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Survival of symbiotic reef-building corals under global warming requires rapid acclimation or adaptation. The Commons Attribution
impact of accumulated heat stress was compared across 1643 symbiont communities before and after the 2016 NonCommercial
mass bleaching in three coral species and free-living in the environment across ~900 kilometers of the Great License 4.0 (CC BY-NC).
Barrier Reef. Resilient reefs (less aerial bleaching than predicted from high satellite sea temperatures) showed

low variation in symbioses. Before 2016, heat-tolerant environmental symbionts were common in ~98% of

samples and moderately abundant (9 to 40% in samples). In corals, heat-tolerant symbionts were at low abun-

dances (0 to 7.3%) but only in a minority (13 to 27%) of colonies. Following bleaching, environmental diversity

doubled (including heat-tolerant symbionts) and increased in one coral species. Communities were dynamic

(Acropora millepora) and conserved (Acropora hyacinthus and Acropora tenuis), including symbiont community

turnover and redistribution. Symbiotic restructuring after bleaching occurs but is a taxon-specific ecological

opportunity.

INTRODUCTION

Corals form the structural and biological foundation of tropical
reefs—among the most biodiverse ecosystems on the planet.
Corals build and maintain reefs through the accretion of skeletons,
underpinned by the nutritional symbiosis with photoautotrophic
microbes Symbiodiniaceae (I). Many reef-building corals cannot
survive without the transfer of carbon and nitrogen from their
algal symbionts (2). However, this obligate relationship is threat-
ened by rapid global warming where heat wave conditions disrupt
the symbiosis and cause corals to lose their symbionts (termed coral
bleaching). If heat is severe or prolonged, then coral bleaching can
lead to disease or death of the animal host, affecting reefs at global
scales (3). As temperatures continue to rise, extreme episodes of
heat stress will increase mass coral bleaching with substantial neg-
ative impacts for reef ecosystems. Coral reef biodiversity is already
changing in response to warming (4), with repeated extreme epi-
sodes of bleaching leading to the restructuring of corals (5), fish,
and other invertebrate communities (6).

To better predict coral reef futures, there is a need to understand
whether climate change will restructure this foundational symbiosis
to a more vulnerable or more resilient assemblage (7). One mech-
anism of rapid acclimation or adaptation to the environment is
through changes to host-associated microbial communities (8, 9).
Quantifying the propensity for symbionts to change therefore
enables the prediction of corals’ evolutionary trajectories during
climate change (10). Corals generally associate with specific symbi-
onts (11-15), with most Pacific coral species hosting more speciose
communities compared to other regions (13, 16). Coral-symbiont
associations are generally stable over time with disruption requiring
substantial environmental stress (17), although specific changes can
enhance host survival during short-term or prolonged heat waves
(18, 19). Although damaging, bleaching can create a high-risk
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ecological opportunity [sensu (20)] to mitigate stress [adaptive
bleaching hypothesis (ABH) sensu (21, 22)] by partnering with pre-
viously undocumented combinations of symbionts better suited to
present or future conditions (i.e., those that are heat tolerant). ABH
may be a mechanism for rapid acclimation to heat, indicated by
host-directed expulsion (23) and evolutionary selection on sym-
biont communities (24) and supported by the availability of physi-
ologically diverse symbionts free-living in the environment (25).
Symbiodiniaceae include hundreds of symbiotic and free-living pu-
tative “species” (11-15). The current paradigm is that stress is ame-
liorated by two mechanisms that restructure the symbiont
community: “shuffling” the relative abundance of existing symbi-
onts [ predominately from the genera Cladocopium to Durusdinium
(1, 26)] or by “switching” to new symbionts acquired from the en-
vironment (potentially from a pool of free-living symbionts in reef
sediments). To investigate the impacts of mass bleaching on coral
symbioses, we quantified the temporal changes in Symbiodiniaceae
communities in the surviving colonies of three abundant coral
species and in the environment (reef sediments), across latitudinal
and cross-shelf gradients on the Great Barrier Reef (GBR) over a 16-
year period (2003-2019; total, n = 1643) and acknowledged that
bleaching events were not the only disturbance during this period
(e.g., cyclones and crown-of-thorns predation). There are also cur-
rently alternative methodologies for describing Symbiodiniaceae
communities, each with their merit. Here, we highlight and apply
multiple methods [DIV (defining intragenomic variant) and ASV
(amplicon sequence variant) approaches; see Materials and
Methods] to analyze data that include collections before (“pre”)
and after (“post”) the 2016 mass bleaching event from 26 reefs
(Fig. 1 and table S1).
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Fig. 1. Sampling of corals and the environment along reefs from the northern
and central GBR. Samples for genetic analysis of corals’ symbiotic communities
included 1644 samples from individual coral colonies of A. hyacinthus, A. tenuis,
and A. millepora (n = 1454) and sediments representing the environmental pool
(n = 189) from 2003 to 2019. Twenty-six reefs were surveyed genetically and
varied in their responses to bleaching in 2016 (circles) and 2017 (triangles). The
deviance in the maximum degree heating week (mDHW) residual (red to blue)
between the accumulated heat stress measured in DHWs and the aerial survey
bleaching response is shown per reef surveyed.

RESULTS AND DISCUSSION

Symbiont communities varied among species and
environmental gradients

The functional diversity within Symbiodiniaceae is extensive (I)
and can be detected across multiple taxonomic levels (27). Here,
we mainly present sequence data using the ASV approach (see Ma-
terials and Methods for information regarding Symbiodiniaceae
taxonomic methods and further comparisons). Contemporary
coral-algal symbioses are globally dominated by stress-sensitive
members of the genus Cladocopium (1), and this pattern was
evident before and after bleaching within Acropora spp. (Fig. 2
and fig. S1). Symbiont communities varied by sample group (i.e.,
coral host species or sediments), sector (north/central), region
(inshore/offshore), and bleaching history (pre- or post-2016)
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[ permutational multivariate analysis of variance (PERMANOVA),
P < 0.001; table S2]. Variation was greatest along an inshore to off-
shore gradient in coral and environment samples [coefficient of de-
termination (R?) variance explained = 0.1 to 0.39; table S3],
consistent with established biogeographical patterns (14, 28, 29).
In comparison, variability in symbionts was lower between the
northern and central sectors and between pre- and postbleaching
time points (R? = 0.02 to 0.09). Bleaching history explained
greater variation in Acropora millepora symbiont communities
compared to Acropora hyacinthus or Acropora tenuis (R* = 0.09
versus 0.07 and 0.006). We also tested multiple, independent
methods on an informative subset of highly variable reefs and
time points in the most variable species, A. millepora. This compar-
ison confirmed that both approaches render comparable interpre-
tations, specifically in which the relative proportion of Cladocopium
was lower in presamples and replaced by Durusdinium in the post-
samples (fig. S2).

When averaged per paired reef (pre versus post; Figs. 2 and 3),
only a minority (13.3 to 26.8%) of individual corals sampled con-
tained Durusdinium before the 2016 bleaching (A. tenuis, 47 of 352
colonies hosted Durusdinium; A. hyacinthus, 34 of 160; A. mille-
pora, 44 of 164). After bleaching, only A. millepora colonies had in-
creased Durusdinium prevalence (61.4%; fig. S1, A and B). The
relative abundances of Durusdinium per reef ranged from <1%
before to ~50% after 2016, and changes were highly species-specific
and driven by inshore reefs (Figs. 2 and 3, fig. S1A, and table S4).
One species (A. millepora) hosted the highest abundances of stress-
tolerant members of the genus Durusdinium (19), with a notable
difference compared to A. hyacinthus and A. tenuis colonies,
which exhibited changes only at low relative abundances (<3%),
mostly on northern (A. hyacinthus) or central, inshore reefs (A.
tenuis) (Fig. 4A, tables S4 and S5, and fig. S1A).

The prevalence of Durusdinium in the environment was consis-
tently high (97.1 to 100%) compared to coral samples (pre, 21 of 21
samples; post, 34 of 35 samples). These values suggest that heat-tol-
erant Durusdinium was found across almost all environmental gra-
dients and was thus available for coral uptake. The abundance of
Durusdinium decreased in the environment after bleaching by
>56.6%. This was not explained by sequencing read depth given
the greater abundance of reads retrieved after bleaching (mean
reads + SE: pre, 48,982 + 1493; post, 108,026 + 1789) but could
have been influenced by seasonal fluctuations or water patterns.
The increased abundance of Durusdinium in corals (i.e., post-
bleaching uptake) mostly occurred in A. millepora (Fig. 3) and
was limited in A. hyacinthus and A. tenuis. This coral species—spe-
cific pattern could have potentially been driven by host genotype or
other heritable mechanisms (24, 30). Shuffling or switching to spe-
cific heat-tolerant symbiont genera may therefore be a specialized
mechanism to contend with environmental change and not be as
common across the coral phylogenetic tree as previously hoped
(19, 31-33). High variation in changes in symbiont abundances
and communities at the reef and host species levels—as shown
through sequence variation (Fig. 2)—suggests that corals have
several potential mechanisms to acclimate to rapid ocean
warming. Understanding this variability will be essential to predict-
ing reef vulnerability and recovery potentials.

The three coral species varied significantly in symbiont ASV
community composition (PERMANOVA; table S1). The most
abundant ASVs differed by coral species (in A. hyacinthus: C3k,
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Fig. 2. Normalized relative abundances (%) of Symbiodiniaceae communities sequenced from coral and environmental samples collected along reefs from the
northern and central GBR before and after the 2016 mass bleaching event. Each bar is a separate reef. Barplots depict the variance-normalized relative abundance of
the nine Symbiodiniaceae “genera” (7) (colors from “A to I") in the three coral species and in the environment categorized by each reefs" mDHW residual category [colors
correspond to H-H (high bleaching—high mDHW), H-L (high bleaching—low mDHW), L-H (low bleaching—high mDHW), and L-L (low bleaching—low mDHW)].

Cspc, and C29; A. millepora: Cspc and C3k; A. tenuis: Cspc, Clm,
and C3k; table S5) and may influence different physiological toler-
ances across corals. Free-living environmental symbiont communi-
ties were highly diverse compared to those in corals, spanning all
major Symbiodiniaceae genera (Fig. 2, environment) (I) and may
be a critically important reservoir of unknown but functionally im-
portant symbiont diversity for corals. Heat-tolerant Symbiodinia-
ceae (e.g., D1 and D1la) were abundant in the environment, as
were the common and shared ASVs among all three Acropora
species (Clm, Cspc, and C3k).

Leading up to 2016, other disturbances had already affected the
GBR (34), including bleaching. The 2016 cutoff was selected as a
feature that best represents responses to greater accumulated
thermal stress over this long sampling period as opposed to the spe-
cific 2016 heat wave and acknowledges that the 2016 bleaching event
represented the most extreme bleaching that had occurred before or
after within our sampling time frame from 2003 to 2019 (7), with
previous bleaching occurring outside our sampling window in 1998
and 2002 (35). Although 2005 to 2015 were typified by relatively low
sea surface temperature and low summertime marine heat waves
(35), given how bleaching impacts varied across the GBR in 2016,
we also explored a subset of the data (2011-2019) to examine
whether earlier warming and bleaching were driving community
variability (i.e., in the years directly after the 2002 bleaching). PER-
MANOVA results using this subset of data (table S10) were highly
similar to previous results using the full time-course data (table S2)
and underscored our previous findings that symbiont communities
varied by sample group (i.e., coral host species or sediments), sector
(north/central), region (inshore/offshore), and bleaching history
(P < 0.001; table S10).

Symbiont community richness and diversity varied

through time

Network modeling suggests that corals with symbiont communities
characterized by high richness are more susceptible to bleaching
(36). To explore this, we examined patterns in richness (Chaol
index of ASVs) and diversity (number of ASVs) of symbiont com-
munities in corals and in the environment, in which both metrics
varied before and after the 2016 bleaching (Fig. 4). There was a
general pattern of decline in corals over the sampling times, as
well as when examined before and after bleaching, with variability
between sampling time points. After accounting for interreef vari-
ability, richness significantly decreased after 2016 in A. hyacinthus
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and A. millepora but not A. tenuis (tables S6 and S7; Imer, P < 2 x
107!, P < 0.0006, and P < 0.38, respectively). In the environmental
samples, richness estimates increased in both regions by ~50%,
most notably in the north (P < 2 x 107'¢). Mean diversity decreased
significantly in all species but not A. millepora (tables S8 and S9).
During this time frame, the GBR has experienced several environ-
mental events, including less severe bleaching and cyclones (34);
therefore, these changes in abundance may be a response to
greater accumulated thermal stress over this ~16-year period as
opposed to the specific 2016 heat wave. Current management
action often focuses on protecting coral diversity. However, this po-
tential loss in symbiont diversity is concerning given the previous
modeling that suggests protecting generalist symbionts with high
heat tolerances, but not coral host diversity, contributes more to
coral reef resilience (37). This highlights the importance of protect-
ing the coral-symbiont relationship.

Changes in richness and diversity can also signal larger shifts in
ecosystem functioning. As observed on Caribbean reefs (38), intro-
duced Durusdinium can competitively displace other symbionts
after repeated environmental stress, driven by the rapid spread of
these tolerant “opportunists” (39) into novel locations and hosts.
We detected this pattern here, where A. millepora exhibited, on
average, some of the lowest symbiont richness overall paired with
the highest Durusdinium abundance. Also noteworthy were the in-
creases in Durusdinium diversity in the environmental samples
after bleaching (Fig. 2). This increase may have been caused by
strong selection from extreme heat waves influencing rapid diversi-
fication (e.g., adaptive radiation) of free-living symbionts or poten-
tially other disturbances, including the 2011 freshwater influx that
may have reduced free-living symbiont diversity in the pre-2016
samples. There were also substantial linkages between the species
displaying the largest changes in relative abundances and richness
(A. millepora) and the environmental communities. In this, 29% of
Durusdinium ASVs were found and shared in A. millepora and the
environment after bleaching, and two of the 10 most abundant coral
symbionts were also shared. The large postbleaching shifts in the
sediment symbiont pool (Figs. 5 and 6 and fig. S1) and the increas-
ing richness and diversity in the short-term suggest similar respons-
es to repeated disturbance as those observed in the Caribbean (38).
The longer-term consequences of these changes remain unknown.
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Fig. 3. Diversity of Durusdinium ("D") Symbiodiniaceae communities sequenced from coral and environmental samples collected along reefs from the northern
and central GBR before and after the 2016 mass bleaching event. Bubble plots depict the diversity of Durusdinium at each reef before and after bleaching with each
bar representing a separate reef. Bubbles represent normalized relative abundances, grouped into classes that correspond to lower taxonomic resolution (colors corre-
spond to D1 to D10; NA = unclassified). Boxes in gray denote reefs with paired pre- and post- bleaching samples. Reefs are grouped into the three coral species and in the
environment categorized by each reefs' mDHW residual category (colors correspond to H-H, H-L, L-H, and L-L). Please note that bubble plots are mainly used for depicting
diversity and not relative abundances, although dot sizes here are scaled to variance normalized relative abundances.

Symbiodiniaceae shuffling and switching in response to
mass bleaching

Symbiont communities extend the host phenotype, increasing accli-
mation and adaptation potential of the organism. Although gener-
ally explored only at the taxonomic resolution of genera (33), here,
we quantify shuffling and switching at the more ecologically rele-
vant level (40, 41) of ASVs and then assess the propensity for
both mechanisms at the reef level (see Materials and Methods).
Overall, symbiont communities were restructured after the 2016
bleaching in both coral and environmental samples, driven by
changes in specific symbionts between samples collected before
and after the 2016 bleaching (Figs. 5 and 6). The three Acropora
species exhibited relatively more shuffling compared to switching
(22.8% of A. millepora ASVs, 18% A. hyacinthus, and 36.1% A
tenuis; figs. S1A, S3, and S4 and table S4). In addition to the
classic shuffling response (from Cladocopium to Durusdinium) in
A. millepora, the other two coral species either shuffled or switched
taxa within Cladocopium (C3k, Clm, and Cspc; Fig. 5). Shuffling
occurred in the environmental samples but was relatively less
common and included a greater diversity of symbiont taxa (Fig. 5
and fig. S4), decreases in Durusdinium abundance, and the appear-
ance of new taxa after bleaching (Fig. 5).

Symbiont switching occurs when new taxa appear in the estab-
lished community within the host coral, although evidence for
corals to accommodate these changes remains limited (42, 43).
Here, we apply a standard ecological metric, community turnover
(4), to quantify the proportion of ASVs gained or lost in samples

Quigley et al., Sci. Adv. 8, eabq8349 (2022) 7 December 2022

taken before and after bleaching, at the reef level (Fig. 6). Switching
was prevalent across many sampled reefs and was significantly dif-
ferent among the three Acropora species and environmental com-
munities even after accounting for between-reef differences (Imer,
P <0.0001 to 0.0033; Fig. 6; total percentage of ASV's that changed,
68.1 + 3% SE). Postbleaching switching of symbiont taxa was twice
as high in the environment [91.6 + 0%; mean community turnover
metric (MRS), 108.5 to 354.2] compared to corals (60.9 £ 2.7%;
MRS, 35.8 to 193), mostly driven by the appearance of significantly
more new taxa after bleaching relative to all three coral species
(72.6 + 3.1% versus 29.5 + 3.6%; all comparisons, P < 0.0001 to
0.009). The proportion of symbionts lost was only significantly
less compared to A. hyacinthus and A. millepora (P = 0.005 to
0.03). Overall, total turnover in corals was driven by significantly
fewer losses of ASVs within A. hyacinthus, especially in offshore,
northern reefs, compared to A. tenuis (P = 0.005 to 0.03). This in-
dicates the relative stability of A. hyacinthus communities. Together,
we conclude that symbiosis flexibility to environmental change
varies across coral species, driven mostly by symbiont taxa lost,
not gained.

Symbiont community changes differed depending on
bleaching exposure at each reef

The mass coral bleaching observed in 2016 was associated with pro-
nounced accumulated heat exposure (Figs. 1 and 7A) (5), with
extreme maximum degree heating weeks (mMDHWSs) compared to
previous events from 1985 to 2015 (35). To better understand the
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Fig. 4. Changes in Symbiodiniaceae richness in coral and environmental samples collected along reefs from the GBR before and after the 2016 mass bleaching.
(A) The Chao1 richness of ASVs, from 2003 to 2019, collected from reefs colored by sample type. The number of samples (density, y axis) corresponding to the Choal
metric for each sample type. (B) The means + SD of Chao1 richness shown as the linear trend of the metric through time. The dashed lines represent the 2002, 2016, and
2017 mass bleaching events. Asterisks (*) signify significant differences calculated with linear mixed effects models (Imer, P < 0.05; exact statistical values in table S7; n
values in table S1) in community composition between coral species and environmental samples. The colors correspond to each of the four sample types (gray, A.
hyacinthus; pink, A. millepora; yellow, A. tenuis; black, environment).
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pink, A. millepora; yellow, A. tenuis; black, environmental).

variability in responses across regions on the GBR, we examined the
expected versus observed bleaching responses across each reef. We
calculated the deviance between the expected bleaching responses
given the amount of accumulated heat for each reef and the actual
bleaching observed, expressed as the residuals between the observed
mDHW and the Bayesian posterior predicated mean mDHW (see
Materials and Methods) and classified these responses into four cat-
egories (Fig. 7A). As expected (44), greater mDHW: s were associated
with higher aerial bleaching scores [denoted as high bleaching-high
mDHW (H-H)], high bleaching even under relatively low mDHW
(H-L), low bleaching and high mDHW [low bleaching-high
mDHW (L-H)], or no bleaching [low bleaching—low mDHW (L-
L)]. Notably, four reefs diverged from the typical bleaching condi-
tions associated with high temperatures and did not bleach even
when exposed to high heat stress (L-H), a phenomenon also ob-
served in some Eastern Tropical Pacific reefs (45). Symbiont com-
munities differed between the four coral bleaching response
categories (Fig. 7, B to E), mostly driven by the variability within
each group. Differences, regardless of time point, in the dispersion
of samples suggest variability in the responses of symbiont commu-
nities within each bleaching group (table S11). This observation is
supported by significant differences in centroid and dispersion dif-
ferences (adonis test; table S12).

Quigley et al., Sci. Adv. 8, eabq8349 (2022) 7 December 2022

None of the A. tenuis communities from H-L reefs were associ-
ated with Durusdinium. Communities from H-H reefs were highly
variable in the three coral species and the environment, especially
compared to "baselines” demonstrated by L-L reefs (Fig. 7C), sup-
porting evidence that stress promotes variability (46, 47). Symbiont
communities were less variable in L-H reefs, especially in A. tenuis,
and may be indicative of resilient coral symbiont communities. H-H
reefs generally had divergent communities compared to the other
categories (notably in A. tenuis; Fig. 7D). This suggests that commu-
nities in some species such as A. tenuis and A. millepora were dis-
tinct before and after bleaching, not only in response to bleaching
(Fig. 7). A. millepora communities from bleached reefs (H-H) had
distinct communities compared to those that do not bleach (L-L)
(Fig. 7C). Samples from L-H reefs followed similar patterns to L-
L reefs and did have Durusdinium after heat stress (Figs. 2 and
(7C). Last, there was high overlap in the shifts associated with
changes in Cladocopium ASVs in coral and environmental
samples, suggesting that these symbionts may contribute heavily
to bleaching responses. These data demonstrate that symbiont com-
munity structure varies under different bleaching histories and
outcomes.

Here, we provide key insights that the consequences of mass
coral bleaching on algal symbiont communities across the GBR
are of both loss and gain. The loss of dominant and background

6 of 12

€202 ‘80 Yoo\l U0 A1ISIBAIUN 400D Sawer T2 610°30Us 105" MMM/:SANY WoJ ) pepeo [umod



SCIENCE ADVANCES | RESEARCH ARTICLE

A @ H-H
20 H-L
=
T -
% o 00 ® o . -
10 R N @ LL
* o
° [ ]
° @
0 A Pre
1 2 3 @ Post
Aerial bleaching score
B * k% c
i A. hyacinthus ~~’ A. millepora By B8
A A A 31
34 2-
24 [P ® 14
o d s o \o
[0} ) [ N
[m] J
s 14 ,: X 0 AN
- . %
-1
04 A °
o * - e -2
-1 o »
® e
® ] _34r
-5.0-250.0 -5.0-2.50.0 -5.0-2.50.0 -5.0-2.50.0 -2 2 0 2 -2 0 :
D N E . * k%
A. tenuis ’ Environment ’
R Al @ .. ° "
0
14 ®9 )
! ) €. . ot
[ ] =] ‘
Ap B . &
o 0.1 ® Y '.
a o 0.0- 8>, '3
= ()
z A A . 8 - ° o
=14 A A ¢ A
-0.3+ A A oA L
é& - p 28n
A A [ ] A
-2
% -0.64 A
2-101-2-101-2-101-2-10 1 -0.8 0.00.4-0.8 0.00.4-0.8 0.00.4-0.8 0.00.4
NMDS1 NMDS1

Fig. 7. Symbiont community responses in corals and the environment on the GBR. (A) Bleaching experienced by each reef in 2016 and 2017 compared to the
accumulated heat stress experienced in mDHWs. The deviance of the relationship between mDHW and bleaching score is represented by the mDHW residual. This
residual was used to classify each reef into the following four categories: H-H, H-L, L-H, and L-L. Gray densities indicate the posterior distribution of mDHW for each
bleaching category, while black points and bars indicate the mean and 66% and 95% intervals for the posterior. Boxplots include the median values (center lines),
upper and lower quartiles (box limits), 1.5 interquartile range (whiskers), and outliers (points). (B to E) Symbiodiniaceae communities plotted in ordination space
and colored by DHW deviance categories. Nonmetric multidimensional scaling (NMDS) using Bray-Curtis distance of variance normalized ASVs for the four sample
sources. Individual points represent symbiont communities categorized as either before 2016 (circle) or after 2016 (triangle) sampling. Asterisks (* and **) signify sig-
nificant differences (P < 0.05) in the multivariate dispersion between the four mDHW categories (*) or differences in the combined variability of the centroids and dis-

persion of the four categories (**). Exact P values in tables S11 and S12; n = values in table S1.
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generalist symbionts can reduce corals’ ability to resist bleaching
(37), limit recovery and resilience (13, 16), and have negative, eco-
system-wide effects on the modeled long-term stability of symbioses
(13, 16, 41). Here, some corals, but not all, responded by increasing
the abundance of heat-tolerant Durusdinium, likely from their
availability in the free-living sediment community. Knowledge of
the species-specific ability of corals to shuffle or switch symbionts
is essential for managing and conserving these ecosystems under
continual ocean warming. Although the future risk to reef building
corals from climate change around the world remains, variation in
corals’ responses highlights pathways for increased reef resilience.

MATERIALS AND METHODS

Experimental design

Ocean warming has driven widespread bleaching and mortality
across the full length of the GBR, with recent mass bleaching con-
centrated at different times in the north (2016), central (2017), and
southern (2006 and 2020) regions (35, 48). Widespread bleaching
affects coral genera and species differently (37, 49, 50), leading to
variation in recovery potentials (51). There is little understanding
of how mass bleaching disrupts symbioses over long time scales
(>5 years) (17) or whether these processes are driven by acclimation
or adaptation of the host-symbiont partnership. This understanding
is critical given that the loss of host-symbiont associations has a dis-
proportionally greater impact on long-term reef resilience com-
pared to the loss of individual coral species alone (37). Overall,
we found that mass bleaching led to significant losses in symbiont
diversity in some corals and a concomitant explosion of heat-toler-
ant symbionts free-living in the environment. Coral responses were
both dynamic (A. millepora) and conserved (A. hyacinthus and A.
tenuis), suggesting that symbiotic restructuring may be a species-
specific ecological opportunity.

To investigate the impacts of mass bleaching on coral symbioses,
we quantified the temporal changes in Symbiodiniaceae communi-
ties across latitudinal and water-quality gradients on the GBR. We
deeply sequenced the ITS2 locus (the Internal Transcribed Spacer 2
region) of the dinoflagellate family Symbiodiniaceae to characterize
this symbiotic community inside of corals and free-living in the en-
vironment. To do this, we collected environmental sediment
samples (n = 189) and branch fragments from individual colonies
of three common, widespread, and ecologically important coral
species (A. hyacinthus, A. tenuis, and A. millepora; n = 1454).
Each measurement was therefore taken from distinct samples.
The sample collections spanned a 16-year period (2003-2019;
total, n = 1643), and this time frame included collections before
(pre) and after (post) the 2016 mass bleaching event from 26
reefs across the northern and central sectors and the inshore and
offshore regions of the GBR (Fig. 1 and table S1). Although we
use the 2016 mass bleaching event as a cutoff, we recognize that
the patterns after 2016 may represent accumulated thermal stress
as opposed to a response to the specific 2016 heat wave. We
present results at two taxonomic levels: the commonly used level
of genera (e.g., Durusdinium and Cladocopium) and the more
“species-specific” sequence level [ASVs (52)]. We then assess the
temporal turnover of Symbiodiniaceae community dynamics
using metrics of symbiont taxon abundance, diversity, and richness
(defined here, in order, as the total number of reads, total number of
ASVs, and alpha diversity expressed as the Choal metric). For each
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reef, we calculate the propensity for corals to undertake two modes
of symbiosis restructuring (shuffling and switching) to acclimate
rapidly to heat stress and develop a metric for classifying reef re-
sponses. This metric is based on the reported bleaching via aerial
surveys (53), and we then calculated an accumulated stress DHW
deviance metric per reef derived from satellite sea surface tempera-
tures (54).

To compare Symbiodiniaceae communities before and after
mass bleaching, historical tissue samples (2003-2014) of A. hyacin-
thus, A. millepora, and A. tenuis stored at the Australian Institute of
Marine Science were sequenced. Samples were selected, and then
the corresponding reefs for which historical samples were present
were revisited for new sampling from 2017 to 2019. Most collections
during this 15-year period fell between September and November,
with a majority of samples collected during spawning collection
trips, generally at the end of October and into November. Of
these new collections, coral fragments (<5 cm) were collected by
divers on Self Contained Underwater Breating Apparatus
(SCUBA) from healthy colonies on the forereef at <6 m in depth
and >6 m apart to prevent the collection of clones. Fragments
from each colony were sealed in individual plastic bags, brought
to the surface, and stored in 100% ethanol at room temperature,
and ethanol was later exchanged to maintain DNA integrity.

Simultaneously, sediment was collected from the surface of the
benthos into three-replicate 1-liter containers [as developed in
(25)]. Sediment was collected before the 2016 bleaching event
from a subset of sites [2013—2014 in (25)] and after the bleaching
event (2017-2019). All sediment samples were preserved by freez-
ing at —20°C until processing, when sediments were thawed, filtered
through a series of sieves (<63 uM) using 0.1-um filtered seawater,
and centrifuged to produce a pellet and frozen until processing.

DNA extraction

Following procedures previously described in (48), we identified
Symbiodiniaceae by sequencing the ITS2 locus within three coral
hosts: A. hyacinthus, A. millepora, and A. tenuis (table S1). DNA
was extracted using the E.Z.N.A. Tissue DNA Kit (Omega Bio-
tek, USA) following the manufacturer’s instruction with minor
modification as follows. Approximately 20 mg of coral tissue was
scraped off the skeleton using a scalpel, incubated in TL buffer
and OB protease with sterile acid-washed glass beads (212 to 300
pm; Sigma-Aldrich, USA), and homogenized using three cycles of
30-s homogenizations (FastPrep-24 5G, MP Biomedicals, USA).
Samples were then incubated for 1 hour at 55°C in a microarray
oven (50 rpm; Model 777, SciGene, USA). The remaining steps of
the protocol were left unchanged, and DNA was eluted in 60 ul of
ultrapure distilled water (deoxyribonuclease/ribonuclease free, In-
vitrogen, Life Technologies, USA), and the pellet was frozen at
—20°C until polymerase chain reaction (PCR) amplification.

DNA was extracted from sediment samples using a modified
protocol from the DNeasy PowerMax Soil Kit (QIAGEN,
Germany). To facilitate cell lysis, pelleted sediment samples (~5
g) were homogenized in a bead beater (3 x 20 s at 6 m s™!) and in-
cubated for 1 hour at 65°C in a rotating oven with the initial extrac-
tion buffer. Further modifications are described in (25). DNA was
further purified using ethanol precipitation, which included incu-
bation in 0.2x volume of 5 M NaAc, followed by incubation in 2.5x
volume of 100% ice-chilled ethanol at —20°C for 2 hours. DNA was
then pelleted by centrifugation at 4000g for 20 min.
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Amplification and sequencing of the ITS2 region from
isolated DNA

A ~350-base pair (bp) region of ITS2 was amplified using Symbio-
diniaceae-specific primers (55) with Illumina overhang adapter se-
quences for the next-generation amplicon sequencing, using
procedures previously described in (48). The ITS2 region was am-
plified from all coral or sediment DNA samples (25, 56) with the
ITS-DINO and ITS2Rev2 Symbiodiniaceae-specific primers (57)
combined with Illumina adapter overhangs (25). PCR reactions
were conducted in 30 pl using the AmpliTaq Gold 360 Master
Mix, 0.4 uM of each primer, and 1 mM MgCl,. The amplification
cycles were as follows: 95°C for 10 min; 30 to 35 cycles at 95°C for
30 s, 56°C for 30 s, 72°C for 30 s, and 72°C for 7 min. Samples that
failed to amplify well with 30 cycles were amplified with 33 or 35
cycles so that all PCR products yielded an even, visible band
when run on agarose gel electrophoresis. No-template PCR reac-
tions were performed within each PCR batch as negative controls,
and none of which yielded visible bands by agarose gel electropho-
resis. The proceeding steps of library preparation and sequencing
were performed by the Ramaciotti Centre for Genomics (University
of New South Wales, Sydney, Australia) using the Illumina MiSeq (2
x 300-bp paired-end reads).

Challenge of symbiont taxonomy

Symbiodiniaceae taxonomy is currently undergoing revision (1)
with substantial effort being made to understand how sequence di-
versity links with species, genus, and family designations and the
functional significance of different symbiont taxa. Because of the
extensive intragenomic and multicopy nature of Symbiodiniaceae
genomes, there has been a lack of consensus on how to best interpret
the next-generation sequencing molecular data that results from
gene amplicon analysis. Although the next-generation sequencing
has revolutionized our ability to detect this important group (58),
the ability to define and identify a species and how that scales to
community metrics is uncertain. To address this need, a workshop
funded by the National Science Foundation [Symbiodiniaceae Di-
versity Workshop (59)] was convened, and consensus guidelines
were prepared to aid in the standardization of data interpretation
across studies. Briefly, there are two main approaches currently in
use: the ASV clustering and DIV methods. ASV approaches rely on
collapsing sequence length variation into ASV using clustering al-
gorithms (40), whereas the DIV approach separates by genus/clade
and groups by minimum entropy decomposition to determine
DIVs (60). Within these guidelines, there are pros and cons present-
ed for both ASV and DIV interpretations (59). In general, ASVs
may inflate diversity metrics, whereas the DIV approach may
cause a loss of diversity but result in less false positives and therefore
may be a better indication of species-level diversity in known or
low-diversity systems. Environmental samples pose challenges for
both methods due to the lack of a reference database for many of
these novel sequences (ASVs) or methodological issues of novel se-
quences detection (DIVs).

Here, the use of the ASV approach was selected as it provides
higher resolution at the sequence level for exploration of potential
novel diversity at both high and low abundances. We do acknowl-
edge that some of the ASVs found may be spurious sequence vari-
ants and may not represent actual Symbiodiniaceae species per se.
However, although the ASV clustering approach may overestimate
species diversity, it should overestimate it in a consistent manner
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across sampling points and types, and, therefore, the ecological con-
clusions drawn here are unlikely to vary. Therefore, we acknowledge
the assumptions associated with the data and highlight that other
methods and interpretations exist and are open to whether interpre-
tations would change the ecological relevance of the study (59).
Upon reanalysis of a subset of the data using both methods, we
found that the ecological interpretations hold (results in Fig. 2
and fig. S2). In this analysis, we tested these independent
methods, including the SymPortal pipeline described in (60) on
an informative subset of highly variable reefs and highly variable
time points in the most variable species, A. millepora. The other
species were not tested given their lower overall variability (and
therefore less likely to pick up differences between methods if
they existed) or the challenge of interpretation for both methods
(environmental samples).

Sequence processing

Sequences were processed using demultiplexing, read quality in-
spection, filtering, and variance normalization using a protocol
and code fully described and reviewed in (40, 61). ITS2 sequence
variants were identified via the DADA?2 pipeline in R statistical soft-
ware (52). High-confidence sequence variants were identified via
Blast search of a custom database of Symbiodiniaceae ITS2 sequenc-
es (40). Intragenomic ITS2 sequence variants (i.e., sequence vari-
ants within a single symbiont, ASVs) were collapsed into
“genotypes” via clustering with the LULU algorithm (62). As de-
scribed above, these methods follow previous publications (40)
and have been discussed in the National Science Foundation Sym-
biodiniaceae Diversity Workshop (2021).

Statistical analysis

All statistical analysis was performed in R (v.4.1.2). As previously
described in (48), Symbiodiniaceae ITS2 communities within
samples from different sample sources (three Acropora spp., envi-
ronmental sediment samples), GBR regions (north or central), reef
sector (inshore and offshore), bleaching (pre and post), and all in-
teraction terms were analyzed using PERMANOVA on Bray-Curtis
distances using 9999 permutations with the package vegan (63).
Given the large, significant differences in communities between
sample sources (table S1), further analyses investigated community
differences within region and sector differences within each source
type. PERMANOVA for each sample source included effects of GBR
region, reef sector, and bleaching on Bray-Curtis distances using the
same parameter settings as the larger analysis. Communities were
visualized using nonmetric multidimensional scaling (NMDS) or-
dinations. Richness metrics of ITS2 ASVs were summarized using
the Chaol estimator where ASV diversity per sample was calculated
as the sum of the number of observed ASVs and the ratio of the
number of singletons squared two times the number of doubletons.
The Chaol metric aptly describes microbial community data with a
high number of low-abundance taxa with an additional variance
normalization step in addition to those in our workflow. The
Chaol richness metric was calculated using the physloseq, plo-
t_richness function (64). Metrics were averaged per ASV, per
sample, to account for differences in sampling depth across reefs
and sequencing artifacts [a common bias of the ITS2 Symbiodinia-
ceae marker (55, 65)]. These metrics are only presented on the level
of “reef” as the same colonies were not measured before and after
bleaching. Statistical significance tests for richness and turnover
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were run in ImerTest (66) using the Imer function with bleaching
and sector set as interactive fixed effects and reef as a random
effect. Test of symbiont community diversity, as measured in
changes in the number of ASVs per sample, was run using the
glmer function in Ime4 (67), with region and bleaching as fixed
effects and reef as a random effect using a Poisson distribution.

Coral bleaching and DHW exposure

Coral bleaching was observed from the air by researchers from the
Australian Research Council Centre of Excellence for Coral Reef
Studies at James Cook University during the mass bleaching
events of 2016 and 2017 (53). Bleaching was categorized on a
scale of “0 to 4," from minimal (0) to intense bleaching (4). We ac-
knowledge the assumption that the reef-wide metrics (DHW, aerial
bleaching surveys) may not accurately reflect the individual coral
species-specific responses used in this study. For example, low
aerial bleaching scores may have been driven by other species not
targeted in this present study. However, more species specific, in-
water surveys during this time and region show that all three
species were affected significantly [>80% mean bleaching severity;
sensu (68)], suggesting that reef-wide metrics may provide some in-
dication of impact at the species level.

The mDHWSs were downloaded from the National Oceanic and
Atmospheric Administration Coral Reef Watch annual thermal
history database (v.2.1) (54). The closest mDHW value to the reef
location was identified by minimizing latitudinal and longitudinal
distance between the DHW observations and reef locations.
mDHW was modeled in a Bayesian framework using a generalized
linear mixed model with bleaching score as a fixed effect
(mDHW~BleachingScore) in the package brms (69). The model
used a gamma likelihood with a log link function. Gaussian
priors [N(0, 1)] were used for intercepts and slopes, while a
gamma prior was used for the shape parameter of the Gamma like-
lihood [gamma(1, 0.001)]. The model consisted of two chains of
2000 warmup iterations and 8000 Markov Chain Monte Carlo sam-
pling iterations. Chains were inspected using trace plots for conver-
gence and autocorrelation plots. Given the large variance in
mDHW for bleaching score categories 1 and 2, several points had
to be excluded from the model. Furthermore, because the 2016 and
2017 bleaching events were extreme, there is only one reef in bleach-
ing category 1 in the dataset after excluding the outliers. To generate
a continuous measure to compare reefs, the residual between the
observed mDHW and posterior predicted mean mDHW was calcu-
lated. Positive residuals indicate that reefs experienced more
mDHW than other reefs in a given bleaching category, while nega-
tive residuals indicate that a reef experienced less mDHW than
other reefs in the same bleaching category. Therefore, reefs with
positive residuals experienced mDHW that typically led to more
intense bleaching on other reefs. To assess the variability across
the four mDHW categories (L-L, L-H, H-H, and H-L), NMDS
plots were colored using the four categories, and an analysis of var-
iance (ANOVA)-like permutation test to check for homogeneity of
multivariate dispersions (betadisper permutest) was run, followed
by an ANOVA using distance matrices (adonis) using the vegan
package. Adonis was a secondary test to examine whether differenc-
es between groups were due to combined differences in centroid
distances and dispersion.
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