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Abstract High-latitude coral communities are distinct
from their tropical counterparts, and how they respond to
recent heat wave events that have decimated tropical reefs
remains unknown. In Australia, the 2016 El Nifio resulted
in the largest global mass coral bleaching event to date,
reaching as far south as Sydney Harbour (~ 34°S). Coral
bleaching was observed for the first time (affecting ca.,
60% of all corals) as sea surface temperatures in Sydney
Harbour remained > 2 °C above the long-term mean
summer maxima, enabling us to examine whether high-
latitude corals bleached in a manner described for tropical
corals. Responses of the geographically cosmopolitan
Plesiastrea versipora and southerly restricted Coscinaraea
mcneilli were contrasted across two harbour sites, both
in situ and among samples-maintained ex situ in aquaria
continually supplied with Sydney Harbour seawater. While
both coral taxa hosted the same species of microalgal
endosymbiont (Breviolum spp; formerly clade B), only P.
versipora bleached both in situ and ex situ via pronounced
losses of endosymbiont cells. Both species displayed very
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different metabolic responses (growth, photosynthesis,
respiration and calcification) and bleaching susceptibilities
under elevated temperatures. Bacterial microbiome profil-
ing, however, revealed a convergence of bacterial com-
munity composition across coral species throughout the
bleaching. Corals species found in temperate regions,
including the generalist P. versipora, will therefore likely
be highly susceptible to future change as heat waves grow
in frequency and severity unless their thermal thresholds
increase. Our observations provide further evidence that
high-latitude systems are susceptible to community reor-
ganisation under climate change.

Keywords High-latitude coral bleaching - 2016 El Nifio -
Thermal anomaly - Plesiastrea versipora - Coscinaraea
mcneilli

Introduction

Climate change-induced warm-water thermal anomalies
are increasing in frequency and intensity globally (Heron
et al. 2016; Hughes et al. 2018). Such “heat wave” events
combined with high solar radiation (Mumby et al. 2001)
induce widespread coral bleaching by disrupting the sym-
biosis between coral hosts and their microalgal endosym-
bionts (e.g. Warner et al. 2002; Suggett and Smith 2011).
Subsequent mass coral mortality can result following
bleaching that in turn drives extensive changes in the
structure and function of coral reefs (Pandolfi et al. 2011).
The sustained 2015-2017 El Nifo-Southern Oscillation
(ENSO) thermal anomaly was the most severe to date and
resulted in a major global mass coral bleaching event
(Hughes et al. 2018), with the Great Barrier Reef experi-
encing its worst-ever coral bleaching and mortality
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(Hughes et al. 2017). In an unprecedented outcome, we
observed the highest latitude coral bleaching event occur-
ring in Sydney Harbour (33°S), the first ever for this
region, as sea surface temperatures (SST) reached > 2 °C
above the long-term summer maxima in February 2016 and
remained above long-term average temperatures until July
2016 (U.S. National Oceanic and Atmospheric Adminis-
tration (NOAA) Coral Reef Watch).

High-latitude corals persist in environments where
SSTs, irradiance levels and/or aragonite saturation states
are seasonally lower and much more variable when com-
pared to the tropics (Kleypas et al. 1999; Sommer et al.
2018; Camp et al. 2018). Corals in these regions survive
under marginal environmental conditions with increased
stress tolerance through phenotypic plasticity and adapta-
tions to colder waters (Beger et al. 2014; Camp et al. 2018,
Tuckett and Wernberg 2018). Even so, how such high-
latitude coral communities respond to future trajectories of
ocean warming, accompanied with other stressors remains
generally unknown (Camp et al. 2018). High-latitude coral
populations from the Solitary Islands Marine Park and Lord
Howe Island Marine Park (such as Isopora
cuneata, Pocillopora damicornis and Acroporidae) have
been suggested to exhibit lower absolute bleaching
thresholds than their tropical counterparts due to differ-
ences in thermal histories (Dalton and Carroll 2011).
Bleaching in response to thermal anomalies have been
reported from high-latitude reefs in the Southern Pacific
and Indian Oceans; specifically, the Solitary Islands in
2005-2007 (Dalton and Carroll 2011), Rottnest Island
(32°S) in 2011 and 2015-2016 (Thomson et al. 2011; Le
Nohaic et al. 2017), Houtman Abrolhos Islands (28-29°S)
in 2011 (Abdo et al. 2012; Bridge et al. 2014), and Lord
Howe Island (31°S) in 2011 (Harrison et al. 2011). Since
2016, coral bleaching has been recorded at 14 high-latitude
reefs in New South Wales and SE Queensland (Hughes
et al. 2018). However, while absolute thresholds for
bleaching are likely lower, the extent of anomalous tem-
perature that they can tolerate remains untested. Further-
more, the physiology and bacterial profiles underpinning
high-latitude coral bleaching and recovery are still to be
described.

Sydney Harbour is situated within the Hawkesbury Shelf
marine bioregion (33-35°S) where temperate waters are
inundated by warm tropical and subtropical waters sup-
plied by the East Australia Current (EAC) ca. 50% of the
time (Pollard et al. 1997). Thus, this region alternates
between subtropical and temperate extremes (Breen 2007)
with large temperature fluctuations ranging from 16 °C to
24 °C (see Fig. 2). Sydney Harbour (33°S) scleractinian
coral communities are dominated by two species, the
geographically cosmopolitan Plesiastrea versipora, with
one of the largest latitudinal distribution known for any

@ Springer

Indo-Pacific coral species (Veron 2000), and the southerly
restricted temperate species, Coscinaraea mcneilli. Both
species predominantly grow as veneering coral colonies
(Madsen et al. 2014) and are thus non-reef forming on
high-latitude reefs (Mizerek et al. 2016). While Plesiastrea
versipora acclimates to increasing temperatures of up to
21 °C with increasing metabolic rates through enhanced
autotrophic activity (Howe and Marshall 2001, 2002), it
remains unknown to what extent their physiology adjusts as
colonies experience a full seasonal range of temperatures.
Similarly, how metabolic processes respond once pushed
past normal physiological thresholds (i.e. thermal stress)
remains largely unexplored. Plesiastrea versipora in
Western Australia was recently shown to bleach during a
sustained cold spell where temperatures were > 2 °C
colder than the 10-yr monthly averages (Tuckett et al.
2017). Thus, a scleractinian coral species with a broad
ecological niche (Sommer et al. 2014) appears susceptible
to acute temperature stress, but how P. versipora responds
to anomalously high temperatures is undocumented.

Whether and how heat wave-induced bleaching pro-
cesses for temperate corals (both cosmopolitan and geo-
graphically restricted taxa) follow those commonly
documented for tropical corals is unexplored. Therefore,
during the Sydney Harbour 2015-2016 El Nifio thermal
anomaly, we examined two species, P. versipora and C.
mcneilli, both in situ as well as tank-maintained popula-
tions in aquaria supplied with flowing seawater from the
Harbour. We specifically quantified a number of key traits
that have been shown to influence coral bleaching sus-
ceptibility and recovery in tropical corals including the
photosynthetic physiology (Scheufen et al. 2017), micro-
biome composition (Rothig et al. 2017; Ainsworth et al.
2015; Bourne et al. 2008) and host metabolic rates (Grot-
toli et al. 2006; Bessell-Browne et al. 2014; Tremblay et al.
2016) before, during and after (recovery) heat stress from
both coral populations in situ and held in aquaria.
Intriguingly, of the two species, only the geographical
generalist P. versipora exhibited widespread bleaching (but
subsequent high recovery, whereas the southerly restricted
species was unaffected during the heat wave event). We
discuss how these different susceptibilities reflect differ-
ences in their microbiomes and physiologies.

Materials and methods

Site characterisation

As part of a long-term assessment programme, coral pop-
ulations were periodically examined from February to

August 2016 at two sites within Sydney Harbour, Fairlight
Beach (33°48'3"S, 151°16'30"E) and Middle Head
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(33°49'29"S, 151°15'47"E) for physiological and micro-
biological metrics. Benthic video transects at both Middle
head (n =4, length 50 m at depths 2—4 and 4-6 m) and
Fairlight (n =4, 30 m at depths 3-5 and 5-7 m) were
initially conducted in February, prior to the peak in SSTs
and on-set of observed bleaching. Benthic transects fol-
lowed the site substrate contours and video footage (GoPro
Hero3) was taken ~ 30 cm above the substrate. P. versi-
pora forms high-density patch communities generally
clustered within each site. Therefore, to ensure adequate
habitat representation, transects began at a P. versipora
colony and continued to include surrounding habitat and
capture habitat variance. Video transects were visually
analysed following a continuous line intercept method
(Gardner et al. 2019) to calculate percentage cover of coral.
For each transect, the total number of colonies were
counted (bleached and healthy colonies). The total number
of colonies intercepted is expressed as the amount of coral
intercepted relative to the total distance. Repeat transects
were performed in April during the bleaching event and
again in August during recovery. Coral bleaching is defined
in this manuscript as atypical colouration where “bleached
corals” include corals undergoing bleaching which are
paler than those seen during seasonal norms (see S1).

In situ sample collections

Coral fragments (n = 5) were subsampled from each site
(~ 3 to 5 m depth at Middle Head, 4-6 m at Fairlight) by
SCUBA using a hammer and chisel (2 crnz) (Fig. 1).
Healthy P. versipora and C. mcneilli fragments were
sampled in February 2016 (pre-bleaching) and June (re-
covery), while bleached (P. versipora only) and
unbleached colonies were sampled in April (during
bleaching). Fragments were removed from the edges of the
colonies and were held in falcon tubes filled with seawater.
On the surface, water was removed from the tubes and
samples were snap frozen immediately in liquid nitrogen
and stored at — 80° in the laboratory until DNA extraction.
2 x 2 L of seawater was collected from around the coral
for 16S rDNA analysis and kept on ice until processing.

16S rDNA amplicon sequencing and analysis

DNA Extraction: Tissue was removed from coral fragments
(n = 4, bleached and unbleached corals) using an air gun
and 1x phosphate buffer saline (PBS) and further homo-
genised with a sterile syringe. Samples were centrifuged
for eight mins at 3000 x g to pellet the coral tissue and
mucus. Pellets were resuspended in 2 mL of PBS and
centrifuged as above and the PBS supernatant was
removed. A PowerPlant® Pro DNA isolation kit (cat #
13400) (Qiagen, USA) was used following manufacturer’s

protocol. The optional phenolic separation solution was
also used to combat the high polyphenolic compound
content of corals, as per the manufacturer’s protocol.
Mechanical tissue lysis was performed using a Qiagen
TissueLyser LT (Hilden, Germany) at 50 Hz for 3 min.
Equal volume of phenol: chloroform: isoamyl alcohol (pH
8) was added to the supernatant and then centrifuged for
13,000 x g for 5 min. The supernatant was then extracted
with an equal volume of chloroform/isoamyl alcohol and
centrifuged again as above. These additional DNA
extraction steps were found to improve DNA yield and
quality and were used on all samples. Genomic DNA
concentrations were assessed using the Qubit® High-sen-
sitivity dsDNA assay kit (Life Technologies, NSW, Aus-
tralia). DNA template was screened for PCR efficiency
using the barcoded primer pair 27F and 519R (Tout et al.
2015; Prazeres et al. 2017).

Bioinformatics & data analysis: Bacterial 16S extracted
from the coral holobiont was sequenced using the Illumina
MiSeq v3 platform (Ramaciotti Centre for Genomics). The
universal Eubacterial primers 27 F (5-AGAGTTT-
GATCMTGGCTCAG) and 519R (5GWATTACCG
CGGCKGCTG)) were used for PCR amplification, tar-
geting the highly variable V1-V3 regions of the 16S rRNA.
Reads were processed as outlined in Kahlke (2018) (https://
github.com/timkahlke/ampli-tool). Briefly, sequences were
joined using FLASh (Magoc and Salzberg 2011) and sub-
sequently filtered and trimmed using mothur (PARA-
METERS: maxhomop = 6, maxambig = 0,
minlength = 469, maxlength = 503). Fragments were
clustered into operational taxonomic units (OTUs) at a
97% identity threshold and chimeric sequences were
removed using vsearch (Rognes et al. 2016) and the Silva
v128 database. Taxonomies were assigned to the OTUs
using QIIME (Caporaso et al. 2010) and the BLAST
algorithm against the Silva v128 database. Negative kit
controls and seawater controls were used to identify any
laboratory or seawater contamination and these OTUs were
removed from the analysis. Coral host mitochondrial
sequences and 16S sequences identified as mitochondria or
chloroplasts were also removed from the analysis. Data
were rarefied to 3000 reads per sample, representing the
lowest number of reads among all samples.

PRIMER + PERMANOVA (version 6.1; UK) was used
to statistically analyse the data. Relative abundances were
square root transformed and clustered with a Bray—Curtis
resemblance matrix. Permutational multivariate analysis of
variance (PERMANOVA) with pairwise comparisons
identified the effect time and species have on microbiome
composition. Similarity percentages analysis (SIMPER)
uncovered dissimilarities based on OTUs over time and
between species.
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Fig. 1 Overview of sampling locations within Sydney Harbour
represented by letters a (Fairlight) and b (Middle Head). All other
locations represented on the map (green circles) are sites with coral
populations as observed by the authors. Inserts show specific
sampling sites within locations. The base data for the map were

The core microbiome was defined as OTUs that were
found in a minimum of 3 out of 4 replicates with a mini-
mum relative abundance of 0.001%, identified using
QIME. Venn diagrams depicting the core microbiome
were constructed with the online software from Bioinfor-
matics and Evolutionary Genomics (http://bioinformatics.
psb.ugent.be/software/details/Venn-Diagrams). To deter-
mine the differential abundance of OTUs between the two
coral species the Statistical Analysis of Metagenomic
Profiles (STAMP) software package was used for univari-
ate analysis (Parks and Beiko 2010). P-values were cal-
culated using the Kruskal-Wallis test with Storey’s False
Discovery Rate (FDR) multiple test correction method and
a p value < 0.05. The P-values and FDR values were
visualised as extended error bar plots (CI = DP: Bootstrap
95%) which display the relative abundance of each bacte-
rial taxa, specified for each sample grouping as bars, with
the difference in proportions with 95% confidence interval
error bars displayed for each bacterial taxon.
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151.26°E 151.28°E 151.3°E

collected from map tiles at www.openstreetmap.org (OpenStreetMap
contributors, https://www.openstreetmap.org/copyright) under the
Creative Commons Attribution-ShareAlike 2.0 licence (http://creati
vecommons.org/licenses/bysa/2.0/), and customised in Adobe Illus-
trator (version 16)

Genetic identifications of the resident endosymbiont

Colonies of P. versipora from Fairlight (n = 15) and
Middle Head (n = 15 and colonies of C. mcneilli from
Fairlight (n = 5) were sampled in June 2015 and samples
processed for DNA analyses to determine the identity of
the microalgal endosymbiont common to each species.
Whole coral tissue DNA extractions were performed as
described by LalJeunesse et al. (2003), consisting of a
2 min bead-beating step (0.4-0.6 mm glass beads) and a
modified and abbreviated DNA wizard extraction protocol
(Promega). Nuclear large-subunit ribosomal DNA (LSU)
and chloroplast large-subunit rDNA (cp23S) were ampli-
fied and sequenced (LaJeunesse et al. 2012). Conditions for
amplifying the LSU are provided in (Zardoya et al. 1995),
and conditions for amplifying cp23S are provided by
(Zhang et al. 2005).

To amplify DNA, reactions were performed in 25 pL
volumes containing 2.5 pL. of 2.5 mM dNTPs, 2.5 pL. of
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25 mM MgCl,, 2.5 pL standard Taq Buffer (New England
Biolabs, Ipswich, MA, USA), 0.13 pL. of 5 U uL71 Taq
DNA Polymerase (New England Biolabs), 1 pL. of each
forward and reverse primer at 10 pM, and 1 pL of
5-100 ng DNA template. Products were cleaned with
ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) and
directly sequenced on an Applied Biosciences sequencer
(Applied Biosciences, Foster City, CA, USA) at the
Pennsylvania State University Genomics Core Facility.
Sequence electropherograms were each examined manu-
ally and nucleotide sequences aligned by eye. Raw
sequences and alignments for each gene are available from
the Dryad Digital Repository. Phylogenetic analyses using
maximum parsimony were then performed on aligned data
sets in PAUP* v.4.0d151 (Swofford 2014) with indels in
rDNA included as a 5th character state. Bootstrap support
was calculated based upon 1000 replicates.

Coral metabolism

Colonies of P. versipora and C. mcneilli were collected
from Fairlight Beach (4—6 m depth) in September 2015 and
allowed to acclimate for 6 weeks prior to long-term
experimentation in aquaria at Manly SeaLife Sanctuary.
Three replicate colonies of each species were fragmented
to yield a total of n = 20 fragments per species, which were
then distributed randomly across aquaria. The experimental
setup consisted of four tanks on a continuous flow-through
system supplied by fresh Sydney Harbour water (passing
through two rapid sand filters and a sedimentation tank).
Flow rate was maintained at ~ 2.5 L min~' and light
intensity (umol photons m~2 s~ "), measured with a Li-
250A with 4n sensor (umol Li-Cor, Lincoln, Nebraska,
USA), was changed seasonally as determined by modelling
the underwater light field adjusted for 7 m depth based on
the diffuse attenuation coefficient (as per Hennige et al.
2010).

Rates of net photosynthesis (Pg), dark respiration
(R) and light calcification (G) were obtained by
respirometry for five fragments of P. versipora and C.
mcneilli at each timepoint as per (Camp et al. 2015).
Timepoints t,, t; and t, represent the pre-bleaching months
December, January and February, respectively, t3 is during
bleaching in April and t; is recovery in August. Impor-
tantly, both tank and in situ corals had bleached by April;
however, metabolism measurements of bleached corals in
aquaria were not made until June. Thus, the rates measured
and reported here reflect metabolic responses during a
long-term (> 2 months) bleaching event. Each colony was
individually incubated for three hours in a 500 mL gas
tight chamber submerged in a flow-through experimental
tank acting as a water bath and stirred manually every
5 min (as well as two control chambers containing only

seawater to correct for any biological activity of the sea-
water). Rates of Py and R (umol O, em 2 h') were
quantified for each fragment simultaneously at the start and
end of each incubation using a FireSting optical oxygen
meter with a needle-type microsensor (Pyroscience, Ger-
many). Dark incubations were conducted 30 min after the
light incubations by covering the experimental tanks with
blackout material. Pg was calculated as Py + R (Camp
et al. 2017). Calcification rates (pumol CaCOj; em 2 h7Y),
determined as changes in TA, and O, for each chamber
during each 3-h incubation was corrected for any changes
in TA or O, from the seawater controls (n = 3) (as per
Camp et al. 2017). Surface area was determined for each
fragment at the end of the experiment using the advanced
geometric technique (Naumann et al. 2013) and were used
to normalise metabolic rates for each fragment. Following
a normality check using the Shapiro test, one-way ANO-
VAs and Tukey’s post hoc tests were performed for C.
mcneilli, on each metabolic variable (Pg, R and G), to test
for differences between time points for each species. Data
for P. versipora was not normally distributed therefore
non-parametric Kruskal-Wallis tests with pairwise com-
parisons were used.

Abiotic measurements were made in triplicate for each
experimental tank bi-monthly (WTW Multiprobe 3630 and
sensors, calibrated for each sensor before each use). Total
alkalinity was measured using an autotitrator (Metrohm
916 Ti-Touch Autotitrator) with accuracy and precision of
less than or equal to 2 pmol kg~ as verified with Dickson
standards and pH (total) was measured with a Metrohm
iUnitrode electrode and calibrated with tris buffers (preci-
sion ca. = 0.0005 pH units). Aragonite saturation state and
dissolved inorganic carbon were calculated using CO,SYS
software (Lewis et al. 1998). Temperature and light
intensity of each experimental tank was also continuously
measured using HOBO pendent loggers (Microdaq, USA)
set at a 10-min interval, calibrated before each use and
values given in LUX were converted to PAR using the
daylight coefficient (Camp et al. 2015).

Common measurements in situ and aquaria

A number of common metrics were used to ensure data sets
between in situ and aquaria experiments were comparable.

Environmental variables Water temperature data were
recorded semi-continuously at both sites from July 2015—
August 2016 using temperature/light loggers (HOBO
Pendant, Microdaq, USA) set to measure at 30-min inter-
vals and are reported here as monthly averages. Monthly
composite SST data were obtained from the MODIS
(MODerate Resolution Imaging Spectroradiometer) plat-
form using the Giovanni online data system and used to
calculate temperature anomalies from 2010 to 2017 and
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average SST from 2015 to 2017 (Fig. 2). Degree Heating
Weeks (DHW) were obtained from the National Environ-
mental Satellite Data and Information Service (NESDIS) of
the U.S. National Oceanic and Atmospheric Administration
(NOAA) (50 km). Water temperatures were strongly cor-
related between the experimental system and in situ tem-
peratures as determined with a Pearson correlation
coefficient analysis (r2 = 0.924, not shown). All other
environmental parameters were measured bi-monthly at
both sites as explained above. Triplicate water samples
were taken at each site using a nutrient analyser (Quikchem
QC8500 Automated Ion Analyser) following manufactures
protocol and quality control procedures (LACHAT
Instruments, USA). Data were interpreted using Omnion
version 3 software (LACHAT Instruments, USA).
Symbiodinium Cell density coral Tissue (~ 1 cm?) was
removed from fragments (additional fragments to those
used for physiology measurements) using a waterpik and
GF/F-filtered seawater. The resulting tissue slurry was
homogenised, and an aliquot taken for cell quantification
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Fig. 2 Satellite-derived data characterising a Sea Surface Tempera-
ture (SST) anomalies during the period 2010-2017 with the study
period highlighted in red, b 10-yr average SST (open circles),
observed SST (Fairlight) (blue squares), and bars of degree heating
weeks (DHWs) from June 2015 (winter)-June 2017. Monthly
composite SST data were obtained from the MODIS (MODerate
Resolution Imaging Spectroradiometer) platform and DHWs (50-km)
data from the National Environmental Satellite Data and Information
Service (NESDIS) of the U.S. National Oceanic and Atmospheric
Administration (NOAA). Alert level bars correspond to satellite
bleaching alert levels based on current 50-km Hotspot data
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using a haemocytometer (Neubauer Haemocytometer,
Fisher Scientific, Loughborough, UK) with eight replicate
quadrats counted for each sample.

Photophysiology A diving-PAM underwater fluorometer
(Waltz, Germany) was used to obtain maximal quantum
yields (F,/F,,) of chlorophyll a fluorescence of colonies
in situ (measurements taken early morning prior to direct
sunlight exposure) and ex situ following 20 min of low
light acclimation (settings: measuring light intensity = 8§,
saturation pulse intensity = 11, saturating width = 0.8,
damp = 2, gain = 4) (e.g. Suggett et al. 2012). Triplicate
measurements were made for each colony with a total of
eight colonies measured at each timepoint. All measure-
ments were made at a constant distance from the coral
(3 mm), standardised using a fibre optic adaptor and taken
from the middle of the colony.

Results
Environmental conditions

Satellite-observed SST from February to August 2016
consistently exceeded long-term (10 yr) monthly averages,
peaking at 3.7 °C above the average in February, resulting
in DHWs of 5.4 °C-weeks and bleaching alert level 1
(bleaching likely) (NOAA Coral Reef Watch. 2000,
updated twice-weekly). In March, DHWs reached 12.8 °C-
weeks and bleaching Alert level 2. SSTs continued to
exceed monthly averages until August 2016, resulting in a
Bleaching Watch status over this time period. Sydney is
subjected to warm and cold thermal anomalies yearly.
However, warm SST anomalies were greater in 2015 and
2016 than the previous 6 yrs coinciding with the study
period of interest (Fig. 2a). As expected, most physico-
chemical conditions within the aquaria closely matched the
in situ conditions (Table S1) since the aquaria were sup-
plied by continuously flowing seawater from Sydney
Harbour. Notably temperature ranged from 17.2 to 25.9 °C
in situ and 17.8 to 25.9 °C in aquaria and pH ranged from
7.96 to 8.11 in situ and 7.76 to 7.97 in aquaria. However,
phosphate levels were consistently higher in the tank
experiment (by a factor of ca. 2.4-14.8).

Bleaching and endosymbiont dynamics

Plesiastrea versipora account for 40.0 & 17.0% (range
11.0-88.0%) and 33.0 + 15.0% (range 0-62.0%) of total
benthic cover at sites targeted within Fairlight and Middle
Head, respectively. In April, up to 60 £ 8.1% of colonies
displayed signs of bleaching undergoing bleaching or
completely white) across the two harbour sites (Fig. 3). By
July, corals had begun to regain normal colour (Fig. 3)
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Fig. 3 a—Symbiodinium cell density (cells/’cm?® surface area) of C.
mcneilli (circles) in situ and ex situ, P. versipora (squares) (bleached,
red) and P. versipora (healthy, blue) (in situ) expressed as mean =+
SEM (P. versipora n = 8, C. mcneilli n = 4, C. mcneilli was sampled
from Fairlight only). b—Maximum quantum yield of PSII (F,/F,,)
expressed as mean = SEM of healthy (in situ), bleached (ex situ),
bleached (in situ) colonies of P. versipora and C. mcneilli (ex situ) (P.
versipora n = 8, C. mcneilli n =4, C. mcneilli was sampled from
Fairlight only). In situ measurements are of eight colonies in total,

with bleached corals making up only 25 + 1.2% of colo-
nies. Healthy coral cover increased from 40.4 + 8.1% of
colonies during April to 77.4 + 1.4% in August.

Changes in maximum quantum yield of PSII (F,/F,,)
values are commonly used to describe coral responses to
heat stress (e.g. Suggett and Smith 2011), and values for
both the aquarium housed and in situ colonies were equal at
the beginning of the experiment (0.65 + 0.02, mean £ SE,
and 0.63 % 0.02 respectively, Fig. 3). Healthy colonies of
P. versipora in situ maintained F,/F,, values greater than
0.6 for the duration of the study. In April, mean values for
F./F,, for in situ and tank housed fragments were reduced
to 0.24 4+ 0.03 and 0.35 £ 0.03, respectively. These values
remained significantly lower than the F\/F,, of healthy
colonies until the end of the experiment. F,/F,, values
returned to within pre-bleaching values for in situ corals,
whereas tank corals only increased to 0.45 £ 0.04, with a
slower overall recovery.

Changes of in situ Symbiodinium cell densities followed
the loss and recovery trends in F,/F,, during heat stress.
Symbiodinium cell densities were significantly reduced for
bleached colonies of P. versipora in April (during
bleaching)  (Fig. 3)  (3.55 x 10° + 7.83 x 10* to

four colonies from each harbour site and ex situ measurements are of
eight coral fragments maintained in aquaria. ANOVA with Tukey’s
post hoc tests were used for statistical analysis with numbers
indicating significant differences (p < 0.05). Measurements were
taken in February (pre-bleaching), April (during bleaching), June and
August (recovery period) 2016. Image of bleached (April) and non-
bleached (July, recovery) colony of P. versipora at Middle Head
(depth 4 m)

3.77 x 10° £ 1.49 x 10* cells/cm™?) for bleached colo-
nies before returning to within pre-bleaching values by
June.

In contrast to P. versipora, C. mcneilli, accounting for
< 10% of total benthic cover at sites targeted within
Fairlight did not show any visual or physiological signs of
bleaching in either tank experiment or in situ, where values
of F,/F,, (ca. 0.65-0.76)) and symbiont cell densities
(3.6 x 10°-3.85 x 10° cells cm?) remained generally
constant throughout (Fig. 3).

Identity of endosymbiotic microalgae

Sampling from a variety of colonies across all sites
revealed that P. versipora and C. mcneilli contained a
Symbiodinium sp. whose LSU rDNA were identical, indi-
cating the presence of a single undescribed species of
Breviolum (= formerly Symbiodinium clade B), provision-
ally referred to as type B18a. However, phylogenetic
analyses of the cp23S marker exhibited a fixed difference
that distinguished symbionts in P. versipora from C.
mcneilli. In addition, the identity of Symbiodinium was
determined for P. versipora colonies pre-bleaching and

@ Springer



822

Coral Reefs (2019) 38:815-830

during bleaching (Fujise 2018, unpublished), showing no
difference in the composition of Symbiodinium clades
using DNA metabarcoding based on the cp23S primer set
between the two health states.

Holobiont bacterial communities

Potential shifts in the holobiont microbiomes of P. versi-
pora and C. mcneilli were determined using 16S rRNA
gene sequencing. After quality control, a total of 5,414,105
reads were matched to reference sequences within the Silva
128 database with an average of 30 000 reads for each
sample (non-rarefied). Seawater controls samples con-
tained significantly distinct microbial communities com-
pared to coral samples across the study period
(PERMANOVA; p < 0.05, t = 1.65), indicating low-levels
of sample contamination with non-holobiont DNA. At the
class taxonomic level, Gammaproteobacteria and Acti-
nobacteria dominate the microbiomes of both P. versipora
and C. mcneilli (Figure S4, S5).

In February (t,), prior to bleaching, P. versipora and C.
mcneilli had significantly distinct microbiomes (Table 1)
driven primarily (as shown with SIMPER and supported by
STAMP analysis, Figure S6, S7) Flavobacteriaceae
(2.67%, STAMP 13.33%, p = 0.004) Oceanospirralles
(3.59%, STAMP 5.8% p = 0.003) and Photobacterium
(2.68%, STAMP 4.68% p = 0.002) associated with C.
mcneilli, and Xanthomonadales (2.41%, STAMP 5.73%
p < 0.001) and Geothermobacter (2%, STAMP 4.69%,
p = 0.0003) associated with P. versipora. Core taxa that
distinguished the host microbiomes were unclassified (UC)
Flavobacteriaceae and UC Oceanospirillales for C.
mcneilli and UC Xanthomonadales, and Geothermobacter
for P. versipora (Fig.4). The core microbiome of C.
mcneilli was richer than that for P. versipora (5 core OTUs

Table 1 Relative abundances (%) of dominant bacterial taxa, core
OTU number and Shannon diversity values for P. versipora and C.
mcneilli during February (pre-bleaching), April (during bleaching)

in contrast to 2 core OTUs, respectively), yet the Shannon
index indicates similar overall diversity (3.8 for P. versi-
pora and 4.0 for C. mcneilli). Escherichia/Shigella were
core taxa common to both hosts [10 &= 4% SE (here on in
denoted as % =+ SE) and 5 + 4% for P. versipora and C.
mcneilli, respectively, Fig. 4]. Pseudomonas was also a
core taxon for both coral species but consistently repre-
sented in abundances < 1% for the duration of the exper-
iment. Chlorobiaceae was a dominant taxon present across
both species at this time (Table 1).

In April (t3) during the bleaching event, despite certain
colonies of P. versipora showing visual and photophysio-
logical signs of stress, overall microbial composition did
not differ significantly between bleached and healthy P.
versipora colonies or across species (Table 1). Escher-
ichia/Shigella increased in abundance from 10 + 4% to
16 &+ 7% for P. versipora and 5 & 4% to 26 £ 3% for C.
mcneilli and remained as shared core bacterial taxa from
February. This taxon was also in extremely high abundance
in bleached colonies of P. versipora (14 + 6%) together
explaining much of the similarity in microbial community
composition across species and between bleached and
healthy colonies of P. versipora. Geothermobacter, no
longer a core taxon for P. versipora, and Chlorobiaceae
were overrepresented in bleached P. versipora colonies
(6 = 4% and 9 £ 4%, respectively), these taxa thought to
be key drivers between healthy and bleached coral in our
study (Randall et al. 2016; Cai et al. 2015). Overall,
Shannon diversity indices are the same between
unbleached and bleached colonies (2.8).

Convergence of bacterial communities in April was also
attributed largely to Anaerolineaceae, which increased in
unbleached P. versipora and decreased in C. mcneilli.
Flavobacteriaceae decreased in C. mcneilli without parallel
increases in P. versipora (Table 1). Such changes reflect

and August (recovery). Statistical significance is given for February
and August (PERMANOVA)

February (p = 0.014, r = 1.33) April June (p = 0.004, t = 1.584)
P. versipora C. mcneilli P. versipora P. versipora C. mcneilli P. versipora C. mcneilli
Unbleached Bleached
Core OTUs 2 4 1 2 3 1 3
Shannon 3.8 +03 40+£03 29+05 2.8 +£0.5 38+ 03 53+1 40+£02
Escherichia/Shigella 10% 5% 17% 14% 26% 21% 0%
UC Anaerolineaceae 0.004% 14% 6% 9% 1% 2% 0%
UC Flavobacteriaceae 0.6% 7% 3% 0.8% 3% 0% 7%
UC Chlorobiaceae 7% 4% 3% 9% 7% 3% 0%
Geothermobacter 5% 0% 1% 6% 0% 1% 0%
Marinicalla 2% 0% 4% 0% 0% 0% 7%
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Fig. 4 Venn diagram of the
core microbiomes of healthy P.
versipora and C. mcneilli
colonies pre-bleaching. The
number of OTUs for each
species core and the overall
shared core are shown. Only
core taxa with > 1% abundance
are shown. Each OTU is
presented to genus level where
possible. UC: Unclassified.
Escherichia/Shigella is
unclassified (UC) at species
level

shifts towards an increased microbiome similarity between
the two-host species suggesting that the thermal anomaly
exerted general selection pressure on the structure of these
bacterial communities regardless of host identity. C.
mcneilli, however, contained a higher overall diversity
(Shannon: 3.78 vs 2.82 for P. versipora, Table 1).

In August (t4) as Harbour waters cooled, the two-host
species were again characterised by distinct bacterial
communities (Table 1) with shifts in the microbiome
potentially indicative of seasonal changes. This was driven
by Escherichia/Shigella which explained 5% of the dis-
similarity according to SIMPER, and which no longer
represented a shared core taxon, only a core for P. versi-
pora. Anaerolineaceae showed decreasing average relative
abundance for both species and Geothermobacter and
Flavobacteriaceae decreased for P. versipora, while
Flavobacteriaceae and Chlorobiaceae disappeared entirely
from C. mcneilli (Table 1). Marinicella became part of the
core microbiome for C. mcneilli, but was absent in P.
versipora.

A number of taxa appeared (< 1% relative abundances)
for the first time associating only with C. mcneilli further
driving the dissimilarity between the two-host species. Of
these, Porphyromonadaceae (2.13% of the dissimilarity in
SIMPER and 8.86% p = 0.002 in STAMP) accounted for a
large proportion (~ 19% =+ 5%) of relative abundance and
Blastopirellula (3.16% of the dissimilarity in SIMPER and
2.2% p < 0.01 in STAMP) accounting for 4 £ 1.8% rel-
ative abundance. Increases in Flavobacteriaceae for C.
mcneilli explained 2.42% (0.4%, p = 0.007 in STAMP) of

P. versipora

C. mcneilli

o Bacteroidetes

Y Gammaproteobacterie
d Deltaproteobacteria
& Flavobacteria

the dissimilarity, respectively. During recovery, P. versi-
pora had a greater diversity of taxa than C. mcneilli
(Shannon = 5.25 and 3.99, respectively) and a lower
diversity of unique core OTUs (1 OTUs compared to 3
OTUs for C. mcneilli).

In summary, Escherichia/Shigella was a dominant taxon
for both coral species in February and increased during the
thermal stress event in April, suggesting the importance of
this taxon in bleaching resistance (abundances were higher
in unbleached P. versipora and C. mcneilli than bleached
P. versipora). Escherichia/Shigella remained dominant in
P. versipora with the recovery of this coral in June, while
disappearing entirely from the comparatively bleaching-
resistant C. mcneilli. Overall, changes in the microbiome of
P. versipora are characterised by shifting abundances of a
few key taxa, indicating a highly conserved microbiome
throughout the thermal anomaly. In contrast, these key taxa
also found in C. mcneilli were lost by June and a number of
new taxa, such as Marinicella, appeared indicating a less
conserved microbiome for this coral species, and poten-
tially seasonal shifts in the bacterial community as waters
cooled.

Holobiont physiology

December, January and February (pre-bleaching) net rates
of Respiration (R) and light driven calcification (Gr) and
gross photosynthesis (Pg) were higher for P. versipora than
C. mcneilli (Table S2). The photosynthesis to respiration
ratio (P: R) values for P. versipora and C. mcneilli
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remained above 1 during this period ranging from 1.5 to
2.2 and 2.1 to 2.3, respectively (Fig. 5). In June (during
bleaching), P. versipora exhibited reduced photosynthesis
(53-56% reduction in Pg) that corresponded to a similar
decrease in symbiont cell density (85% decrease) relative
to pre-bleaching levels (Figure S2). Symbiodinium cell
normalised gross photosynthesis rates (Pg cell™') were
enhanced for the remaining Symbiodinium cells (Pg cell ™
was 4.85 x 1077 pre-bleaching and 1.71 x 107 Pg/cell
during bleaching, Figure S3). These trends were accom-
panied by a decrease in Gy, by 51-58% (T, and T,) from
pre-bleaching levels, and active calcification appeared to
largely cease. Values of P: R decreased during this time
(25-48% decrease to 1.16 £ 0.08) via a reduction in Pg
(53-56% reduction), while respiration remained relatively
unchanged (Fig. 5).

In contrast to P. versipora, C. mcneilli upregulated Pg
and R during the bleaching period (24-31% and 6-11%,
respectively, Table S2) and did not display signs of coral
bleaching (no paling, no change in Symbiodinium density
and no decrease in F,/F,; Fig. 2). As a result, P: R was
increased by 21% during the bleaching period independent
of Symbiodinium cell density. Pg per cell increased during
the bleaching period (4.01 x 1077 pre-bleaching to
5.55 x 1077 during the bleaching period) although this
was not significant and was less than the rates of Pg/cell for

bleached P. versipora colonies (5.55 x 1077 and
a 1o P. versipora

=
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Fig. 5 Metabolic comparisons of photosynthesis and respiration (P:
R) and calcification (G) rates (pumol cm~2 h™') (+ SEM) over the
experimental period (December- August) for a P. versipora and b C.
mcneilli. Dashed lines connect metabolic shifts through time. The
bleaching timepoint is indicated with a red data point and recovery
with a blue data point. All other timepoints are pre-bleaching
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1.71 x 107 Pg/cell, respectively, Table S2). Gp for C.
mcneilli was highly variable across the experiment with
measurements for June (T3) 93-98% lower (resulting in net
dissolution) than the other time points.

In August during recovery (74), Pg increased back to
pre-bleaching levels for P. versipora (with a 74% increase
in Symbiodinium density) (Table S2). P: R increased during
recovery (74% increase to 4.4 £ 0.2) largely from a
decrease in respiration (Fig. 5), which was significantly
different to all other time points. For C. mcneilli, Gp
increased, while R significantly decreased, leading to only
a 26% increase in P: R (with Symbiodinium cell density
remaining stable) (Fig. 5).

Discussion

Tropical coral communities have been increasingly sub-
jected to heat wave events that induce mass bleaching
(Hughes et al. 2018). Consequently, there has been
renewed focus on understanding why and how tropical
corals are sensitive to thermal stress. In 2016, the greatest
heat wave to date in Australia extended to temperate sys-
tems where we witnessed the first documented temperate
coral bleaching event. In tropical systems, heat stress
sensitivity is influenced by the host (Grottoli et al. 2006;
Bessell-Browne et al. 2014; Tremblay et al. 2016), sym-
biont (Scheufen et al. 2017; Sampayo et al. 2008; Silver-
stein et al. 2017) and/or bacterial (Rothig et al. 2017;
Ainsworth et al. 2015; Bourne et al. 2008) responses. Our
data examining how metabolism versus microbial dynam-
ics suggests that heat sensitivity of temperate taxa may
similarly reflect a complex interplay of factors.

Coral bleaching dynamics of corals in temperate
regions

Tropical corals typically show a reduction in F,/F,,, sym-
biont densities and net photosynthesis of Symbiodinium in
response to thermal stress (e.g. Scheufen et al. 2017;
Gardner et al. 2017). Such suppression of holobiont pho-
tosynthesis via coral bleaching is similarly characteristic
for the coral P. versipora in temperate regions, which
bleached in this study. Rates of gross photosynthesis per
cell have been shown to decrease during thermal stress for
some tropical corals (i.e. M. cavernosa; Scheufen et al.
2017) and increase for others (i.e. O. faveolata, Scheufen
et al. 2017; P. damicornis, Wangpraseurt et al. 2017). In
our study, rates of Pg cell™! for P. versipora increased with
coral bleaching (Figure S2), indicating that the remaining
symbionts retained cell functionality and are likely critical
in maintaining metabolic capacity (Sampayo et al. 2008).
Whether, that with a loss of symbiont cells, carbon
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limitation is relieved (or there is more carbon available per
Symbiodinium cell) for the fraction of cells that remain
(that have not been impacted by heat stress) is unclear
(Levas et al. 2016; Suggett et al. 2013). However, P: R
ratios decreased for this coral species at this time sug-
gesting a transition to heterotrophic carbon acquisition.

Bleaching susceptibility and recovery, while not well
resolved into a single model, is strongly dictated by the
photosynthetic physiology (Scheufen et al. 2017) and
species of microalgal endosymbiont harboured within the
coral. It is known from extensive research on tropical
corals that associations with thermally tolerant endosym-
bionts (Sampayo et al. 2008; Silverstein et al. 2017)
influence bleaching susceptibility and post-bleaching
mortality. In Western Australia, P. versipora is known to
associate with clade B18 (Silverstein et al. 2011). In Syd-
ney, P. versipora and C. mcneilli maintain specific asso-
ciations with a particular undescribed species of Breviolum
spp., provisionally referred to as type B18a. This symbiont
remained dominant throughout the thermal stress event
(Fujise 2018, unpublished). However, DNA sequence
analyses revealed fixed differences in the cp23S gene that
differentiated symbiont populations associated with each
species. Breviolum spp. appears relatively rare in the south
east Pacific (https://sites.google.com/site/geosymbio/home)
and thus clearly warrants further study given the ability to
rapidly recover from stress by increasing cell productivity
(Pg/Cell) that we observed here.

An intriguing outcome was that the widely geographi-
cally distributed species P. versipora exhibited greater
signs of stress, whereas the southerly restricted species C.
mcneilli appeared unaffected. These differential responses
were observed both in the field and in the aquaria exposed
to the same temperatures and light levels. We initially
considered that due to the cryptic nature of C. mcneilli,
which typically grows under boulders and overhangs or in
deeper water, this taxon was spared the synergistic impact
of high temperature and irradiance, well reported as a
driver of coral bleaching (Mumby et al. 2001; Wooldridge
2009). Plesiastrea versipora colonies were most abundant
on the upwards facing section of boulders, exposed to
increased solar radiation, which reaches summer levels
of ~ 300 pmol photons m~2 s~'. However, given that C.
mcneilli did not bleach ex situ, under the same irradiance
levels as P. versipora, this taxon therefore appears to have
attributes that provide greater thermal tolerance.

Coral bacterial communities

We identified a number of dominant bacterial taxa present
during the thermal anomaly and temporal dynamics, con-
sistent with the notion that highly stable microbiomes may
confer bleaching resilience (Ziegler et al. 2017; Grottoli

et al. 2018), and that bleaching sensitivity is also paralleled
by the emergence of opportunistic bacteria species. Bac-
terial taxa Anaerolineaceae and Flavobacteriaceae were
dominant in the coral C. mcneilli in February (summer),
but rare in P. versipora. Surprisingly, these taxa exhibit
increased abundance at anthropogenically impacted sites
(Ziegler et al. 2016) and are found commonly in diseased
tissues (Ainsworth et al. 2007; Roder et al. 2014). This
pattern is commonly observed for corals under thermal
stress (Bourne et al. 2008; Thurber et al. 2009), but clearly
in our study the physiological functioning of C. mcneilli
did not seem to be impacted by these potential pathogen-
associated bacteria. The convergence of P. versipora and
C. mcneilli microbiomes in April (during the bleaching
period) was driven by increases in Anaerolineaceae and
Flavobacteriaceae in P. versipora and their corresponding
decrease in C. mcneilli (in August). Therefore, the true
nature of these bacterial groups remains to be determined.
Overall, colonies of C. mcneilli did not exhibit significant
shifts in their microbiome between February (summer) and
April (autumn- bleaching period), whereas P. versipora
had significant shifts in their microbiome over this period
(driven by changes in the relative abundances of dominant
taxa with decreasing diversity). Thus, the more stable mi-
crobiomes in C. mcneilli provide further and independent
evidence that this taxon experienced less stress than P.
versipora.

Gammaproteobacteria Escherichia/Shigella represent a
shared core taxon between the two species over time until
August (recovery) where it disappears from C. mcneilli
entirely. From February to April this bacterium increased
in average relative abundance from 10 to 16% in colonies
of P. versipora and 14 to 26% for C. mcneilli. With a shift
to greater heterotrophy in colonies of P. versipora with
diminished symbionts cell densities, the complementary
increase in abundance of Escherichia/Shigella sp. may
enhance nutrient acquisition by supplementing host feeding
(Rothig et al. 2017), although this would need to be proven
with isotopic analysis. Escherichia spp. have been previ-
ously shown to associate with healthy corals at high tem-
peratures (Kimes et al. 2013; Littman et al. 2011);
however, increased abundance can generally be attributed
to human impact, specifically faecal contamination and are
considered as potentially pathogenic (Kegler et al. 2017).
Sydney Harbour is an urban centre therefore it is perhaps
not surprising that Escherichia/Shigella sp. are found
associating with these corals. Interestingly, Escherichia/
Shigella sp. was not detected in seawater samples and thus,
the functional role of this bacterium to coral health war-
rants further investigation.

A shift in metabolic pathways from autotrophy to
heterotrophy under thermal stress was also seen in a
metagenomic study by Yang et al. (2016), showing
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increases in bacterial genes responsible for the metabolism
of proteins, simple carbohydrates, phosphorous and sul-
phur. On comparing bleached vs unbleached colonies of P.
versipora, there is no difference in the relative abundances
of Escherichia/Shigella sp. (14% and 16% respectively)
and the complete absence of Escherichia/Shigella sp. in C.
mcneilli in August (no thermal stress) together could
indicate that this taxon is only abundant in times of stress
aiding thermal tolerance, and further consistent with the
restoration of normal physiological functioning by August
for C. mcneilli.

In addition, Chlorobiaceae and Geothermobacter were
consistently abundant in P. versipora and became more
abundant in April associated with bleached colonies.
Chlorobiaceae, a phylum of bacteria Chlorobi, are well-
known green sulphur bacteria with the ability to supply
nutrients through nitrogen fixation and are capable of
anoxygenic photosynthesis (Randall et al. 2016).
Geothermobacter is likely a thermophilic of the family
Geobacteraceae and has been previously found associating
with both healthy and diseased tropical corals (Hernandez-
Zulueta et al. 2016; Kashefi et al. 2003) although little is
known about the function of this bacterium. It has been
proposed that this bacterium is a predominant Fe(IlI)-re-
ducing microorganism in many environments and plays an
important role in nitrogen cycling (Vega Thurber et al.
2014). With the increased abundance of these taxa asso-
ciating with bleached colonies, increases in nitrogen fixa-
tion may increase the N:P ratio in corals, altering coral
physiology and resulting in increased susceptibility to
bleaching and disease (McDevitt-Irwin et al. 2017).

Marinicella (Gammaproteobacteria) was a dominant
taxon associated only with P. versipora in February (4%
average abundance) that was lost entirely in bleached
colonies and did not return in August during recovery.
Gammaproteobacteria has been associated with enriched
functional profiles of corals subjected to heat stress
(Ziegler et al. 2017) and the disappearance of Marinicella
from bleached P. versipora may increase the bleaching
susceptibility of this coral. It has been shown that this class
of bacteria are strongly associated with healthy corals and
dominate corals recovering from bleaching (Bourne et al.
2008), which may explain the abundance of Marinicella in
C. mcneilli in August (7% average abundance). It is likely
that the services provided by the microbiome, in particular
Escherichia/Shigella sp. enabled the rapid and widespread
recovery of P. versipora. In addition, this species had a
highly diverse microbiome (Shannon 5.3 £ 1, Table 1)
during the recovery period consistent with previous evi-
dence of higher microbial diversity associated with healthy
corals compared to bleached corals (Bourne et al. 2008;
Castillo and Helmuth 2005), a seemingly important metric
dictating coral health state.
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Holobiont metabolic rate-responses to heat stress

Photosynthesis to respiration ratios (P: R) of P. versipora
and C. mcneilli ranged from 1.5-2.2 and 2.1-2.3, respec-
tively, over 20-26 °C (December—February), indicating
persistent net autotrophy for both species throughout. P: R
values closer to 2 suggest that these species are largely
autotrophic at these temperatures, likely explaining the
success of P. versipora over such a wide geographical
range (Howe and Marshall 2001). Intriguingly, rates of
photosynthesis, respiration and calcification (normalised to
surface area) in P. versipora and C. mcneilli did not show
significant variation with increasing temperature, which
may indicate efficient thermal compensation as a way to
sustain the symbiotic relationship over a wide temperature
range (Anthony et al. 2009; Gibbin et al. 2018). Rates of Pg
for P. versipora and C. mcneilli in our study were com-
parable to those previously reported by (Howe and Mar-
shall 2001) at ~ 19 °C and 21 °C and are within the range
of most reef corals (Camp et al. 2017) despite the lower
temperature and light intensities. Respiration rates of both
P. versipora and C. mcneilli obtained in this study were
similar to or higher than many reef corals (Camp et al.
2017; Hoogenboom et al. 2010) potentially due to the slow
calcification rate of these corals (as also shown by Howe
and Marshall 2002), and likely driving the enhanced
autotrophic capabilities seen.

In our study during coral bleaching, the decrease in P: R
to 1.2 for P. versipora was largely driven by a significant
decrease in Pg (53-56%) and R remained relatively
unchanged. The reduction in Pg could be attributed to a
decrease in cell density. Here, P. versipora went from a
highly autotrophic carbon acquisition mode to increased
reliance on heterotrophy between February and June 2016
when this taxon bleached. This metabolic shift is widely
reported in for tropical corals under heat stress (Anthony
and Fabricius 2000; Grottoli et al. 2006; Tremblay et al.
2016) as well as corals in extreme environments charac-
terised by high-sediment/reduced light conditions (Camp
et al. 2017). Enhanced heterotrophic feeding yields addi-
tional nutrients (i.e. nitrogen and phosphorus), especially in
highly turbid and sediment-enriched environments (e.g.
Sydney Harbour). In doing so, these corals from temperate
regions may be able to increase in symbiont cell numbers
to maximise light capture and restore a stable symbiosis
(Réddecker et al. 2015).

For both C. mcneilli and P. versipora, metabolic re-
adjustments appear to occur at the expense of calcification
under thermal stress. For P. versipora, this could be a direct
consequence of the inability to maintain photosynthesis,
while respiration remained unchanged (Camp et al. 2017)
or it may be an indication that by June 2016 (winter),
stored energy reserves had been depleted, and a loss of
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symbionts resulted (Schoepf et al. 2015). In contrast, C.
mcneilli upregulated P and R during bleaching and as a
result P: R was increased by ~ 20% and was > 2, main-
taining high autotrophic rates during thermal stress. This
was not accompanied with an increase in symbiont density
and may suggest that the symbiont has reduced transloca-
tion to the host, suppressing potential growth, forcing the
host to utilise energy stores or require shifts in the bacterial
community to regulate energy transfer within the holobiont
(Sorek and Levy 2012). Alternatively, C. mcneilli may
have rapidly decreasing calcification rates and redirected
the products of photosynthesis as a strategy to cope with
stress. Previous studies have in fact shown that coral spe-
cies compensate for temperature changes in their natural
environment by exchanging one set of rate-determining
reactions for another (Howe and Marshall 2001; Houl-
breque and Ferrier-Pages 2009).

P. versipora had regained its colour by August (winter),
recovering photosynthetic capacity rapidly even though
Symbiodinium cell density was still ~ 50% less than in
February (pre-bleaching). It is plausible that heterotrophy
helped to restore and maintain the nutritional exchange
between host and symbiont by promoting symbiont growth
and density, which in turn would allow for increased car-
bon translocation and lipid storage with an eventual return
to autotrophy, ultimately preventing coral mortality as
shown previously by Tremblay et al. (2016). For C.
mcneilli, “recovery” (even through this coral did not
bleach) showed increasing P: R. Together, the decrease in
respiration during this period for both species suggests that
these corals increased their metabolic efficiency through
decreasing respiration as a means to conserve energy stores
(Rodrigues and Grottoli 2007), which were most likely
depleted during bleaching. The marked return to active
calcification could be attributed to a return to normal levels
of aragonite saturation or heterotrophy, through the supply
of organic molecules and energy or as a direct response to
increasing photosynthesis for P. verispora (Tremblay et al.
2016). High adult survivorship has recently been shown as
particularly important for the persistence of P. versipora
populations in Sydney Harbour (Precoda et al. 2018). Thus,
while the physiological patterns seen in this study are
highly consistent with those shown for tropical corals under
heat stress, clearly a more targeted investigation is needed
to resolve the exact nature of the processes driving these
metabolic patterns throughout bleaching and recovery for
corals on temperate rocky reefs which are acclimatised to
extremes.

In summary, by examining the metabolic rates and
microbial community properties of high-latitude corals, we
observed strong consistencies with bleaching dynamics
commonly described for tropical corals, suggesting that
there is a common set of general constraints on the

physiologies of scleractinian corals under thermal stress
irrespective of latitude. Intriguingly, the southerly restric-
ted species (C. mcneilli) proved to be the most tolerant to
heat stress and was able to upregulate autotrophic capa-
bility during thermal stress. In contrast, the more widely
distributed species (P. versipora) metabolic patterns were
similar to those observed in tropical corals with coral
bleaching, but exhibiting restored photosynthetic capacity
rapidly when anomalous temperatures subsided. Our
results suggest that as thermal anomaly events grow in
frequency and intensity, “tropicalisation” (Vergés et al.
2014, 2016) will likely occur through the simultaneous
arrival of subtropical coral species and the loss of tem-
perate coral fitness perhaps for some species only, high-
lighting the variability and complexity of responses to
thermal anomaly events.
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