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Abstract Massive corals, like some Porites species,
are key reef-builders and provide critical habitat on coral
reefs. Porites often exhibit high tolerance to stressors, like
warming from climate change, although the drivers of these
patterns are unclear. Using high-throughput sequencing,
we examined whether associations with Symbiodiniaceae
underpin this tolerance. Symbiodiniaceae diversity and com-
munity composition within two massive species (Porites
lutea and P. lobata), whose identities were verified through
morphometric examinations, were characterised across
200 km of Ningaloo Coast World Heritage reef, Australia.
Contrary to previous studies showing low diversity of high-
fidelity algal symbionts, we found variability within Cla-
docopium, which differed significantly across host species
and temperature metrics. P. lobata communities exhibited
greater dispersion than those of P. lutea, suggesting higher
among-colony variability in symbiont assemblages. Dif-
ferential abundance analyses revealed both taxon-level and
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within-taxon (ASV-level) host specificity, including con-
trasting enrichments of closely related C15 variants between
hosts. Locations with broader temperature ranges and a
greater number of accumulated heat stress events (measured
as Degree Heating Weeks > 8 °C-weeks) exhibited signifi-
cantly higher prevalence and abundance of thermotolerant
Cladocopium C116. Moreover, the effects of accumulated
heat stress (DHW > 8 °C-weeks) on symbiont community
composition appeared to be host dependent. These lines of
evidence suggest that Porites may hold greater capacity to
vary, and by extension modify, their algal symbiont commu-
nity diversity than previously thought. This flexibility could
contribute to the genus Porites’ long-term evolutionary suc-
cess and relative resilience to global marine heatwaves.

Keywords Coral reefs - Symbiodiniaceae - Marine
heatwaves - Symbiosis

Introduction

Symbiotic relationships are foundational to all ecosystems.
Coral reefs exemplify this through the mutualistic interac-
tions between scleractinian reef-building corals and the pho-
tosynthetic dinoflagellates of the family Symbiodiniaceae.
These algal symbionts live within coral tissue, providing
photosynthetically derived energy that supports coral growth
and calcification (Muscatine 1990). In exchange, Symbio-
diniaceae receive access to essential inorganic nutrients
(Muscatine and D’Elia 1978). This symbiosis underpins
the ecological and structural foundation of coral reefs, sup-
porting not only the coral hosts and their algal symbionts,
but also the trophic levels that depend on reef productivity
(Ainsworth et al. 2010).
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Climate change is disrupting coral symbiosis through
rising sea surface temperature (SST) and frequent accumu-
lated heat stress events, in which SST anomalies exceed the
Maximum Monthly Mean (MMM; Strong et al. 1997), often
measured as Degree Heating Weeks (DHW; Gleeson and
Strong 1995). This leads to coral stress, visualised as bleach-
ing, due to the corals losing their algal symbionts (Sully
et al. 2019). Prolonged, extreme temperature conditions
can lead to host mortality (Hoegh-Guldberg 1999; Baker
et al. 2008). The increasing frequency and intensity of these
events, coupled with less stable environmental conditions
(Putnam et al. 2017; Sully et al. 2019), pose a significant
threat to the persistence of coral reef ecosystems by con-
tributing to the decrease in coral cover globally (Heron et al.
2016; Hughes et al. 2018) and the loss of biodiversity and
ecosystem functioning (Wernberg et al. 2024).

Corals can contend with environmental stress, including
marine heatwaves, using short-term acclimatory responses
or longer-term adaptive responses (reviewed by Voolstra
et al. 2021). Host tolerance is influenced by its genetic
makeup and the physical tolerance of its prokaryotic and
eukaryotic communities (Putnam et al. 2017). Symbiod-
iniaceae-host associations can be specialised or general-
ist, where symbionts associate with multiple coral species
across various environmental conditions (LaJeunesse et al.
2018). One critical acclimatory mechanism is the change in
the relative abundance of Symbiodiniaceae members (shuf-
fling) or the uptake of new symbionts from the environment
(switching) (Baker et al. 2004; Quigley et al. 2022). This
flexibility in diverse symbiotic associations is thought to aid
in withstanding abrupt environmental stress, especially heat
(Buddemeier et al. 2004; Berkelmans and van Oppen 2006;
Silverstein et al. 2015; Quigley et al. 2022).

Massive growth forms of the genus Porites Link, 1807,
can exhibit resistance to environmental stress (Levas et al.
2013). From in-situ observations across the Indo-Pacific,
Porites colonies have demonstrated higher survival com-
pared to other scleractinian genera (Smith et al. 2021; Ter-
raneo et al. 2024). Along the Ningaloo Coast of Western
Australia, massive Porites were one of the few hard coral
genera to remain relatively less impacted after the 2011 mass
bleaching event (Depczynski et al. 2013), as well as after
a deoxygenation event that resulted in mortality across 18
other coral genera (Richards et al. 2024). Their stress toler-
ance is likely partly due to their thick tissue layers, slow
skeletal growth, and high investment in energy reserves and
cellular repair mechanisms, which together may enhance
their ability to withstand thermal fluctuations, physical
damage, and disease (reviewed by Putnam et al. 2017), but
it is less well known if their Symbiodiniaceae communi-
ties contribute to this tolerance. The long-term paradigm is
that Porites species generally host low-diversity communi-
ties of high-fidelity algal symbionts, particularly within the
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Cladocopium C15 lineage (LalJeunesse et al. 2004; Putnam
et al. 2012). However, studies have since revealed that a
broader range of symbiont associations may be possible
(Ziegler et al. 2015; Pootakham et al. 2018), suggesting
that Porites species may be more flexible in their associa-
tions than initially thought. This flexibility in their Symbio-
diniaceae community composition may contribute to their
relative resilience compared to other genera, like branching
Acropora (Depczynski et al. 2013; Gardner et al. 2019), and
may be a key factor in their long-term evolutionary success
and stress tolerance.

The functional diversity within the Symbiodiniaceae
family includes a broad range of physiological responses to
environmental stress (Swain et al. 2016; Davies et al. 2023).
Cladocopium C3, for example, is considered relatively sensi-
tive to stress (Silverstein et al. 2015), whereas Durusdinium
D1 is generally more stress tolerant, particularly of warming
(Swain et al. 2016). However, understanding the functional
diversity of Symbiodiniaceae taxa is nuanced, as physi-
ological responses are not strictly genus-specific (Davies
et al. 2023) and can vary at the intra-lineage or strain level
(Howells et al. 2012; LaJeunesse et al. 2018). Both dominant
and background abundances of Symbiodiniaceae are critical
to determining host responses to environmental conditions
(Quigley et al. 2014). Recent evidence suggests that massive
Porites can shuffle their Symbiodiniaceae communities in
response to heat stress, with some taxa becoming more prev-
alent following an episode of bleaching-level stress (Starko
et al. 2023). Given this new insight, we sought to investigate
whether Symbiodiniaceae community composition contrib-
utes to the remarkable stress tolerance exhibited by Porites
along the mid-west coast of Western Australia in the eastern
Indian Ocean (Depczynski et al. 2013; Richards et al. 2024).
To do this, we examined Symbiodiniaceae community diver-
sity within two Porites species within the Ningaloo World
Heritage reef using high-throughput sequencing. These
insights will be critical to predicting the long-term resil-
ience of these important habitat builders along East Indian
Ocean reefs.

Methods
Study design

The study area extended > 200 km along the Western
Australia (WA) coastline from Coral Bay (23°09'15”S
113°45'56”E), to the Muiron Islands (21°40'08”S
114°21'29”E), and within Exmouth Gulf (21°52'53”S
114°11'17”E). Coral collections were made in sheltered
lagoonal habitats at seven sites (see Table 1). A total of 118
Porites colonies were sampled via snorkel using a hammer
and chisel, with ~8-20 colonies sampled per site (Fig. S1).
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Table 1 Sampling information and temperature metrics assessed over the climatological period 1985-2023

Site GPS coordi- Marine park Porites MMM (°C) Annual tem- Warm season  Number of accu- Recovery time
nates zoning colonies perature range  variability mulated heat (mean years
sampled °C) °C) stress events between heat
(DHW >8 °C-weeks) stress events)
MUI  21°40'40.4"  General Use n=20 28.02 5.30 0.67 3-6 6.98
S 114° 20
28.9"E
VLF 21°47' 31" Recreation/ n=20 27.93 5.24 0.68 3-6 6.98
S 114° 10’ Sanctuary
30"E
BUN  21°51'40.6”  Sanctuary n=10 28.00 5.77 0.68 3-6 13.95
S 114° 09’
31.5"E
TAN  21°53'57" Recreation n=20 28.02 5.22 0.52 1-3 13.95
S 113° 58’
06"E
LK/TR 22° 04’ 03" Sanctuary n=8§ 27.91 5.20 0.55 1-3 13.95
S 113°53'
50"E
OSP 22°14'34"S  Sanctuary n=20 27.85 5.21 0.56 1-3 12.43
113°49'44"
E
COR  23°08'08.5"  Sanctuary n=20 26.78 4.95 0.63 6-9 5.15
S 113°45'
504" E

The seven study sites were as follows (listed north to south): Muiron Islands=MUI, VLF Bay = VLF, Bundegi =BUN, Tantabiddi =TAN, Lake-

side/Turquoise Bay =LK/TR, Osprey Sanctuary =OSP, Coral Bay=COR

To minimise contamination across samples, the chisel was
cleaned with gloves to remove any existing tissue and skel-
etal material between colony collections. Multiple species of
Porites (massive growth forms) were sampled at each site,
including Porites lutea Milne Edwards & Haime, 1851 and
Porites lobata Dana, 1846. Colonies and their respective
corallites were photographed using an Olympus Tough TG-6
underwater camera to aid with ex-situ morphological assess-
ment of each species. All sampled colonies were > 0.5 m in
diameter, < 6 m in depth, and > 5 m apart from one another
to minimise possible sampling of genetic clones. Fragments
(<40 mm in diameter) were chiselled at the upper-mid sec-
tion of each colony. This was done to maintain consistency
in morphological identification assessment and to minimise
possible bias from differences in microbial composition due
to intra-colony location (Lewis et al. 2022).

Porites colony fragments were subsampled for 1) taxo-
nomic classification of the coral host and 2) symbiont analy-
sis. A sterile scalpel blade was used between subsamples,
focusing on scraping the central part of the sample to avoid
possible external margin contamination from the chisel. Sub-
samples for host identification (~40 x40 mm?) were placed
in bleach for 48 h, rinsed, and air dried for skeletal examina-
tion. Tissue subsamples for symbiont molecular studies were
preserved in 100% ethanol and stored at -20 °C while at the
Minderoo Exmouth Research Lab. To preserve the genetic

integrity of samples, ethanol was exchanged within the
first 48 h after collection. Tissue samples were then trans-
ported on ice to the Molecular Ecology and Evolution Lab
(MEEL) at James Cook University (Townsville, Australia).
Upon arrival, samples were topped up with 100% ethanol
and stored at -20 °C until DNA extractions were performed.

Skeletal fragments of host species were examined using
a Leica EZ4W stereo microscope and identified morpho-
logically based on key diagnostic features of the calice,
wall, columellae, and septal arrangement (Bernard 1905;
Vaughan 1918; Pichon and Veron 1982; Budd et al. 1994).
Species-level identification was determined by observa-
tions of diagnostic features and morphological descriptions
of Porites in the Indo-Pacific, particularly those recorded
from Ningaloo Reef, WA (Vaughan 1907; Pichon and Veron
1982; Veron 1985, 1986, 1993; Veron and Marsh 1988). Key
characteristics used to differentiate P. lutea and P. lobata
included wall thickness, septal traits (such as the fusion of
the ventral triplet, length, and the number of denticles per
septum), as well as the height of the pali and the morphol-
ogy of the columellae (see Fig. S2). As the focus of the
study was P. lutea and P. lobata, specimens identified as
Porites australiensis Vaughan, 1918 and Porites solida For-
skal, 1775, and specimens whose corallite features were not
showing morphological characteristics of P. lobata and P.
lutea were not chosen for further analysis. After specimen
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identification, 44 samples were chosen for DNA extraction
(Table S1). These samples included fragments identified as
P. lutea (n=24) and P. lobata (n=13), as well as fragments
that were of uncertain species—but showing morphological
characteristics of P. lobata or P. lutea—requiring further
analysis due to the nature of the skeletal sample collected
(n="7).

DNA extraction, PCR amplification, and sequencing
of the ITS2 region

DNA was extracted from 44 samples using the DNeasy
Blood & Tissue Kit (Qiagen, USA) following the manufac-
turer’s protocol for “Purification of Total DNA from Animal
Tissues (Spin-Column Protocol)” with minor modifications
(for full protocol see Data S1). PCR amplification was car-
ried out using the multi-copy internal transcribed spacer 2
(ITS2) rDNA region, the most widely used molecular marker
to resolve Symbiodiniaceae taxonomy (Davies et al. 2023).
The ITS2 region (~350 base pairs (bp)) was amplified from
the chosen 44 samples using Symbiodiniaceae-specific prim-
ers, ITS-DINO (Pochon et al. 2001) and ITS2Rev2 (Stat
et al. 2009). PCR amplification was performed using pro-
cedures previously described by Quigley et al. (2022), as
detailed below.

Initial PCR amplification was conducted using MyTaq
DNA Polymerase (Bioline Inc.) to ensure reliable ampli-
fication of the ITS2 region from a selected DNA template
(see Data S2 for protocol). For high-throughput sequencing,
the ITS2 region was amplified using AmpliTaq Gold 360
Master Mix (Thermo Fisher Scientific, USA). Each 25 ul
PCR included: 12.5 pl 1 X AmpliTaq Gold 360 Master Mix,
1 pl each of 0.4 M Forward (5’- GTGAATTGCAGAACT
CCGTG - 3’) and Reverse (5’- CCTCCGCTTACTTAT
ATGCTT - 3’) primers, 9.5 pl MilliQ water, and 1 ul DNA
template. PCR amplification cycles were performed on an
Eppendorf Mastercycler® nexus GSX1 as follows: 95 °C
for 7 min; followed by 32 cycles at 95 °C for 30 s, 57 °C
for 30 s, 72 °C for 30 s, and 72 °C for 7 min. PCR products
were visualised on 1.5% agarose gels. For PCR products
that did not produce a visible band, template dilutions were
performed (Table S1), and PCR was repeated until a clear
band was confirmed by gel electrophoresis.

Library preparation and next-generation sequencing of
ITS2 amplicons were completed by GenomicsWA (Perth,
Western Australia). Library preparation incorporated uni-
versal Illumina adapters (Forward: 5’- TCGTCGGCAGCG
TCAGATGTGTATAAGAGACAG - 3’; Reverse: 5’-GTC
TCGTGGGCTCGGAGATGTGTATAAGAGACAG - 3°)
and PhiX genome spiking (30%). Prepared libraries were
sequenced on an [llumina MiSeq platform using MiSeq Rea-
gent Kit v2 (2 X250 paired-end reads).
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Sequenced reads were demultiplexed using provided index
information and Illumina’s bcl2fastq program (Illumina
2017). The BBTools program ‘BBduk’ (http://sourceforge.
net/projects/bbmap/) was used to remove index sequences
and residual Illumina adapter content. FastQC and Mul-
tiQC were used to assess sequence quality and confirm the
absence of adapter contamination. Following this, all down-
stream analyses were performed in R (version 4.1.2; R Core
Team 2021).

Amplicon analysis is necessary for the removal of errors
introduced during high-throughput sequencing. The multi-
copy nature of the ITS2 region means that single nucleotide
differences can be biologically significant or genetically
trivial when resolving taxonomic boundaries and assess-
ing ecological functions (Quigley et al. 2014; Davies et al.
2023). Clustering sequences based on similarity thresholds
can limit noise introduced by intragenomic variants (Arif
et al. 2014; Ziegler et al. 2018) and inform functional diver-
sity metrics by mapping to known ancestral haplotypes
and sub-types (Correa and Baker 2009; Hume et al. 2019);
however, this also means that taxonomic resolution can be
coarse, potentially leading to underestimates of biodiver-
sity (Cunning et al. 2017). Hence, for exploring potentially
novel diversity, it is critical to employ high specificity during
the denoising process to aid in taxonomic delineation and
abundance estimates. The “DADA2” package uses a statisti-
cal model-based approach in error detection that allows for
improved resolution of sequence variants relative to that of
OTU-clustering methods (Callahan et al. 2016).

A standard amplicon analysis workflow was performed
using “DADA?2” (version 1.22.0; Callahan et al. 2016) with
modifications specifically for Symbiodiniaceae (Quigley
et al. 2019). Briefly, raw (demultiplexed, adapter-trimmed)
reads were first filtered based on read quality scores (Phred
score > 30), and then by the “DADA2” error modelling
algorithm. Forward and reverse reads were then merged,
filtered, and amplicon sequence variants (ASVs) were
inferred. Although “DADA?2” promotes inclusion of sub-
tle yet potentially meaningful genomic differences, it is still
crucial to check for possible overestimation of biodiversity.
The “LULU” pipeline (version 0.1.0; Frgslev et al. 2017)
collapses any intragenomic variants that are likely to rep-
resent the same ‘genotype,’ if present. “LULU” was run on
curated ASVs, using both default (95%, 84%) and conserva-
tive (70%, 84%) threshold criteria for sample co-occurrence
and sequence similarity, respectively (Quigley et al. 2019).

Biologically relevant variants were then taxonomically
classified using the RDP Naive Bayesian Classifier algo-
rithm (Wang et al. 2007) implemented in “DADA2” aligned
to a custom database of ITS2 sequences linked to known
taxonomy (Arif et al. 2014). A separate BLAST of curated
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ASVs was run against the reference database to ensure that
identities matched. For variants that did not map to the refer-
ence database, a nucleotide BLAST search was conducted
using the BLAST +2.15.0 suite against the NCBI nucleotide
collection (nt) database (Table S2; Camacho et al. 2009).
The search parameters were set to an expected value (E
value) threshold of le-5, match/mismatch of 1, -2, and gap-
costs of 0, 2.5 to ensure high confidence in alignments (hits).

Read depth, intragenomic variation, and taxonomic
assignment

A total of 19,075,730 sequenced reads were recovered from
the 44 samples sent for Illumina sequencing. The mean
sequencing depth was 216,770 + 3,618 reads per sample.
All values are reported as mean =+ standard error (SE) unless
otherwise stated. Pre-processing steps removed 0.1% of
reads, leaving 18,901,656 reads for input into “DADA2”
for amplicon analysis (mean 211,304 +5,018 reads per
sample). During chimera identification in the “DADA2”
workflow, 2,304 of the 3,489 inferred sequence variants
(within the expected range of 294 to 304 bp in length) were
identified as chimeras. After bioinformatic processing and
chimera removal through the “DADA?2” pipeline, a total of
8,065,014 paired reads (94.7%; mean 183,296 + 4,525 reads
per sample) mapped to the remaining 1,185 ASVs across all
44 Porites samples (Table S1). The “LULU” algorithm did
not collapse and merge any ASVs in this dataset in either
case where co-occurrence and sequence similarity thresh-
olds were set at default criteria (95% and 84%, respectively)
or conservative criteria (70% and 84%, respectively). Hence,
previous filtering steps had identified and removed intragen-
omic variants. Given this, the full, cleaned dataset of 1,185
ASVs was retained and imported into “phyloseq” (version
1.46.0; McMurdie and Holmes 2013) for further analysis.

156 of 1,185 ASVs (13.2%) were not mapped to known
ITS2 taxonomic identifications within the reference data-
base. Our BLAST search yielded more than 300 significant
hits for each of the 156 unclassified variants. All hits were
within the family Symbiodiniaceae. Sub-genus-level classi-
fication was determined based on the accession match with
the highest score for percentage identity (>98%) and the
lowest E value (minimum E value: 1e-140; Table S2). In
cases of multiple hits to sub-genus taxa with the same score
and E value, classified ASVs were named in the order of the
appearance of hits (i.e. “C91_C15”). Thus, all 1,185 ASVs
retrieved from this dataset were identified using the refer-
ence database or manual BLAST searches.

Further analysis included only samples morphologically
identified as P. lutea (n=24) and P. lobata (n=13) (see
Fig. S2). There were a total of 6,833,662 total reads map-
ping to 1,001 ASVs remaining within these 37 samples.
On average, sequencing depth was 184,694 +4,947 reads

per sample, ranging from a minimum of 110,476 reads to a
maximum of 267,804 reads (Table S3). Rarefaction curves
of untransformed data were assessed to ensure sequencing
depth was sufficient to capture ASV diversity across samples
(Fig. S3). Rarefaction curves were generated using the ‘rare-
curve’ function from the “vegan” package (version 2.6—4;
Oksanen et al. 2022).

Temperature metrics

To examine the relationship between Symbiodiniaceae com-
munity composition and historical temperature metrics,
sea surface temperature (SST) data were sourced from the
NOAA Coral Reef Watch (CRW) Climatology and Stress
Frequency databases (version 3.5; Heron et al. 2014; Skir-
ving et al. 2020). For each site, data were extracted for the
following temperature metrics over the climatological period
1985-2023. Maximum Monthly Mean (MMM), defined as
the long-term mean SST for the warmest month of the year
(°C), reflects the upper boundary of typical thermal condi-
tions that corals historically experience at a given location.
Annual temperature range (°C; hereafter referred to as tem-
perature range), defined as the difference between the warm-
est and coolest monthly mean SSTs, provides an estimate of
the typical thermal range experienced at each site. Warm
season variability (°C), defined as the interannual standard
deviation of daily SSTs over the three-month period encom-
passing the climatological warmest month, captures year-to-
year fluctuations in peak seasonal temperatures. The number
of accumulated heat stress events, defined as the summed
number of severe bleaching-level heat stress events with
DHW > 8 °C-weeks, quantifies the frequency with which
sites experienced extreme episodes of thermal disturbance
over the climatological period (1985-2023). The final met-
ric derived, recovery time, captures the mean time interval
(in years) between episodes of severe bleaching-level heat
stress. These temperature metrics were derived from 5 km-
resolution satellite time series products in NetCDF4 format
(NOAA Coral Reef Watch 2024). Data were processed and
visualised in R (version 4.1.2; R Core Team 2021) using
the “ggplot2” (version 3.5.1; Wickham 2016), “ggspatial”
(version 1.1.9, Dunnington et al. 2023), and “sf” (version
1.0.16; Pebesma 2018) packages.

Statistical analyses

ASVs, sample metadata, and taxonomic classifications
were imported into “phyloseq” to test for patterns within
and across Symbiodiniaceae communities from the Porites
samples chosen for further analysis (n=237; Table S3). The
“ape” package (version 5.8; Paradis et al. 2004) was used to
construct a phylogenetic tree so that ASV phylogenetic rela-
tionships could be incorporated into downstream analysis.
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Normalisation and transformation were performed on raw
reads using tools from the “microbiome” package (version
1.24.0; Lahti and Shetty 2017) and “DESeq2” package (ver-
sion 1.42.1; Love et al. 2014). Standard deviation plots were
used to evaluate the most appropriate transformation method
(Anderson et al. 2006), and variance stabilising transforma-
tion (VST) was selected as the best fit for this dataset (Fig.
S4). All analyses, except for alpha diversity, used normalised
and VST abundance data.

To account for both abundance data and phylogenetic
relationships between ASVs, weighted UniFrac distances
were generated from normalised read counts. These dis-
tances represent beta diversity, quantifying differences in
Symbiodiniaceae community composition between samples
or groups, where groups were defined based on tested factors
(i.e. host species, site, temperature metrics) (Lozupone et al.
2007). A non-metric multidimensional scaling (NMDS)
ordination was performed on the resulting distance matrix
to visualise differences in Symbiodiniaceae communities
across tested factors (host species and temperature metrics;
see Fig. S5 for stress plot). To assess whether dispersion
(within-group variability) of symbiont communities dif-
fered across factors, we applied a Homogeneity of Dis-
persion analysis (PERMDISP) using the ‘betadisper’ and
‘permutest’ functions in the “vegan” package (Table S4).
The ‘betadisper’ function was used to calculate the distance
from each sample to its group centroid, and permutation-
based ANOVA (‘permutest’) was used to test for differ-
ences in mean dispersion among groups. Because sample
sizes differed among host species across sites, the bias.
adjust=TRUE parameter was applied to reduce potential
bias in centroid estimation. Prior to PERMANOVA, col-
linearity among explanatory variables (temperature metrics,
latitude, and longitude) was assessed using pairwise Pearson
correlation analyses (Fig. S6, Table S5). Highly correlated
variables (IrI>0.7) were not included together in the same
models to avoid redundancy and inflation of explained vari-
ance. To evaluate the individual and interactive effects of
host species, site, and temperature metrics on symbiont com-
munity composition (beta diversity), we performed permu-
tational multivariate analysis of variance (PERMANOVA;
Anderson 2017) using the ‘adonis2’ function with 999 per-
mutations (Tables S6, S7).

While NMDS, PERMDISP, and PERMANOVA assessed
community-level patterns, differential abundance analysis
was conducted to identify specific ASVs contributing to
observed differences. Differential abundance testing was
performed on models that included statistically significant
factors and interactions using the “DESeq2” package. A
negative binomial generalised linear model (GLM) was fit to
raw count data using the ‘DESeq’ function with the param-
eter ‘fitType’ set to “local” (Fig. S7). Wald tests were used
to assess the significance of differences in ASV abundance,
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with Benjamini—-Hochberg adjusted p-values set to a 5%
false discovery rate. Shrunken log, fold changes were esti-
mated using the ‘apeglm’ method to obtain stable effect size
estimates (Zhu et al. 2019).

Transforming count data prior to quantifying alpha diver-
sity can lead to a misrepresentation of biologically mean-
ingful variance (McKnight et al. 2019), and rarefaction
can discard robust data and reduce statistical power when
sequencing depth is sufficient (McMurdie and Holmes
2014). Hence, because rarefaction curves across all samples
indicated adequate sampling depth (Fig. S3), alpha diver-
sity metrics were calculated using untransformed count data.
Shannon’s Diversity Index (H’) and the Gini-Simpson index
(1 — D) were used to assess species richness and evenness
of Symbiodiniaceae communities across categorical factors
(Table S8). Prior to statistical comparisons, data were tested
for normality (Shapiro—Wilk Test; Fig. S8, Table S9) and
homoscedasticity (Levene’s Test; Table S10) using the “car”
package (version 3.1.2; Fox and Weisberg 2019). Depending
on data distribution, differences in alpha diversity among
groups were evaluated using independent #-tests or Welch’s
ANOVA (Tables S11, S12).

Results
Temperature metrics vary across sites

The reef sites where corals were sampled exhibited
distinct patterns across different sea surface tempera-
ture (SST) metrics, the number of accumulated heat
stress events, and recovery time post-heat stress (Fig. 1,
Table 1, File S1). All values are reported as mean + stand-
ard error (SE) unless otherwise stated. Maximum
Monthly Mean (MMM) temperatures followed a lati-
tudinal gradient (Fig. S9a), with the southernmost site
(Coral Bay = COR) exhibiting the lowest mean tem-
perature (MMM =26.78 + 1.85 °C), whilst the north-
ernmost site (Muiron Islands = MUI) was the warmest
(MMM =28.02 +2.04 °C). The site located within the
Exmouth Gulf (Bundegi =BUN) exhibited the largest
temperature range (5.77 +0.62 °C) compared to the six
other sites (Fig. S9b). For the six sites outside of Exmouth
Gulf, mean temperature range decreased with latitude
(range: 4.95+0.53 °C—5.30+0.59 °C). Warm season
variability was lowest at central sites (Osprey Sanctu-
ary = OSP, Lakeside/Turquoise Bay = LK/TR, Tant-
abiddi=TAN; <0.57+0.13 °C), compared to greater var-
iability during the warmest part of the year at the northern
and southern extremes of the sampling range (MUI, VLF,
BUN, COR; 0.63-0.68 +0.13 °C; Fig. S9c¢). The history
of heat stress also varied spatially (Fig. 1), with the south-
ernmost site (COR) experiencing the greatest number of
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Fig. 1 Spatial variation in key temperature metrics across sampled
sites along World Heritage-listed Ningaloo Reef, Western Australia.
The temperature metrics depicted here include annual temperature
range (°C; less in pink to greater in dark blue) and the number of
accumulated heat stress events (DHW >8 °C-weeks) per site. Circu-

accumulated heat stress events (n=6-9 events; defined
as DHW > 8 °C-weeks) and the shortest recovery time
between events (mean 5.15 £+ 0.35 years; Table 1). North-
ern sites (MUI, VLF, BUN) experienced an intermedi-
ate number of accumulated heat stress events (n =3-6
events), and recovery time ranged from 6.98 +0.60 years
to 13.95+ 1.21 years. Sites with the lowest number of

114.4°E 7

lar datapoints at study sites correspond to the following: 1-3 events
(light grey), 3—6 events (grey) and 6-9 events (dark grey). Blue lines
indicate UNESCO World Heritage Ningaloo Coast boundaries (UNE-
SCO 2023). The inset map (bottom right) highlights the location of
Ningaloo Reef within Australia

accumulated heat stress events included the central sites
(OSP, LK/TR, TAN; n=1-3 events), which also recorded
recovery times exceeding > 12 years (Table 1, File S1).
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Symbiodiniaceae community composition
and correlation with host species and temperature
metrics

Acknowledging the complexity of Symbiodiniaceae
taxonomy (see Davies et al. 2023 for a full discussion),
groups of similar Amplicon Sequence Variants (ASVs)
are described herein as “taxa” for simplicity, though they
may not represent formally recognised taxonomic units.
A total of 1,001 ASVs were mapped to 25 taxa within
the genus Cladocopium across all coral samples. Overall,
Symbiodiniaceae communities were dominated by C15,
which accounted for 708 of the total ASVs. In terms of
prevalence throughout the dataset, C15 was followed by

C15h (35 ASVs), C116 (49 ASVs), and C15.9 (29 ASVs),
with the remaining 180 ASVs belonging to other Clado-
copium taxa (Fig. S10).

The prevalence of different Cladocopium taxa and their
normalised relative abundance varied across host species
and sites (Fig. 2). Specific Cladocopium taxa were uniquely
associated with each host species (File S2). For example,
C15f and C91b were only detected in P. lobata samples,
whereas C15g, C15i, C15d were only detected in P. lutea
samples (Table S13). Moreover, specific taxa were unique
to certain sites (C15.1 was only detected in BUN, C91a in
COR, C15j and C50 in MUI), while other taxa were absent
in other sites (e.g., C116 and C15.8 were not present in LK/
TR and OSP, or BUN, respectively; Fig. 2, Table S13).
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Fig. 2 Normalised relative abundances of Cladocopium taxa across
samples. Each bar represents a Porites coral sample. Different col-
ours within each bar represent the Cladocopium taxa detected in each
coral sample. Each bar is labelled by host species (bottom). Facets
are representative of study sites and are arranged from north to south
(from left to right), with the Muiron Islands (MUI) as the northern-
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colour beneath each site label indicates the annual temperature range
experienced at that site (temperature range °C; less in pink, to mid in
green, to greater in blue)
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Certain Cladocopium taxa were ubiquitous across all
sites and host species (Fig. 2, Table S13). C15 was detected
across all samples and sites, comprising 89.0+ 1.6% of the
relative abundance of ASVs per sample (Tables S3, S12).
C15h, the second most prevalent Cladocopium taxon, was
detected in 28 of 37 samples, with a mean relative abun-
dance of 0.7 +0.1% per sample (Table S14). C15h occurred
more frequently in P. lutea than in P. lobata (92% versus
46% of samples; File S2). It was detected across all sites
and was most prevalent at the warmest site (highest MMM,
MUI, 100% of samples; Fig. 2, File S2), whereas at the site
with the greatest temperature range (BUN), it was present
in 50% of samples. Another common taxon, C15.9, was
detected in 24 samples and had a mean relative abundance
of 1.4+0.2% per sample (Table S14). C15.9 also occurred
more frequently in P. lutea than in P. lobata (75% versus
46% of samples; File S2). It was most prevalent at the warm-
est site (MUI, 100% of samples) and was detected in over
40% of samples across all sites (File S2).

Of the observed Symbiodiniaceae taxa, 28% (7 of 25) of
the Cladocopium were not identified to C15. Six of these
seven taxa were in low abundance (< 1%; Table S14). C116
was the exception, occurring in 10 of the 37 samples, with
a mean relative abundance of 12.6 +3.0% across samples
(Table S14, File S2). C116 was detected across both host
species and five sites (Fig. 2). It was most prevalent at the
site with the largest temperature range (BUN), where it com-
prised 13-30% of the relative abundance per sample in 75%
of samples (Fig. 2). At the site with the smallest temperature
range and greatest number of accumulated heat stress events
(COR), C116 accounted for> 10% of the relative abundance
in 40% of samples (Table S3, File S2). C116 was uncom-
mon or absent at sites experiencing the lowest number of
accumulated heat stress events (TAN, LK/TR, OSP; Fig. 2).
Several low-abundance Cladocopium taxa were broadly dis-
tributed across sites and host species. C55 was present in 22
of 37 samples, with a mean relative abundance of 0.3+0.1%,
occurring in 62% of P. lobata and 58% of P. lutea samples
(Table S14, File S2). It was most prevalent at the warmest
sites (MUI and TAN, ~80% of samples) and commonly co-
occurred with C15.9 and/or C15h (19 samples; Table S3).
C56 (1.3+0.6%) and C60 (0.3 +0.1%) were detected in
12 samples across five sites (Tables S13, S14). Both taxa
occurred more frequently in P. lutea (42% and 33%, respec-
tively) than in P. lobata samples (15% and 31%, respec-
tively), and were most prevalent at the site with the smallest
temperature range and the greatest number of accumulated
heat stress events (COR, ~60% of samples). Neither C56 nor
C60 were detected at the site with the largest temperature
range (BUN; Table S13).

Overall, Cladocopium community composition exhibited
spatial structuring and was correlated with subsets of met-
rics, including host species, temperature range, and number

of accumulated heat stress events (Figs. 2, 3). Weighted Uni-
Frac-based PERMANOVA indicated that Symbiodiniaceae
community composition varied significantly with host spe-
cies and temperature range (Tables S6, S7). In single-factor
models, host species explained 6.8% of variation in com-
munity composition (F=2.560, R?=0.068, p=0.048), while
temperature range explained 10.8% (F =4.245, R>=0.108,
p=0.010). In contrast, other metrics (number of accumu-
lated heat stress events, MMM, warm season variability,
recovery time, longitude), did not significantly explain vari-
ation as a single factor (PERMANOVA: p> 0.05; Table S7).

Pearson correlation analyses indicated that some of the
tested variables were moderately to highly correlated (Fig.
S6, Table S5), particularly latitude and maximum SST
(r=0.959). In the main multivariable model (Table S6), host
species (F=3.272, R?’=0.078, p=0.022) and temperature
range (F=2.693, R?=0.065, p=0.043) remained significant
predictors of symbiont community composition, whereas the
number of accumulated heat stress events did not explain
additional variation after accounting for these factors (PER-
MANOVA: p>0.05; Table S6). Together, host species and
temperature range explained approximately 14% of the vari-
ation in Symbiodiniaceae community composition.

Tests of multivariate dispersion showed that community
dispersion differed significantly between host species (PER-
MDISP: F=6.303, p=0.027), with greater mean distance to
centroid in P. lobata (0.390) than in P. lutea (0.245), indicat-
ing greater within-host variability in P. lobata communi-
ties (Figs. 3, S11, Table S4). In contrast, dispersion did not
differ significantly among sites or the number of accumu-
lated heat stress events (PERMDISP: p > 0.05; Table S4).
Because host representation varied among sites, a strati-
fied PERMANOVA with permutations constrained within
site was also performed. Host species remained a signifi-
cant predictor of symbiont community composition under
this restricted permutation scheme (F=2.560, R’ =0.068,
p=0.032; Table S7). Interaction models indicated that
the relationship between the number of accumulated heat
stress events and symbiont community composition differed
between host species (host x DHW: F=3.609, R?’=0.157,
p=0.007; Table S6), explaining 15.7% of variation in com-
munity composition. By contrast, the interaction between the
number of accumulated heat stress events and temperature
range was not significant (DHW x temp. range: p > 0.05;
Table S6).

These patterns were visualised in NMDS ordinations,
where samples clustered along the temperature range gradi-
ent (Figs. 3a, S12). Host-specific structuring within accu-
mulated heat stress categories was also present in faceted
ordinations (Fig. 3b). Notable clustering included samples
from sites experiencing an intermediate number of accu-
mulated heat stress events (3—6 events; NMDS—bottom
right; Figs. 3, S13); all of which included the same five
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Fig. 3 Non-metric multidimensional scaling (NMDS) of Symbiodin-
iaceae community composition based on weighted UniFrac distances
(stress=0.041). Points represent unique Symbiodiniaceae com-
munities associated with individual P. lobata (circles) and P. lutea
(triangles) samples. Symbiodiniaceae community dispersion and
structure were significantly different between host species (Homoge-

ASVs mapping to C116 (ASV11, ASV12, ASV28, ASV29,
ASV96; File S2). P. lobata samples from sites experiencing
the lowest number of accumulated heat stress events (1-3
events; NMDS—top right; Figs. 3, S13) were the only sam-
ples to share ASVs mapping to C15f (ASV235, ASV280;
File S2). One P. lobata sample from the site with the high-
est number of accumulated heat stress events (69 events;
NMDS—bottom left; Figs. 3, S13) was the only sample in

@ Springer

neity of Dispersions: F=6.303, p=0.027; PERMANOVA: F=3.272,
R?=0.078, p=0.048). Communities are coloured by (a) temperature
range (°C; PERMANOVA: F=2.693, R?=0.065 p=0.043), and (b)
number of accumulated heat stress events (DHW >8 °C-weeks; host
x DHW PERMANOVA: F=3.609, R?=0.157, p=0.007)

which the symbiont community composition was made up
of entirely C15 (12 ASVs mapping to C15; Fig. 2, File S2).

To identify Cladocopium taxa driving community-level
differences between host species, differential abundance
analysis was performed using an additive model includ-
ing host species, the number of accumulated heat stress
events, and the temperature range (Fig. 4, File S2). Com-
parisons between host species revealed both taxon-level
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and within-taxon host specificity of symbionts (log, fold
change, adjusted p <0.05; Table S15). Several Cladocopium
taxa exhibited consistent host associations, including C15.6
and C91b, which were exclusively enriched in P. lobata,
and C56, C15d, C15g, and C91a, which were enriched in P.
lutea. In contrast, the dominant Cladocopium taxa C15, as
well as C116, displayed mixed host associations, with ASVs
within each taxon enriched in both host species (Fig. 4).
For example, 197 C15 ASVs were differentially abundant
(adjusted p <0.05; File S2), with 82 enriched in P. lutea and
115 in P. lobata (Table S15).

To investigate taxa underlying the significant host spe-
cies X heat stress categories interaction detected in PER-
MANOVA (see Table S6), differential abundance analysis
was performed using a separate interaction model including
host species, the number of accumulated heat stress events,
and their interaction (File S2). Although the interaction
was statistically significant (PERMANOVA: F=3.609,
R’=0.157, p=0.007; Table S6), DESeq?2 results indicated
that it was driven by subtle ASV-level shifts rather than
large abundance changes in individual taxa (File S2). Inter-
action-associated signal was concentrated in a small number

Shrunken log2 fold change

of taxa, particularly within the dominant C15 lineage, but
shrunken effect sizes were uniformly small (shrunken log,
fold change values ~ 1077; Table S16, File S2).

Site-level patterns are exploratory

Exploratory PERMANOVA indicated that symbiont com-
munity composition differed among sites (F=1.728,
R?>=0.257, p=0.037; Fig. S12, Table S7). However, site-
level results were interpreted cautiously because host spe-
cies replication within sites was limited. Site patterns were
therefore used primarily to provide ecological context for
environmental gradients and differential abundance patterns,
rather than as a primary inferential result.

Sequence diversity within Symbiodiniaceae
communities

To further explore sequence-based diversity, two alpha diver-
sity metrics were calculated on raw count data using cat-
egorical factors (host species, site, and number of accumu-
lated heat stress events). These metrics included Shannon’s
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Diversity Index (hereafter referred to as richness; H’) and
the Gini-Simpson index (hereafter referred to as evenness;
1-D). Across all tested factors, trends in these metrics were
present but not statistically significant (independent t-test,
p>0.05; Welch’s ANOVA, p>0.05; Tables S11 and S12).
Richness was greater in P. lutea compared to P. lobata
(H’=2.27+0. 09 vs. 2.12+0.14), whereas evenness was
similar in P. lobata compared to P. lutea (1-D=0.77+0.03
vs. 0.77 £0.02; Fig. S13a, Table S8). Richness was low-
est at the coolest sites (COR, H’=2.05+0.19) and highest
at the sites of highest MMM (MUI, H’=2.44+0.17; Fig.
S14a, Table S8). Evenness was lowest at the most central site
(LK/TR, 1-D=0.75+0.03) and highest at the warmest site
(MU, 1-D=0.80+0.03; Fig. S14b). Sites with an interme-
diate number of accumulated heat stress events (3—6 events)
exhibited the highest richness and evenness (H’=2.29+0.14
and 1-D=0.79 +£0.03; Fig. Sl4c, Table S8). Sites with the
highest number of accumulated heat stress events (6-9
events) had the lowest richness (H’=2.05+0.19) and sites
with the lowest number of accumulated heat stress events
(1-3 events) had the lowest evenness (1-D=0.76 +0.02;
Fig. S14c).

Discussion

This study provides novel insights into the diversity and
distribution of Symbiodiniaceae communities in massive
Porites species (P. lutea and P. lobata) along the Ninga-
loo Coast World Heritage reef in Western Australia. We
found that both host identity and historic thermal variabil-
ity in SST contribute to differences in symbiont community
composition, while the effects of accumulated heat stress
events (DHW > 8 °C-weeks) appear to be host dependent.
Host identity emerged as a primary driver of symbiont
community structure. Community composition differed sig-
nificantly between P. lutea and P. lobata, and this pattern
remained significant even when permutations were con-
strained within site, indicating that host-associated differ-
ences were not solely driven by geographic variation. These
differences could be driven in part by host genetics (Starko
et al. 2023; Grupstra et al. 2024), could be an emergent prop-
erty of differences in physiological traits like tissue thickness
(Putnam et al. 2017), or could be attributed to something
else. As the sample size in this study was relatively limited,
further research is encouraged to assess this. P. lobata com-
munities exhibited greater dispersion than those of P. lutea,
suggesting higher among-colony variability in symbiont
assemblages, as was visualised in ordination space. Differ-
ential abundance analysis further supported these patterns,
with multiple taxa enriched in one host relative to the other.
Interestingly, while Cladocopium C15 was the domi-
nant symbiont across most samples, substantial ASV-level
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diversity was retained within this taxonomic group. Differ-
ential abundance analysis revealed significant enrichment of
different ASVs mapping to C15 for each host species, high-
lighting that host-specific structuring of Symbiodiniaceae
communities may occur not only at the taxon level but also
among closely related sequence variants within taxa. We
also recovered substantial diversity among C15-associated
ASVs (like C15h, C15.9, C15L), each present at varying
abundances across samples. Although Symbiodiniaceae
taxonomy is under active revision (Davies et al. 2023), this
diversity may reflect the presence of distinct lineages within
the broader C15 group. While log, fold change was minor
for the differential abundance analysis based on host x heat
stress interaction, host species exhibited a stronger change
in abundance of ASVs mapping to several of these back-
ground Cladocopium taxa with a change in the number of
accumulated heat stress events (see Table S16). This pattern
supports growing evidence that Symbiodiniaceae diversity
within Porites is not limited to a single stable lineage, but
instead includes multiple closely related variants, and more,
that may differ in ecological function or environmental tol-
erance (Starko et al. 2023). Differences in symbiont com-
munity structure between these two host species may reflect
differences between P. lutea and P. lobata in terms of their
ecological niches or strategies for coping with environmental
stress (Grupstra et al. 2024).

Annual temperature range in SST influenced symbiont
community composition, remaining a significant predictor
in both single-factor and multivariable PERMANOVA mod-
els. Sites experiencing greater temperature range or more
frequent thermal stress (such as Bundegi and Coral Bay) har-
boured higher abundances of thermotolerant Cladocopium
taxa, notably C116 (Tonk et al. 2014; Swain et al. 2016).
In contrast, at historically thermally stable sites (Lakeside/
Turquoise Bay, Osprey Sanctuary), C116 was either present
in low abundance or absent altogether. The presence and
repeated occurrence of C116 at warmer, more thermally
variable, and more disturbed sites suggest that it may be a
heat-associated symbiont in this system, becoming abun-
dant in response to thermal stress. This has been observed
in other locations around the world (Pootakham et al. 2018;
Starko et al. 2023). Moreover, the observed difference of
ASVs mapping to C116 at sites with varying accumulated
heat stress (3—6 events versus 6-9 events), and variation in
enriched ASVs mapping to C116 in P. lutea versus P. lobata
samples, further indicate that intra-taxonomic diversity may
play a role in host-specific responses to thermal stress. This
change in distribution may reflect environmental filtering
or potential local adaptation to varying temperature condi-
tions observed across our study sites, as has been observed
in other studies around the world (Arif et al. 2014; Claar
et al. 2020). Together, these patterns of presence, absence,
and ASV-level variation suggest that C116 may contribute
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to the resilience of massive Porites in locations exposed to
recurrent heat stress.

In addition to dominant taxa, a range of background taxa,
including C60, C55, and C91b, was detected across samples.
Although present at low abundance, several of these back-
ground Cladocopium taxa were significantly enriched across
differential abundance analyses testing the effect of host and
the interaction of host x heat stress, indicating that these
taxa may contribute to additional functional diversity within
the holobiont. The trend of detecting additional diversity
within Porites species is growing with improved sequencing
tools (see Claar et al. 2020). While the ecological roles of
these background taxa are not fully understood, increasing
evidence suggests that background symbionts can provide
functional redundancy, enhancing holobiont stability under
differing environmental conditions (Ziegler et al. 2018).

Site-level differences were detected in exploratory analy-
ses, but given uneven and limited host replication across
sites, this factor is better interpreted as ecological context
rather than a primary inferential factor. Several explanatory
variables, including latitude and MMM, were correlated,
indicating that broad-scale thermal regimes likely underpin
observed spatial patterns in symbiont community compo-
sition. For example, clustering patterns from P. lutea and
P. lobata samples at the northernmost sites (see Fig. S13)
may be explained by the greater annual temperature range in
these locations or the increased accumulation of heat stress
at these sites. The annual temperature range is likely influ-
enced by the diurnal tidal currents within Exmouth Gulf,
which might also play a role in driving similarities between
sites in in-hospite symbiont communities. Aside from the
temperature-related metrics examined here, additional
unmeasured environmental factors (e.g., hydrodynamics,
connectivity) may also play a role in influencing symbiont
community structure (Vanderklift et al. 2020), aligning with
previous findings for massive Porites (Tan et al. 2020). Fur-
ther investigation is encouraged.

These findings challenge the long-standing view that mas-
sive Porites host uniformly stable, low-diversity algal sym-
biont communities dominated by a single Cladocopium C15
lineage (Putnam et al. 2012). Instead, our results here and
others (Qin et al. 2019) show that Porites species exhibit
greater symbiont flexibility and diversity than previously
assumed (Terraneo et al. 2024). This may be contributing
to their resistance to thermal stress. Indeed, the ability to
adjust the relative abundance of existing symbionts (‘“shuf-
fling”) or to acquire new symbiont types (“switching”) is a
common mechanism corals use to cope with environmental
stress (Baker 2003; Quigley et al. 2022). The detection of
thermally tolerant taxa like Cladocopium C116 suggests that
Porites may have greater capacity than initially thought to
shuffle or switch in response to heat stress or differences
across the environment (Starko et al. 2023). Importantly, the

strongest signal in this dataset lies in community composi-
tion and taxon-specific abundance shifts rather than alpha
diversity richness and evenness, which showed trends across
host species, sites, and heat stress categories but were not
statistically significant. This suggests that symbiont flex-
ibility in massive Porites could be expressed primarily
through compositional restructuring rather than large shifts
in within-sample diversity.

Given the increasing frequency and severity of marine
heat waves globally, understanding how coral-symbiont
associations respond to environmental variability is criti-
cal. Our study highlights previously undetected diversity
and flexibility in Symbiodiniaceae communities hosted by
massive Porites species along the Ningaloo Coast. Contin-
ued monitoring and experimental work will be essential to
determine the functional roles of key taxa, particularly C15
variants, C116, as well as C55 and other low-abundance
Cladocopium lineages, and to assess how these symbiotic
partnerships influence holobiont performance and long-term
reef persistence in the eastern Indian Ocean under future
climate scenarios.
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