered as due to COTS
predation) and that site was excluded from the model on
growth (Fig. S3, Table S5).

Similar trends were observed when investigating growth
based on proportional change in SA. A. millepora average
growth rates were significantly greater (10-17%) than P.
acuta based on proportional change in SA (Fig. 6, Table S5,
Table S6). Seasonal growth rate differences were also sig-
nificant (Fig. 6, Table S6) being 50% greater in summer
for each species. In addition, there was a non-significant
difference in proportional change in SA between Orpheus
and Pandora (Table S6). All corals at Rib Reef except one
P. acuta had negative growth [proportional change in SA < 1
(Fig. S3)].
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There was variability in the relative importance of
response variables in determining growth for each species
(Fig. 7). For A. millepora, chlorophyll a content was the
strongest predictor of growth rates, whereas for P. acuta the
health score was the most important variable. Higher values
of chlorophyll a, tissue quality, health and colony diameter
were all positively associated with greater growth rates for
A. millepora. However, for P. acuta, tissue quality (the com-
bined variable of lipid and protein content) displayed a nega-
tive correlation.

Coral physiology

The most parsimonious model for chlorophyll a content
and zooxanthellae density had the additive factors of genus,
location and visual health score. For lipids, the model with
the lowest AICc included only genus or date as the random
effects. However, from exploratory data analysis, there was
some variability by sampling date. The interaction between
genus and sampling date was excluded based on AICc, and
the final model for lipid had the additive factor of date but
excluded visual health score and genus. For protein, the
model with the lowest AICc only included the sampling
date, and the fixed effects of genus, location and health score
were deemed not significant in explaining the model trends
based on AICc.

Chlorophyll a content average values for A. millepora
(8.1+0.8 ug cm™2, mean + SE) were almost twice that of
P. acuta (4.6 +0.4 pg cm™), a statistically significant vari-
ation (Fig. 8, Table S7). Chlorophyll a content increased
throughout the year and was significantly greater in April
2018 than in May 2017 and Nov 2017 (Fig. 8c, d, Table S7),
driven largely by A. millepora. Chlorophyll a content
showed significant variation aligning as expected with the
decreasing visual health score of each coral, with signifi-
cantly less chlorophyll a at lower health scores (Fig. 8b, d,
Table S7). For example, the average chlorophyll a content
of corals with a health score of 1 was 2.1+0.9 ug cm™ and
1.2+0.8 ug cm™> for A. millepora and P. acuta, respectively,
compared to health score 6 values of 12.6+0.9 ug cm™ and
5.4+0.6 ug cm2, respectively. There was no relationship
between chlorophyll a content and zooxanthellae density for
either species (Fig. S4, R?=0.00 for both). Average zooxan-
thellae density of A. millepora (63004500 cell cm™2) was
twice that of P. acuta (3200200 cell cm™2). Zooxanthellae
density significantly varied by location, with lower densities
recorded at Rib reef than Orpheus and Pandora (Table S8).
Zooxanthellae density followed an opposite temporal trend
to chlorophyll a content with significantly lower densi-
ties in Nov 2017 (4000 + 300 cell cm~2) and April 2018
(4200 + 500 cell cm™?), compared to May 2017 (5400 +500
cell cm™) (Table S8).
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Lipid and protein concentrations were more varied
among health score and sampling date and did not fol-
low the same trend of increasing with health scores as
with chlorophyll a content (Fig. 8). Lipid and protein
concentrations were generally lower when they had a low
health score but there was high variability. For example,
A. millepora average protein was lowest in health score
1 (0.07+0.1 mg cm™) and highest in health score 3
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(0.46 +0.7 mg cm™2) and P. acuta was lowest in health
score 1 (0.17 £0.1 mg cm~2) and highest in health score 2
(0.45+0.4 mg cm™2) (Fig. 8], 1). Lipid concentrations were
similar among species (average values for both A. mille-
pora and P. acuta were 1.8+0.2 mg cm™~2) and significantly
varied by sampling date (Table S9). Lowest lipid concen-
trations were found in May 2017 (1.1+0.2 mg cm™ for
both species) compared to Nov 2017 (3.0+0.7 mg cm™>
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and 2.6 +0.6 mg cm~2 for A. millepora and P. acuta,
respectively) and April 2018 (1.9 +0.4 mg cm~? and
1.2+0.3 mg cm™2 for A. millepora and P. acuta, respec-
tively). Similarly, protein concentrations were similar
among A. millepora (0.43 +0.03 mg cm™2) and P. acuta
(0.37 £0.02 mg cm™~2) but displayed significant difference
with sampling periods (Table S10). Protein concentra-
tions were significantly lower in pre-summer (Nov 2017)
than in either post-summer measurement for both species
(0.38+0.3 mg cm™2 and 0.29 + 0.2 mg cm™ for A. mille-
pora and P. acuta, respectively, Fig. 8i, k). Based on model
comparisons by AICc, there was no significant difference
among reefs or health score in lipid and protein concentra-
tions (Table S1).

The most strongly correlated predictor of A. millepora
and P. acuta health scores was chlorophyll a (Fig. 9a, c),
with health scores increasing with greater chlorophyll a
content in both species. Modelled average regression coef-
ficient values for chlorophyll a were significantly greater
than zero for both species (Fig. 9b, d). The second great-
est predictor was lipid content for both species and also
displayed a positive directionality, indicating higher lipid
content was correlated with higher health score. Zooxan-
thellae density and protein content were not significant in
determining the health score for A. millepora (Fig. 9b). For
P. acuta, however, they displayed a negative directionality

meaning higher abundances were associated with lower
health scores (Fig. 9d).

Discussion

This study investigated the survivorship, growth and physi-
ology of two species of corals (A. millepora and P. acuta) at
three reefs on the central GBR at three time points: during
peak heat stress in 2017 (April/May 2017), before the onset
of the 2017/18 austral summer (November 2017), and after
austral summer in April 2018. We were particularly inter-
ested in how survivorship and bleaching severity differed
between locations and how growth and physiology changed
in relation to coral visual health score. For example, does a
coral with a higher health score possess more chlorophyll a,
lipids and proteins and does this equate to a greater growth
rate for those corals?

We found heterogeneity in bleaching severity and mor-
tality among locations. Pandora suffered no coral mortal-
ity although a low proportion of corals (9/40; 23%) were
visually scored at risk of bleaching by health category scale
following peak heat stress in April 2017. A visual health
score of 2 or less is indicative of severe bleaching and was
associated with a 50% probability of survival (Fig. 5). The
ranking of bleaching severity among our tagged corals
in 2017 was Orpheus Island > Rib Reef > Pandora Reef.
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However, Rib Reef corals were tagged to match the depths
at Pandora and Orpheus sites, and as a result, the crest was
excluded where the majority of corals were heavily bleach-
ing and fluorescing in April 2017 (pers. Obs). The bleaching
severity did not match the observed DHW pattern (Orpheus
2 Pandora > Rib) for the reefs during the 2017 heat stress
event (Fig. 3). This disparity is likely due to the geographic
locations of our study sites. Pandora and Orpheus reefs are
both described as inshore reefs. However, Orpheus Island
is found 13 km from the mainland and in general has bet-
ter water quality than Pandora (Anthony 2000). Pandora is
closer to shore, where land-based runoff of silt and nutrients
are high (Done et al. 2007). These conditions have strongly
influenced the coral community, which has been exposed to
long-term and short-term disturbances such as flood plumes,
cyclones and heat waves (Done et al. 2007).

The relationship between suspended sediments and ther-
mal stress is complex but may be beneficial at low sediment
loads (Fisher et al. 2019), such as Pandora. In decreased
light availability, photosynthesis activity declines and corals
may not meet their energetic requirements (Grottoli et al.
2006). Corals can adapt to heterotrophy, ingesting suspended
particulate food, despite their low quality and nutritional
value (Lehman 1976). This way corals can meet their ener-
getic demands and increase their lipids reserve, reducing the
risk of mortality (Anthony 2000). Anthony (2000) demon-
strated that both species A. millepora and P. damicornis are
capable of heterotrophic feeding in highly turbid conditions.
This adaptation could explain the higher survival and visual
health in both species of coral at Pandora.

Higher growth rates in the austral summer during this
study are not surprising given that any bleached corals that
survived through austral winter would have had to focus
energy resources on repairing damage and likely did not
have an excess of energy allocation for skeletal growth. This
intra-annual variability in growth rates contrasts to previ-
ous studies (e.g. Anderson et al. 2017) that observed similar
seasonal calcification rates of P. damicornis during a year
with no bleaching on the central GBR, in 2013—-14 summer
and 2014-winter. As calcification rates have been shown to
increase under elevated temperatures (Lough and Barnes
2000, Pratchett et al. 2015), this sublethal effect of slower
growth during the summer months suggests summer tem-
peratures may already have been approaching upper thermal
limits in corals prior to the 2016-2017 bleaching events. A.
millepora growth rates determined by AMR were on average
2 x that of P. acuta in this study (Fig. 5). However, Pocil-
lopora branches tend to be thicker and have higher density
than Acroporids (Anderson et al. 2017). The methods for
determining growth in this study do not capture the mass
of skeletal deposition which may be a more similar met-
ric of growth for these species. That is a limitation in this
study when using surface area alone to measure growth,
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but long-term studies on branching coral growth (such as
Anderson et al. 2017) require sacrifice of the coral and there-
fore repeated physiological sampling and insight into those
changes through time at a colony level cannot be completed.

When investigating the physiological variables that
were contributing to coral growth, the major contributor
for higher growth rates was chlorophyll a for A. millepora
and visual health score for P. acuta. As visual health for P.
acuta was highly correlated with chlorophyll a content, these
findings suggest that the translocation of energy from the
symbionts is the most important method for energy trans-
fer for growth in both these corals. This result highlights
the sublethal implications of bleaching and/or reductions
in chlorophyll a content during heat stress. The majority of
heavily bleached, physiologically compromised corals were
excluded from the analysis of physiological properties that
contribute to a greater growth because they died following
the heat stress and a second sampling point was therefore not
available to quantify growth. However, ~ 50% of corals with
a visual health score of 1 and 2 survived (Fig. 5). Corals with
a visual health score of 1 had 4.5 and 6 times less average
chlorophyll a content than those with visual health score of 6
for P. acuta and A. millepora, respectively (Fig. 9). The pres-
ence of more thermotolerant Symbiodinium in coral popula-
tions may be the dominant factor in survival and growth of
these fast-growing species as bleaching events, predicted
to become increasingly recurrent, stress the reefs (Logan
et al. 2014).

Physiological implications

The bleaching susceptibility and the health of corals are
determined by a complex interaction of factors (Maina
et al. 2008). They can be environmental factors such as
temperature, light, water quality (Anthony et al. 2009) or
biological factors like coral acclimation from prior exposure
to heat stress (Ainsworth et al. 2016), zooxanthellae iden-
tity (Berkelmans and van Oppen 2006), physiological traits
like thinner tissues (Loya et al. 2001), heterotrophic feed-
ing capacity (Anthony et al. 2000; Grottoli et al. 2006), and
regulation of their physiology (Gates and Edmunds 1999;
Schoepf et al. 2013). For both species in this study, chlo-
rophyll a content was the strongest variable contributing to
visible health scores, followed by lipids. As corals with a
visual health score of 3 and greater had a 100% probability
of survival, this study supports previous findings (Grottoli
et al. 2006; Schoepf et al. 2013) illustrating that of the vari-
ables tested here, chlorophyll a and lipids were the strongest
predictors in determining a corals survival.

During coral bleaching, corals are energy deficient due
to the loss of the mutualist relationship with their symbi-
otic zooxanthellae. As a result, they convert to drawing
upon their own lipid supply (Rodrigues and Grottoli 2007).
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Therefore, we hypothesised that a decrease in visual health
score may lead to a lower abundance of lipids. Unsurpris-
ingly, lipids were the second most important predictor of
health score demonstrating that more-pigmented corals often
have a higher abundance of lipids. Zooxanthellae density
was also assumed to be more important in coral health as
the coral health card colours reflect changes in zooxanthellae
density and chlorophyll a content but only when the colour
was determined to be at least two units apart (Siebeck et al.
2006). However, in weighted-modelled averaging, strong
multicollinearity such as that observed between chlorophyll
a content and zooxanthellae density can result in model-
averaged regression coefficients being not significantly dif-
ferent from zero for explanatory variables when they do not
have independent effects on the response variable (Hoogen-
boom et al. 2011). This likely explains the non-significant
result in A. millepora as chlorophyll a was the most impor-
tant response variable (Fig. 9b) and zooxanthellae density
was not significantly different to zero. Conversely, zooxan-
thellae density was negatively associated with visual health
score in P. acuta suggesting this species is more resistant to
thermal stress as corals with a lower visual health score are
able to retain their zooxanthellae. Alternatively, these cor-
als were harbouring thermotolerant zooxanthellae allowing
retention during a thermal stress event.

Chlorophyll a and zooxanthellae

Chlorophyll a content significantly increased simultaneously
with the visual health score (Fig. 9, Table S7). In May 2017,
the chlorophyll a content was the lowest; these findings are
in accordance with previous bleaching studies where ther-
mal stress led to declines in chlorophyll a content (Fitt et al.
2000; Grottoli et al. 2004). An increase in abundance was
observed following the heat stress and in April 2018 the
chlorophyll a content was significantly higher than the initial
sampling point. Chlorophyll a concentration in corals has
also been observed to follow seasonal patterns (Fitt et al.
2000). The high sea surface temperatures encountered in
the summer affect the zooxanthellae by causing irrevers-
ible damage in the photosystem II, known as “chronic”
photoinhibition (Warner et al 1999; Fitt et al. 2000). The
carbon fixation is reduced during period of high light due
to a reversible down-regulation of the photosynthesis. This
process is called dynamic photo regulation (Fitt et al. 2000).
It occurs in Indo-pacific corals, where cycling of specific
carotenoids avoids directing harmful protons towards the
reaction centres, lowering the chlorophyll a content during
the brightest point of the day (Brown et al. 1999). These two
regulation mechanisms could be applied during bleaching
periods, which could explain the lower chlorophyll a content
in the summer, and the increase during the winter.

Conversely, zooxanthellae density significantly dif-
fered between sampling times and had the lowest densi-
ties after the austral summer in April 2018 (Table S8).
Rodrigues and Grottoli (\2007) hypothesised that increas-
ing chlorophyll a per cell might be more efficient for the
whole organism than to regrow new zooxanthellae. The
differences in zooxanthellae density in our study may also
reflect the variability in bleaching severity among our cor-
als as visual health score did not show significant variation
in zooxanthellae density either (Table S8). Other studies
have shown seasonal trends of lowest densities of zoox-
anthellae density in late summer/early fall, peak levels in
the winter and/or spring, decreasing again during the next
summer similar to this study (Fitt et al. 2000). Alterna-
tively, the coral ability to acclimatise to thermal stress
could explain the variation in symbiont density through-
out the year. These corals survived the 2016 heat stress
event and during that time, there may have been a shift
in endosymbionts towards the thermotolerant clades. The
shift of clades has been demonstrated for A. millepora,
where the symbionts genotype strongly influenced coral
fitness, and the survival and thermal tolerance (Berkel-
mans and van Oppen 2006). The shift in endosymbionts
was also confirmed in P. damicornis by Rowan (2004).
Further analysis of the microbial community is advised to
confirm whether the individuals in this study present the
more-thermally resistant clades, a greater abundance of
which would explain the temporal pattern observed here.

Proteins

The average protein content found for both species was
higher following the bleaching event and then decreased to
November 2017 and April 2018. The increase in transcrip-
tion of proteins could be explained by the up-regulation of
heat-shock proteins (hsps) under high temperature stress
(Gates and Edmunds 1999; Rosic et al. 2011; Hoadley
et al. 2015). Hsps function as molecular chaperones, hav-
ing a crucial role in folding, unfolding, aggregation, deg-
radation, and transport preventing further damage of the
proteins (Coles and Brown 2003). The transcription of
these proteins has been demonstrated for A. millepora and
P. damicornis (Hoadley et al. 2015). The regulation of the
enzyme activity could also be a response to thermal stress.
P. damicornis have shown increased activity of antioxi-
dant enzymes, superoxide dismutase (SOD) and catalase
(CAT) as a response to elevated temperature and UV radia-
tion (Lesser et al. 1994). The rates of protein turnover are
directly related to the coral’s ability to acclimatise (Gates
and Edmunds 1999).
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Lipids

The energy state of an organism is a function of the cur-
rent and past energy intakes and losses, growth rate, energy
allocation and the physiological performance, all of which
have implications for survival and fitness (Maltby 1999). In
corals, the zooxanthellae provide the host with ~90% of the
daily metabolic energy requirements due to their photosyn-
thetic capacity (Grottoli et al. 2006). When all the energetic
demands are met and an excess of carbon is produced, the
excess is stored in the host as lipids (Anthony et al. 2009).
During a bleaching period, the number of zooxanthellae
decreases; thus, the coral cannot meet its energetic require-
ments (Fitt et al. 2000). At this point, the organisms can
draw upon lipid reserves as an energy source (Grottoli et al.
2006; Schoepf et al. 2013). The energy dynamics and the
availability of lipids have an influence on the coral’s capacity
to survive thermal stress (Anthony et al. 2009).

The lipid content of A. millepora and P. acuta in this
study was lower during the early-2017 bleaching event and
increased during the winter, coincident with improved coral
visual health. In November 2017, the lipid content was the
highest but by April 2018 had decreased again. In the sum-
mer and autumn months, seasonally high water temperature
increases respiratory rates and, thus, corals require more
energy, which cannot be attained only by photosynthesis;
as a consequence, lipid reserves are used (Fitt et al. 2000;
Grottoli et al. 2004). In the winter and spring months, the
energetic demands are lower leading to an excess production
of carbon and new lipid synthesis and storage, increasing the
average content.

Multiple disturbances

Rib Reef was impacted by multiple disturbances during
this study; a crown-of-thorns starfish outbreak and ther-
mal stress. Six months after the corals were tagged at Rib
Reef in November 2017, 95% of A. millepora and 50% of
P. acuta had died. Of the 11 individuals who survived until
Nov 2017, 90% had negative growth based on proportional
change in SA (Fig. S2) with some having 95% colony mor-
tality. Based on presence of COTS (density, on average, 6.3
starfish per 100 m?>+ 1.1 SE) (Burn et al. 2020), and the
presence of feeding scars on the tagged colonies, it is highly
likely that COTS grazing greatly contributed to the full and
partial mortality experienced at Rib Reef, either through
direct feeding or additive stress.

Acute disturbances, such as the passing of a cyclone
and COTS outbreaks, contributed more to mortality of
corals on the GBR (1.62 and 1.42% yr~!, respectively)
than bleaching (0.34% yr~!) for the period 1985-2012
(De’ath et al. 2012). Recent data suggest~40% decline
in coral cover over the last 30 years on the GBR has been
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attributed to COTS outbreaks (Mellin et al. 2019). How-
ever, the chronic effects of bleaching-level heat stress is
likely to be a major contributor to coral decline, with an
estimated 30% reduction in shallow-water coral cover due
to the 2016 bleaching event on the GBR (Hughes et al.
2017). A further 20% reduction was estimated due to the
2017 event (Hughes et al. 2019). Coral cover in the central
GBR declined from 22% in 2016 to 12% in 2019, mainly
attributed to back-to-back bleaching, COTS outbreak and
tropical cyclone Debbie (AIMS LTMP, 2021). Manag-
ing the cumulative impacts of stressors on the reef is the
greatest challenge for governance. Ultimately, predicted
increases in the severity and frequency of future coral
bleaching events is the greatest threat to sustaining the
long-term function of coral reefs (Logan et al. 2014).

Conclusion

This study demonstrates how the bleaching event of 2017
impacted the visual health and physiology of A. millepora
and P. acuta. Visibly bleached corals in the most-severe
categories (health score of 1 and 2) had 50% chance of
survival, but those with less-severe or no bleaching (health
score 3 +) all survived. The corals at Pandora were less-
severely impacted by heat stress than at Orpheus, which sug-
gests that location disturbance history is an essential factor
in determining coral sensitivity to bleaching. Chlorophyll a
and lipid concentration were the most important of the fac-
tors measured in determining both growth rates and visual
health score. Overall, the recovery and resilience of corals
depends on a complex interaction of abiotic and biotic fac-
tors. The shift to more-thermally resistant Symbiodiniaceae
likely plays a key role in coral resilience (Berkelmans and
van Oppen 2006; Fuller et al 2020). Nonetheless, the host
also plays an important role by the transcription of heat-
shock proteins, antioxidant enzymes (Gates and Edmunds
1999), the use of lipids reserves (Anthony et al. 2009) and
heterotrophy (Anthony 1999). The combination of these fac-
tors is important for corals to become more resilient and
potentially withstand future bleaching events. Moreover, as
this study highlights the important role the Symbiodiniaceae
and chlorophyll a play in growth and survival, continued
research such as (van Oppen et al. 2015) to enhance the local
population of thermotolerant Symbiodiniaceae may provide
the best chance of maintaining coral reef function in relation
to the presence of fast-growing branching species.
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