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Ocean deoxygenation is intensifying globally due to human activities — and is
emerging as a grave threat to coral reef ecosystems where it can cause coral
bleaching and mass mortality. However, deoxygenation is one of many threats to
coral reefs, making it essential to understand how prior environmental stress may
influence responses to deoxygenation. To address this question, we examined
responses of the coral holobiont (i.e., the coral host, Symbiodiniaceae, and the
microbiome) to deoxygenation in corals with different environmental stress
backgrounds. We outplanted Acropora cervicornis fragments of known genotypes
from an in situ nursery to two sites in the Florida Keys spanning an inshore-offshore
gradient. After four months, fragments from the outplanted corals were transferred
to the laboratory, where we tested differences in survivorship, tissue loss,
photosynthetic efficiency, Symbiodiniaceae cell density, and coral microbiome
composition after persistent exposure to one of four oxygen treatments ranging
from extreme deoxygenation (0.5 mg L™) to normoxia (6 mg L™). We found that, for
the short duration of exposure tested in this study (four days), the entire coral
holobiont was resistant to dissolved oxygen (DO) concentrations as low as 2.0 mg
L™?, but that the responses of members of the holobiont decoupled at 0.5 mg L™ In
this most extreme treatment, the coral host showed decreased photosynthetic
efficiency, tissue loss, and mortality, and lower Symbiodiniaceae densities in a
bleaching response, but most microbial taxa remained stable. Although
deoxygenation did not cause major community shifts in microbiome composition,
the population abundance of some microbial taxa did respond. Site history
influenced some responses of the coral host and endosymbiont, but not the coral
microbiome, with corals from the more stressful inshore site showing greater
susceptibility to subsequent deoxygenation. Our study reveals that coral holobiont
members respond differently to deoxygenation, with greater sensitivity in the coral
host and Symbiodiniaceae and greater resistance in the coral microbiome, and that
prior stress exposure can decrease host tolerance to deoxygenation.
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environmental stress

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2023.1301474/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1301474/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1301474/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1301474&domain=pdf&date_stamp=2024-02-01
mailto:saradeviswaminathan@gmail.com
https://doi.org/10.3389/fmars.2023.1301474
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1301474
https://www.frontiersin.org/journals/marine-science

Swaminathan et al.

1 Introduction

Coral reefs are susceptible to climate change-related stressors
such as ocean warming (Hughes et al., 2017; Hughes et al., 2018),
acidification (Hoegh-Guldberg et al., 2007; Fabricius et al., 2011;
Allemand and Osborn, 2019; Cornwall et al., 2021), and
deoxygenation (Altieri et al., 2017; Nelson and Altieri, 2019;
Johnson et al., 2021a; Hughes et al., 2022). Ocean warming, the
best recognized of these stressors, decreases habitat suitability for
corals in their current latitudinal range (Couce et al.,, 2013) and
causes coral bleaching, the physiological decoupling of the coral-
algal symbiosis (Glynn, 1993). Mass bleaching events can cause loss
of coral cover and biodiversity globally (Loya et al., 2001; Baker
et al, 2008; Hughes et al, 2022). It is important to consider
warming and other stressors, such as deoxygenation, together to
understand the potential for climate change to elicit responses that
scale from the holobiont to ecosystem level.

Deoxygenation in the ocean is linked to climate change
(through a variety of metabolic, biogeochemical, and physical
processes) and eutrophication (through a proliferation of algae
and bacteria that depletes oxygen) and acts on multiple spatial
scales (Rabalais et al., 2010; Altieri and Gedan, 2015; Breitburg et al.,
2018). In recent years, deoxygenation has gained attention as a
threat to coral reefs (Altieri et al., 2017; Altieri and Diaz, 2019;
Nelson and Altieri, 2019; Hughes et al., 2020) that is underestimated
and expected to increase in severity as ocean warming intensifies
(Pezner et al., 2023). Deoxygenation can lead to conditions
considered hypoxic, or life-limiting, for many marine organisms
(around 3.0 mg L"), but this threshold is highly variable across taxa
and climates (Laffoley and Baxter, 2019). Because of oxygen’s
importance for many of the essential processes on coral reefs
(Nelson and Altieri, 2019), it is critical that we understand how
escalating deoxygenation will impact these ecosystems.

Recent research has revealed variable responses of corals to
decreased dissolved oxygen (DO) and implicates a variety of
mechanisms underpinning these responses. For example, some
studies have found different tolerances and physiological
responses to deoxygenation across coral species (Johnson et al.,
2021b; Pontes et al,, 2023). The health and photophysiology of the
coral Acropora yongei was found to be sensitive to oxygen
concentrations of 2-4 mg L™ after only three days of exposure
(Haas et al., 2014). Acute hypoxic events (down to
0.18 +0.12SD mgL™") have resulted in coral community shifts
driven by bleaching and mortality (Altieri et al., 2017; Johnson
et al,, 2021a). Some research suggests Symbiodiniaceae clades and
microbial communities may underpin coral resilience to
deoxygenation (Camp et al., 2020). The discovery of a hypoxia-
inducible factor (HIF)-mediated hypoxia response system in corals
revealed a mechanism that is activated during times of hypoxic
stress in some corals, while corals that fail to activate this system
bleach (Alderdice et al.,, 2021). These studies point to a suite of
mechanisms, acting in concert, resulting in variable tolerance of
corals to deoxygenation.

The coral microbiome may be an important intermediary
between the coral and its environment (Smith et al., 2006;
Grottoli et al.,, 2018; van Oppen and Blackall, 2019) and can be
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influenced by oxygen dynamics (Howard et al, 2023). Diurnal
oxygen fluctuation can shape microbial communities at the coral’s
surface (Kiihl et al., 1995) as corals experience nightly localized
deoxygenation and daytime oxygen availability when their algal
symbionts photosynthesize (Shashar et al., 1993; Haas et al., 2010).
This fluctuation may create a diverse community with facultative
aerobic and anaerobic microbes that can tolerate both extremes
(Kellogg, 2004). When deoxygenation persists for days to weeks in
hypoxia events, coral reef-associated bacterial communities have
been shown to shift but return to assemblages resembling normoxic
conditions shortly after (Johnson et al., 2021b). Some coral
populations have adapted to extreme environments where
deoxygenation is common (Camp et al., 2018) and possess very
different bacterial and endosymbiont communities relative to the
same species in less harsh environments (Camp et al., 2020). This
adaptability of the microbiome may benefit corals, as both
anaerobic and aerobic bacteria play a crucial role in the coral’s
nitrogen cycle (Babbin et al., 2021). Because of the coral
microbiome’s adaptability and the frequent and dramatic oxygen
fluxes that occur naturally on coral reefs (Altieri et al., 2021), coral
microbiomes may have more natural resistance to hypoxia than to
other types of stress.

Warming commonly co-occurs with or precedes hypoxia in the
ocean (Keeling et al., 2010), as on coral reefs where ocean warming
is expected to increase the severity, duration, and spatial extent of
hypoxia events through increased stratification and decreased
oxygen solubility (Pezner et al., 2023). This co-occurrence of
temperature and oxygen stress could trigger synergistic
interactions. For example, corals that have experienced
deoxygenation bleach at lower temperatures than those naive to
low-DO stress (Alderdice et al., 2022). In a variety of marine benthic
organisms, increasing temperatures decreased organismal hypoxia
tolerance (Vaquer-Sunyer and Duarte, 2010). On the other hand,
stress hardening can occur, such as when corals are repeatedly
exposed to warming (Hackerott et al., 2021), yet the extent to which
thermal history influences subsequent hypoxia tolerance has not yet
been explored.

In the present study, we used both field and laboratory-based
techniques to examine the response of the coral holobiont to
deoxygenation following exposure at two sites along an inshore-
offshore gradient, where sites diftered primarily in temperature. The
cnidarian host, Symbiodiniaceae, and a small subset of prokaryotic
taxa showed hypoxia-sensitivity, with varying influences of site
history. These divergent responses suggest that within the coral
holobiont, responses to environmental stress can be complex and
occur on different timescales.

2 Materials and methods

Our combined field and laboratory experimental approach
tested coral tolerance to a range of dissolved oxygen (DO)
concentrations in experimental aquaria following in situ exposure
to inshore or offshore conditions. We evaluated responses of the
coral holobiont, including the cnidarian host, photosynthetic
symbionts (Symbiodiniaceae), and the coral’s surface microbiome.
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For the purposes of this paper, the term “microbiome” is used to
refer to Bacteria and Archaea associated with the cnidarian host.

2.1 Field exposure to different
environmental regimes

To expose corals in situ to different environmental regimes,
fragments of Acropora cervicornis of five known genotypes were
outplanted to two restoration sites off Summerland Key, Florida
Keys National Marine Sanctuary in June 2019 (Figure 1A). We
chose A. cervicornis for its widespread use in restoration, historical
dominance in the region, threatened status (National Marine
Fisheries Service and National Oceanic and Atmospheric
Association, 2006), and the availability of known genotypes from
Mote Marine Laboratory’s in-water nursery. Coral fragments were
collected from the in-water nursery on the day of outplanting and
transported to the study sites. Genotypes were kept in separate
containers during transit. The study sites were selected based on
observed differences in environmental regimes. One study site,
hereafter “inshore,” is approximately 3.6 km from shore and
experienced warmer average and peak summer temperatures than
the second study site, hereafter “offshore,” which was approximately
6.5 km from shore (Figures 1A, B). At each site, 25 plots, each
consisting of five ~15 cm coral fragments outplanted within 15 cm
of one another, were attached with cable ties to masonry nails that
had been hammered into dead reef substrate. All coral fragments
within a given plot belonged to the same genotype, and genotypes of
plots were randomly assigned across sites, for a total of five plots of
each of the five genotypes at each site.

To document water quality differences between the two sites,
YSI EXO2 multiparameter sondes were deployed, logging
temperature, dissolved oxygen, pH, salinity, and total dissolved
solids every 15 minutes for the duration that corals were outplanted
(Figure 1; Supplementary Figure S1). Light availability was not
measured directly, but inshore reefs in the Florida Keys often have
lower photosynthetic active radiation than offshore sites (Manzello
et al,, 2015; Manzello et al., 2019). Divers visited each site monthly
to retrieve sondes for calibration and to visually monitor coral
performance. On these visits, coral fragments were evaluated for
survivorship (live or dead) and the presence of bleaching (Table 1).

Research activities were conducted under permit number
FKNMS-2018-129 issued by the National Oceanic and
Atmospheric Administration’s Office of National Marine
Sanctuaries. Corals were outplanted under permit FKNMS-2015-
163-A2.

2.2 Laboratory experimental conditions

In October 2019, 10 cm fragments including 1-2 apical tips were
collected from living coral outplants and transported to the
Smithsonian Marine Station in Fort Pierce, FL to conduct the
laboratory portion of the study. Twelve fragments from each of
the five genotypes were collected from each site, resulting in one
fragment of each of the five genotypes from each of the two sites in
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FIGURE 1

(A) Field sites where A. cervicornis was outplanted at an inshore site
(red star) and an offshore site (blue star) in the Florida Keys. (B) In
situ continuous temperature at the two sites (red line = inshore site,
blue line = offshore site) during the period that corals were
outplanted. (C) In situ continuous dissolved oxygen in mg L™ at the
two sites (red line = inshore site, blue line = offshore site) during the
same time period. The map in Panel (A) uses an ArcGIS basemap
with the following attribution: “FDEP, Esri, HERE, Garmin, SafeGraph,
METI/ NASA, USGS, EPA, NPS, USDA.

each aquarium, and a total of ten fragments in each of the 12
aquaria (n=120 fragments total in the laboratory experiment).
Corals were maintained under ambient conditions (6.0 mg L™
DO and 27°C) in the experimental aquaria for one week before
starting the laboratory experiment to allow a recovery period from
potential stress associated with fragmentation and transport.
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TABLE 1 Condition data for corals outplanted at the inshore and
offshores sites during the field exposure period of 2019.

% bleached = % healthy % dead

June 2019 inshore 0 100 0

offshore 0 100 0
July 2019 inshore 0 99.2 0.8

offshore 0 96.8 3.2
August inshore 24 96.8 0.8
2019

offshore 0.8 96.0 32
September  inshore 88.8 0 11.2
2019

offshore 12.0 84.8 32
October inshore 68.8 19.2 12.0
2019

offshore 15.2 81.6 3.2

Experiments were conducted in a mesocosm system consisting
of twelve, independently controlled, 50 L aquaria. Each aquarium
was filled with 42 L of 0.35 pm filtered seawater from a proximal
ocean source and adjusted daily with reverse-osmosis (RO) water to
maintain a salinity of 35 ppt. Each aquarium was equipped with one
LED aquarium light (Aquaillumination Hydra 52), programmed to
a 12:12 hour diel cycle, reaching 300 ymol photon m™ sec’’ of
photosynthetic active radiation (PAR) at the peak of the light
period. PAR was measured using a light meter equipped with an
underwater spherical quantum sensor (LI-COR, LI-1400 and LI-
193SA) placed underwater at the center of each aquarium where
coral fragments were positioned.

Dissolved oxygen treatments of 0.5, 2.0, 4.0, and 6.0 mg L'
(control) were assigned randomly to the twelve aquaria, with three
aquarium replicates per DO treatment. The oxygen manipulation
system is described in detail in Johnson et al. (2021b). Briefly, a
Neptune Apex aquarium controller system, equipped with
OxyGuard oxygen probes, used nitrogen gas and air to maintain
DO levels within 0.1 mg L™ of treatment settings (Supplementary
Figure S2). Temperature was maintained at 27°C (+/- 1°C)
throughout the experiment by Aqualogic Inc. temperature control
units, which monitored seawater temperatures with internal
temperature probes and adjusted temperatures by activating
titanium heaters or chilled coils. Temperature, pH, and salinity
were spot-checked daily with a handheld YSI ProDSS
multiparameter water quality meter that was calibrated according
to manufacturer protocols.

Percent tissue loss was assessed visually throughout the
experiment. Photographs of each coral fragment were taken daily
to document condition. The experimental period ended after four
days, at which point corals in the most severe DO treatment (0.5 mg
L") had suffered 50% mortality. Mortality was defined by at least
95% tissue loss, as determined by daily visual inspections. Any
corals that reached mortality prior to the end of the experiment
were removed from their aquaria immediately.
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2.3 Pulse-amplitude
modulated fluorometry

Pulse-amplitude modulated (PAM) fluorometry measures the
capacity of the coral holobiont to photosynthesize and can detect
photochemical stress in corals (Ralph et al., 2016). PAM
measurements were taken on the day prior to the onset of
experimental treatments and each day for the duration of the
experiment using the red light Walz Diving PAM. Because we
measured maximum quantum efficiency of PSII (F,/F,,),
measurements were taken at 0600 h, prior to the end of the 12
hour dark period, when symbiont photosystems are inactivated by
the absence of light. Each coral fragment was measured at a
standardized position on its central branch using the Walz dark
acclimation probe attachment to maintain a perpendicular angle
and 0.5 cm distance from the coral surface.

2.4 Sample preservation and processing

Surface microbial samples were collected at the end of the
experiment, prior to preserving coral fragments for tissue analysis.
Microbial samples were only collected from corals that were still
living at the end of the experiment. Because of this, the sample size
from the most severe DO treatment (0.5 mg L") was 12 replicates,
20 for corals in the 2mg L' treatment, and 21 in both the 4 mg L™
and 6 mg L™ treatments. To collect a surface sample, several polyps
were agitated with a 50 mL sterile plastic syringe tip to initiate
mucus production. Mucus and aspirated tissue were drawn into the
syringe, with care taken to collect minimal seawater. The sample
was then transferred to a microcentrifuge tube and centrifuged at
15,000 x g for ten minutes before decanting seawater. Concentrated
mucus/tissue samples of ~200-500 UL were preserved in 1 mL of
RNAlater and stored in a -80°C freezer for downstream analyses.

Following microbial sampling, coral fragments were frozen at
-20°C for tissue preservation. Tissue was stripped from the coral
skeleton using an air compressor and airbrush (AS-196) filled with
0.2 pum filtered seawater. The resulting tissue slurry was
homogenized (Tissue-Tearor, Biospec) and stored at -20°C.
Remaining bare coral skeleton was oven-dried at 60°C and
surface area was approximated using the wax-dipping method
(Veal et al.,, 2010).

To further quantify photophysiological responses to
deoxygenation, Symbiodiniaceae densities were quantified
microscopically. Tissue slurry aliquots were diluted with filtered
seawater, and six 1 uL replicates of each sample were loaded onto a
hemocytometer for manual counting under a compound
microscope. Symbiodiniaceae were identified visually based on
their size, shape, and color. The Symbiodiniaceae cell density of
each sample was then corrected by dilution factor and skeletal
surface area. Cell densities were normalized to live tissue area at the
time of sampling; therefore, this response represents density of algal
endosymbionts within the surface area of living tissue.
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2.5 16S rRNA sequencing

The coral microbiome was characterized using procedures
based on the Earth Microbiome Project pipeline for 16S rRNA
genes (Gilbert et al., 2018). First, DNA was extracted from mucus/
tissue samples using the Qiagen DNeasy PowerSoil kit. The V4
region of the 16S rRNA gene was amplified with barcoded primers
515F (Parada et al., 2016) and 806R (Apprill et al., 2015) using
Polymerase Chain Reaction (PCR). Samples were prepared in
triplicate 25 pl reactions for each sample using Phusion High-
fidelity Master Mix (New England Biolabs, Ipswich, MA), 0.25 uM
of each primer, 3% dimethyl sulfoxide, and 2 ul of DNA template.
Negative controls were included for each unique forward primer,
the purity of which was verified using gel electrophoresis. Samples
were cleaned and concentrated using the Qiagen MinElute PCR
Purification Kit. The amount of DNA in resulting PCR products
was quantified using a Denovix DS-11 FX+ spectrophotometer, and
240 ng of each amplicon library was pooled before submitting to the
Interdisciplinary Center for Biotechnology Research (RRID :
SCR_019152) at the University of Florida. Sequencing was
conducted using the Illumina MiSeq system with a 2x150bp v.2
cycle format.

2.6 Statistical analyses

Bayesian multilevel models were used for all univariate
statistical tests in this study. Bayesian methods were chosen for
their ability to incorporate prior information and uncertainty that
aligned with the hierarchical nature of our data. Variable selection
was conducted using leave-one-out (loo) cross validation,
Watanabe-Akaike information criterion (WAIC) scores, and the
model_weights function in R package brms (Biirkner, 2017).
Predictors that improved model fit, loo scores, and WAIC were
included in models, even if their credible intervals overlapped with
zero. DO treatment was included as a categorical variable because
preliminary data exploration revealed seemingly nonlinear
physiological responses to DO. Genotype, experimental aquarium,
and individual sample (when appropriate) were included as random
effects to control for variation associated with these factors. Because
Symbiodiniaceae enumeration and microbiome characterization
required destructive sampling at the end of the experiment, there
is only one timepoint in the analysis of these variables, but all the
other responses were measured daily throughout the experiment.
Model convergence and fit were assessed using Rhat values, effective
sample sizes, and posterior predictive checks. Effect sizes
and credible intervals were used to compare the magnitude
and direction of each level of each predictor variable on a
given response.

For 16S rRNA amplicon analyses, paired reads were first
demultiplexed by the sequencing center. Illumina adapters and 16S
primer sequences were removed using the program cutadapt (Martin,
2011). The DADA?2 pipeline was used to visually assess read quality,
remove low-quality reads, denoise, merge paired reads, and remove
chimeras (Callahan et al, 2016). Taxonomy was assigned using the
SILVA 132 database (Quast et al., 2013). Using the R package phyloseq
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(McMurdie and Holmes, 2013), samples were filtered to exclude
chloroplasts and mitochondria, singletons, doubletons, and any taxa
comprising less than 0.001% of sequencing reads. Centered log-ratio
transformation was used to account for the compositional nature of
microbiome data and to account for uneven numbers of reads across
samples (Gloor et al., 2017). The Aitchison distance matrix was created
using the package coda.base in R for multivariate analyses (Aitchison
et al., 2000). Alpha diversity was assessed using the Shannon diversity
index because it incorporates both richness and evenness. Differences
in alpha diversity were tested across samples using linear models. Beta
diversity of microbial taxa across samples was assessed with a
PERMANOVA analysis using the R package vegan and by analyzing
dispersion of beta diversity. Dispersion of beta diversity was tested by
calculating distances to the centroid in multivariate space and using
linear models to test for significant differences in dispersion across
treatments. The core microbiome was assessed using the package
microbiome in R and was defined as species prevalent in 90% of all
samples at a detection level of 0.001% within each sample (Lahti and
Shetty, 2019). After assessing differences in overall community
composition with analyses of alpha diversity, beta diversity, and the
core microbiome, differential abundance of families was tested using an
analysis of composition of microbiomes (ANCOM) analysis (Mandal
et al,, 2015). All statistical analyses for this study were performed in R
version 4.2.2. Raw sequences are available in NCBI Sequence Read
Archives SRR26222001 - SRR26222075 under BioProject #
PRJNA1019720. All other data and code are available in the publicly
available GitHub repository: https://github.com/saraswaminathan/

acropora_deoxygenation_microbiome.git.

3 Results
3.1 Environmental conditions at field sites

Outplanted fragments of Acropora cervicornis performed
differently at the two restoration sites. In October 2019, when
fragments were collected prior to the laboratory experiment,
12.0% of outplants at the inshore site had died, compared to 3.2%
offshore. At this time, 68.8% of all corals originally outplanted at the
inshore site were bleached, relative to 15.2% at the offshore site
(Table 1). To assess environmental differences between the two
restoration sites (Figure 1A), we compared in situ temperature
(Figure 1B) and dissolved oxygen (Figure 1C) at each site during the
field deployment. Temperatures were significantly warmer at the
inshore site during the field deployment period (Figure 1B), with a
credible interval of [0.35, 0.36]. The best model of temperature,
which included site and time, had an R? of 0.91. Temperatures of
31°C and above are generally considered stressful for corals and are
commonly associated with stress responses such as bleaching (Fitt
et al,, 2001). Over the duration of the summer, the corals at the
inshore site experienced 50 days (44.2% of the field deployment
period) in which the mean daily temperature exceeded 31°C. In
contrast, the mean temperature at the offshore site exceeded 31°C
on 14 days (12.4% of field deployment period). From September to
October 2019, temperatures began a seasonal decline at both sites,
and began to overlap. Although the inshore site was consistently
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warmer, diel temperature fluctuation was greater on average at the
inshore site, with a mean diel temperature range of 0.61°C + 0.26°C
compared to 0.55°C + 0.29°C offshore.

Dissolved oxygen (DO) was slightly, but significantly, lower at
the at the inshore site (4 = 5.99 + 0.04) mg LY relative to the
offshore site (u = 6.14 + 0.03 mg L") throughout the field
deployment, with a 95% credible interval of [-0.15, -0.14]
(Figure 1C). The best DO model, which included site and time,
had an R? of 0.23. Although DO did not reach levels known to be
stressful to corals at either site, DO at the inshore site dropped
below 4 mg L' on rare occasions (18 total observations throughout
the summer deployment, with the longest consecutive period of <4
mg L' DO lasting only one hour), whereas the offshore site never
dropped below 4 mg L™ during the 2019 field deployment.

Salinity, total dissolved solids (TDS), and pH were also
monitored at both sites (Supplementary Figure S1). On average,
pH was lower inshore (i = 8.15) compared to offshore (1 = 8.21)
(Supplementary Figure S1). TDS was also elevated inshore (i =
3584828 mg L") compared to offshore (U = 35700.94 mg L)
(Supplementary Figure S1B). Salinity appeared correlated with
TDS, with marginally higher salinity inshore (L = 36.38 ppt)
compared to offshore (U = 36.22 ppt) (Supplementary Figure
S1C). These environmental parameters demonstrate that in this
study, “site” represents a regime of environmental variables that
differ between inshore and offshore reefs in the Florida Keys.

3.2 Laboratory responses to deoxygenation
and site history

3.2.1 Photophysiology

Coral photosynthetic efficiency was negatively impacted by all
deoxygenation treatments in the laboratory experiment
(Figures 2A, B and Table 2). Dark-adapted, maximum quantum
yield (F,/F,,) was best explained by DO treatment and “Day” of the
experiment, with “individual” included as a random effect. The 4.0
mg L™, 2.0mg L™, and 0.5 mg L' DO treatments all had statistically
significant, negative influences on F,/F,. The 0.5 mg L' DO
treatment had the largest negative effect size, with a 95% credible
interval of [-0.19, -0.13], followed by the 2.0 mg L' and 4.0 mg L™
DO treatments, which had similar 95% credible intervals of [-0.07,
-0.01] and [-0.06, -0.01], respectively (Table 2 and Figure 2B).
Exposure time, represented by “Day”, had a statistically significant,
but nonlinear, influence on F,/F,,. F,/F,, increased significantly on
the first day of the experiment, was lowest on Day 2, and was also
significantly lower than the pre-experiment values on Days 3 and 4
of the experiment (Table 2 and Figure 2B). Site, and the interaction
of DO treatment and site, increased the WAIC of the model,
indicating they were not significant predictors of F,/F,,, and were
therefore not included in the final model.

Symbiodiniaceae cell density was negatively impacted by severe
(0.5 mg L") deoxygenation in the laboratory experiment but did not
respond to either the 2.0 mg L' or the 4.0 mg L™ DO treatment
(Figures 2C, D and Table 2). The best model of Symbiodiniaceae cell
density included DO treatment, with genotype and aquarium
included as random effects. The only DO treatment with a
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statistically significant influence on Symbiodiniaceae cell density
was the 0.5 mg L' DO treatment, with a 65% credible interval of
[-0.87, -0.26] (Table 2 and Figure 2D). Site, and the interaction of
DO treatment and site, increased the WAIC of the model,
indicating they were not significant predictors of Symbiodiniaceae
cell density, and were therefore not included in the final model.

3.2.2 Coral host survivorship and tissue retention

Coral host tissue retention (percentage of live tissue remaining)
was negatively influenced by severe deoxygenation (0.5 mg L) and
exposure time (represented by “Day” of the experiment)
(Figures 3A, B and Table 2). The best model of tissue retention
included DO treatment, “Day” of the experiment, site, and the
interaction of DO and site, with genotype and aquarium included as
random effects. Tissue retention was significantly lowered in the
most severe (0.5 mg L1 DO treatment, with a 65% credible interval
of [-1.44, -0.29], but was not significantly different from the control
group in the 2.0 mg L' or 4.0 mg L' DO treatments (Table 2 and
Figure 3B). While site alone did not significantly influence tissue
retention (Figure 3B), there was a significant interaction between
DO treatment and site that was detectable in the 4.0 mg L™" DO
treatment, suggesting that a history of exposure to inshore
conditions worsened the effects of deoxygenation on tissue
retention in this treatment (65% credible interval of [-0.93,
-0.05]) (Figure 3B).

Coral survivorship was negatively influenced by severe
deoxygenation (0.5 mg L), exposure time, and prior exposure to
the inshore site (Figures 3C, D and Table 2). The best model for
coral survivorship included DO treatment, “Day” of the experiment,
site, and the interaction of DO and site, with genotype and
aquarium included as random effects. Survivorship was
significantly lowered in the most severe (0.5 mg L™') DO
treatment, with a 65% credible interval of [-1.72, -0.11], but was
not significantly different from the control group in the 2.0 mg L™
or 4.0 mg L' DO treatments (Table 2 and Figure 3D). Corals from
the inshore site had significantly lower survivorship than those from
the offshore site, with a 95% credible interval of [-2.68, -0.63]
(Figure 3D). There was a significant interaction between site and
DO treatment, as exposure to the inshore site seemed to exacerbate
negative effects of deoxygenation in the 2.0 mg L™' DO treatment,
but seemed to have a positive effect in the 0.5 mg L™ DO treatment
(Table 2 and Figure 3D).

3.2.3 Surface microbiome composition

High-throughput sequencing of the 74 coral surface
microbiomes characterized in this study resulted in a total of 6.36
million sequencing reads. Quality-filtering and merging resulted in
a total of 3.95 million sequencing reads, with an average of 53,382
(2,730 - 203,826) sequencing reads per sample. A total of 5,461
Amplicon Sequence Variants (ASVs) were observed across
all samples.

Analyses of microbiome diversity and composition revealed
overall resilience to deoxygenation and site history (Figure 4).
Alpha diversity, described by the Shannon index, was statistically
similar across DO treatments (Figure 4A), with a 95% credible
interval of [-0.05, 0.05] (Table 3). The best model of Shannon index
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FIGURE 2

Posterior effect size estimate

Coral photophysiology throughout experimental exposure to dissolved oxygen treatments in the laboratory experiment, as indicated by (A) box and
whisker plots of maximum quantum yield over the experiment duration, with raw values shown in points; (B) stat-eye plots showing posterior effect
size estimates of all population-level predictors included in the best model of maximum quantum yield; (C) box and whisker plots of log-
transformed Symbiodiniaceae cell densities across oxygen treatments; and (D) stat-eye plots showing posterior effect size estimates of all
population-level predictors included in the best model of Symbiodiniaceae cell densities. The lines on the box plots represent the median and first
and third quartiles, with the whiskers extending to the smallest and largest values within 1.5 times the inter-quartile range (IQR). The points within
the stat-eye plots show the median effect size. The thin and thick lines within each stat-eye plot represent the 95% and 65% credible intervals,
respectively. The colors of the stat-eye plots in panels (B, D) show which part of the distribution overlaps with 0: Dark brown shows distributions
where neither the 95% nor the 65% credible interval overlaps with O; light brown represents distributions where the 65% credible interval does not
overlap with O, but the 95% credible interval does; and grey represents distributions where both the 65% and 95% credible intervals overlap with 0.
Site is not shown in these plots because it was not found to be a significant predictor of maximum quantum yield or Symbiodiniaceae cell densities

included aquarium as a random effect and DO treatment but did
not include site. The best model of the dispersion of beta diversity
included DO and site, with aquarium and genotype as random
effects. However, there were no statistically significant differences in
dispersion of beta diversity across DO treatments (95% credible
interval [-1.94, 1.11]) or site (95% credible interval [-1.87, 2.01]
(Table 3). Principal Component Analysis (PCA) plots showed
minimal clustering across DO treatments, suggesting DO
treatment did not structure community composition (Figure 4B).
PERMANOVA analyses revealed no statistically significant
differences between corals in the same DO treatments or
sites (Table 4).

A subset of microbial taxa comprised a “core microbiome”
across all the corals in the experiment (Figure 5). This suggests that
regardless of experimental treatments, some bacteria are ubiquitous
in the A. cervicornis surface microbiome. There were ten ASVs

Frontiers in Marine Science

found in at least 90% of samples (at a detection level of 0.001%)
from the following eight taxonomic groups: Oceanospirillum,
Aestuariibacter, Rhodobacteraceae, Alteromonas, Saprospiraceae,
Oleibacter, MD3-55 (also known as Candidatus Aquarickettsia
rohweri (Klinges et al., 2019)), and Alteromonadaceae. The
heatmap in Figure 5 shows that although the ten core ASVs are
present in all samples, they occur in different relative abundances
across DO treatments. For example, ASV 4 from the genus
Alteromonas is present in all samples but comprised a greater
fraction of the coral microbiome in the 0.5 mg L' DO treatment
(1 = 0.094 + 0.024) compared to the 2.0 mg L™ (1 = 0.021 + 0.004),
4.0 mg L™ (u=0.028 + 0.004), and 6.0 mg L™ (1 = 0.016 + 0.003)
DO treatments. Alternatively, Candidatus Aquarickettsia rohweri
appears in lowest concentrations in the 0.5 mg L' DO treatment.

Although community structure was not correlated with
experimental treatments, some microbial families were
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TABLE 2 Results of the Bayesian multilevel models of maximum quantum yield (Fy/F,,), Symbiodiniaceae density, tissue retention, and survivorship.

Response Population- Median
level term effect size

Fy/Fym Beta DO treatment 6.0 Intercept

DO treatment 4.0 -0.03

DO treatment 2.0 -0.04

DO treatment 0.5 -0.16

Day 0 (pre- Intercept

experiment)

Day 1 0.03

Day 2 -0.06

Day 3 -0.02

Day 4 -0.04
Symbiodiniaceae | Gamma DO treatment 6.0 Intercept
density DO treatment 4.0 -0.02

DO treatment 2.0 0.11

DO treatment 0.5 -0.57
Tissue retention Zero-one- DO treatment 6.0 Intercept
inflated beta DO treatment 4.0 0.46
DO treatment 2.0 0.27
DO treatment 0.5 -0.91
Day -0.14
Site oftshore Intercept
Site inshore -0.26
Site offshore*DO 6.0 Intercept
Site inshore*DO 4.0 -0.49

Site inshore*DO 2.0 0.26
Site inshore*DO 0.5 0.15

Survivorship Bernoulli DO treatment 6.0 Intercept
DO treatment 4.0 0.57
DO treatment 2.0 0.27
DO treatment 0.5 -0.93
Day -0.86
Site offshore Intercept
Site inshore -1.63
Site offshore*DO 6.0 Intercept
Site inshore*DO 4.0 -0.28
Site inshore*DO 2.0 -1.04
Site inshore*DO 0.5 1.18

95% credible  65% credible Group- Bayesian
interval interval level terms R?

Intercept Intercept Individual ID 0.43

[-0.06, -0.01]* [-0.05, -0.02]*

[-0.07, -0.01]* [-0.05, -0.03]*

[-0.19, -0.13]* [-0.18, -0.14]*

Intercept Intercept

[0.01, 0.04]* [0.02, 0.03]*

[-0.07, -0.04]* [-0.06, -0.05]*

[-0.03, 0.00]* [-0.02, -0.01]*

[-0.06, -0.02]* [-0.05, -0.03]*

Intercept Intercept Genotype 0.31

[-0.32, 0.25] [-0.15, 0.10] Aquarium

[-0.16, 0.40] [-0.01, 0.23]

[-1.25, 0.12] [-0.87, -0.26]*

Intercept Intercept Genotype 0.40

[-0.74, 1.65] [-0.11, 1.02] Aquarium

[-1.34, 1.84] [-0.46, 1.01]

[-2.03, 0.52] [-1.44, -0.29]*

[-0.31, 0.00]* [-0.22, -0.08]*

Intercept Intercept

[-1.10, 0.58] [-0.66, 0.14]

Intercept Intercept

[-1.40, 0.43] [-0.93, -0.05]*

[-1.32, 1.85] [-0.48, 1.01]

[-0.78, 1.10] [-0.30, 0.61]

Intercept Intercept Genotype 0.38

[-1.17, 2.26] [-0.24, 1.37] Aquarium

[-1.40, 1.88] [-0.52, 1.03]

[-2.56, 0.83] [-1.72, -0.11]*

[-1.21, -0.57]* [-1.02, -0.72]*

Intercept
[-2.68, -0.63]*

Intercept
[-2.13, -1.14]*

Intercept Intercept
[-1.84, 1.24] [-1.02, 0.45]
[-2.48, 0.38] [-1.73, -0.36]*
[-0.09, 2.46] [0.58, 1.79]*

“Family” refers to the distribution family used to fit the model. The population and group-level terms included in the final model are listed in the table. Median effect sizes, 95% credible intervals,
874 and 65% credible intervals are included to indicate magnitude and direction of population-level effects. Bayesian R” values show the amount of variation explained by the model. * marks
credible intervals that do not overlap with zero and are therefore considered statistically significant.

differentially abundant across oxygen treatments. Using the
ANCOM function (Mandal et al., 2015), we identified 22
differentially abundant families (Supplementary Figure S3), ten of
which had a rank order abundance correlated with dissolved oxygen
treatments (Figure 6), whereas the other 12 families had their
highest or lowest abundance at some intermediate level of
dissolved oxygen (Supplementary Figure S3). Of the taxa with
relative abundances that correlated with DO treatments, families
PB19, an unclassified family of Caenarcaniphilales, Beggiatoaceae,
Shewanellaceae, Colwelliaceae, Arcobacteraceae, Nitrincolaceae, and
Holosporaceae had greater relative abundances in samples exposed
to deoxygenation (Figure 6). Conversely, families Flavobacteriaceae
and Rhodospirillaceae had greater relative abundances with higher
DO levels.

Frontiers in Marine Science

4 Discussion

Our study revealed divergent responses among the coral host
and its symbionts to deoxygenation and environmental history. The
coral host and Symbiodiniaceae had a strong response to the lowest
level of deoxygenation tested, 0.5 mg L. Although 2.0 and 4.0 mg
L' dissolved oxygen (DO) may eventually harm this coral species,
the duration of exposure tested in this study (four days) was not
enough to cause significant damage to the coral host in these DO
treatments. We found no evidence that site history influenced
photophysiology, but there was higher mortality in corals from
the inshore site, and there was an interactive effect of site and DO on
both coral survivorship and tissue retention. Overall diversity and
community composition metrics of the coral surface microbiome
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FIGURE 3

Coral host performance throughout experimental exposure to dissolved oxygen treatments in the laboratory experiment, as indicated by (A)
Percentage of remaining tissue on individual coral colonies over the experiment duration, with points showing percentage values for individual coral
colonies and lines showing best fit linear regressions for each treatment with shading showing 95% confidence intervals; (B) stat-eye plots showing
posterior effect size estimates of all population-level predictors included in the best model of tissue retention; (C) Percentage of surviving coral
colonies over the experiment duration, with points showing % survivorship on each day, for each treatment, among corals from each site, and lines
showing best fit linear regressions for each treatment with shading showing 95% confidence intervals; and (D) stat-eye plots showing posterior effect
size estimates of all population-level predictors included in the best model of coral survivorship. The thin and thick lines within each stat-eye plot
represent the 95% and 65% credible intervals, respectively.

indicated resistance to both deoxygenation and prior site history,
however, some potentially important bacterial taxa responded
through differential abundances. General resilience of the surface
microbiome during hypoxic stress may show it can persist
independently of the coral host’s health with the potential to

continue functions that may contribute to host stress resistance.
However, further investigation is required to elucidate the role of
the microbiome in coral tolerance to deoxygenation.

We found clear photophysiological responses of Acropora
cervivornis to severe deoxygenation. This finding is consistent
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FIGURE 4

(A) Alpha diversity of the Acropora cervicornis microbiome across the four experimental dissolved oxygen treatments, as represented by the
Shannon index. Points represent the Shannon index of individual coral samples, and boxplots show medians and inter-quartile ranges. (B) PCA
ordination of the Aitchison distance between microbial communities. The ordination is faceted by dissolved oxygen treatment for improved

resolution of points.
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TABLE 3 Results of the Bayesian linear models of Shannon index and dispersion of beta diversity of coral microbiomes characterized in this study.

Median
effect size

95% credible
interval

65% credible
interval

Response

Family

Population-
level term

Group- Bayesian
level terms R?

Shannon index Gaussian DO 0.03 [-0.05, 0.05] [-0.02, 0.09] 14+DOJAquarium 0.41
Dispersion of Gaussian | DO -0.41 [-1.94, 1.11] [-1.12, 0.32] Aquarium 0.02
beta diversity Site 0.07 [-1.87, 2.01] [-0.85, 1.01] Genotype

“Family” refers to the distributional family used to fit the model. The population and group-level terms that improved the model are listed in the table. Median effect sizes, 95% credible intervals,

and 65% credible intervals are included to indicate magnitude and direction of population-level effects. Bayesian R* values show the amount of variation explained by the model.

with another study of deoxygenation with Acropora cervicornis
(Johnson et al., 2021b), which found greater physiological
sensitivity to DO in this species compared to another coral
species, Orbicella faveolata. Although our study ran for only four
days, the dark-adapted, maximum quantum vyield values in our
study were similar to Haas et al. (2014), which found recovery in F,/
F., in all but their most severe (2-4 mg L") DO treatments after ten
days. Due to the dependence of coral growth and reproduction on
photobiology health (Goreau and Macfarlane, 1990; Muscatine
et al,, 1998; Roth, 2014), damage to, or reduction in, the algal
symbionts due to low DO may lead to decreased growth and
reproductive capacity. However, our study only supports the idea
that short-term exposure to deoxygenation incurs
photophysiological damage in cases of extreme deoxygenation, as
would occur in a hypoxic event. Although DO-linked
photobiological reduction represents a threat to the ecological
functioning of tropical corals, it appears to be a sublethal
response during intermediate exposure to deoxygenation. Short-
term (hours) low levels of oxygen may not be sufficient to trigger
loss of Symbiodiniaceae (Deleja et al., 2022), whereas sustained
exposure in our study led to decreased symbiont densities. Notably,
declines in Symbiodiniaceae densities were observed only in the
most extreme deoxygenation treatment nearing anoxia (0.5 mg L™),
indicating resistance of the symbiosis to moderate levels of hypoxia
(2 and 4 mg L) over the duration of our experiment.

In the coral host, extreme deoxygenation led to tissue loss and,
in some cases, mortality after four days of exposure. Acute tissue
loss is a serious consequence and can be difficult to overcome due to
competitive pressures including algal overgrowth of coral skeletal
tissue or can lead to secondary mortality of coral tissue due to
disease or predators (Bender et al, 2012). Differential mortality
across species or genotypes, in some contexts, can represent the first
step in selection toward genotypes or species that are more tolerant
of environmental stressors in a region (Bell, 2013). Because of their
sensitivity to severe hypoxia, and because deoxygenation events on
coral reefs can last longer than four days (Johnson et al,, 2021a), A.
cervicornis populations are likely to decline in areas that experience
acute hypoxia events.

TABLE 4 Results of the PERMANOVA analysis.

Variation in surface microbiome composition was not
significantly associated with deoxygenation or site history. This
finding is provisional due to two main features of this study. First,
because corals were sampled at the end of the experiment, the
microbiomes of corals with the most severe responses to hypoxia
(those with >95% tissue loss) were not sampled. Therefore, the
results represent those with sublethal physiological responses and
may be a conservative estimate of microbial responses to hypoxia.
Furthermore, our microbiome sampling captured primarily coral
mucus, with a small amount of aspirated tissue. The mucus layer is
known to be more reflective of the abiotic environment and less
subject to host differences than the tissue and skeletal microbes
(Ritchie, 20065 Pollock et al., 2018). Because of this, we expected
surface samples to be especially sensitive to deoxygenation.
However, alpha and beta diversity did not vary as a function of
the experimental oxygen treatments. This contrasts with many
other coral microbiome studies that found increased alpha and
beta diversity in response to environmental stress (Zaneveld et al.,
2017; Gardner et al., 2019; McDevitt-Irwin et al., 2019). Rather than
contradicting the diversity-stress relationship commonly seen in
coral microbiomes, our finding suggests that for the duration tested
in our experiment, low-DO exposure, while stressful for the
cnidarian host, did not represent a driver of change in surface
microbiome community composition.

Because coral microbial communities were resistant to changes
in dissolved oxygen, they may have the potential to provide the
holobiont with some resistance to stress. Moreover, the coral
microbiome may be well-adapted to the ‘front lines’ of
deoxygenation stress due to the hypoxic conditions that are
commonly encountered in the diffusive boundary layer of the
organism due to their nocturnal respiration (Shashar et al., 1993).
This microbiome resistance may be an important mechanism
supporting the apparent resilience of tropical marine systems to
deoxygenation (Altieri et al., 2021).

We found ten microbial taxa present across all coral samples,
which represent a “core microbiome”, or taxa that are prevalent
regardless of environmental context (Ainsworth et al, 2015).
Characterizing the core microbiome can help identify symbiotic

Predictor
Aquarium DO treatment 3
Site 1
Genotype 3
3

DO treatment*site

Degrees of freedom

0.07 0.291
0.01 0.652
0.04 0.112
0.04 0.518

Strata refers to groups that permutations are restricted within. R” values show the amount of variation explained by each term. Pr(>F) shows p-values, or significance levels of each term.
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FIGURE 5
Relative abundance (ASV abundance normalized to total number of reads in a sample) of the ten core microbiome ASVs across corals in the four
oxygen treatments. At a detection level of 0.001% relative abundance, these taxa were present in 90% of samples.

taxa across species or environmental conditions (Chu and Vollmer,  treatment (6 mg L"), suggesting that, as with increasingly
2016). One of the core taxa in this study, MD3-55 (Candidatus  stressful temperatures (Klinges et al., 2020), deoxygenation may
Aquarickettsia rohweri) has been identified as an obligate parasite  suppress Ca. A. rohweri. Because the role of Ca. A. rohweri is not
of A. cervicornis in Florida and the broader Caribbean (Gignoux-  fully understood, the implications of its decreased prevalence for its
Wolfsohn and Vollmer, 2015; Godoy-Vitorino et al., 2017; Klinges ~ host remain unknown. Another core taxa, Alteromonas ASV 4, was
etal,, 2020; Miller et al., 2020; Aguirre et al., 2022). We detected Ca. ~ found in highest abundance in the hypoxic DO treatment (0.5 mg L’
A. rohweri in highest relative abundances in the control DO  '). Members of the genus Alteromonas have been identified in the
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FIGURE 6
Proportions of bacterial families identified as differentially abundant with an ANCOM (Analysis of Composition of Microbiomes) analysis. This figure

shows only families with differential abundance occurring along the oxygen treatment gradient.
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core microbiome of other coral species (Hernandez-Agreda et al.,
2016). Although Alteromonas species have been associated with
disease states (Sweet et al, 2013), bleaching, and tissue loss in
Acropora spp. (Brown et al, 2013), this may be due to their
beneficial functions in times of stress. Alteromonas species have
been shown to metabolize dimethylsulfide (Raina et al., 2009),
which is produced by Symbiodiniaceae and associated with coral
stress (Deschaseaux et al., 2014). Because an Alteromonas ASV was
enriched in the hypoxic DO treatment, this may indicate that,
although universally present in the core microbiome, this taxon
may become enriched as a response to oxidative stress in the
coral host.

Our differential abundance analysis revealed microbial families
that co-varied with deoxygenation. Some of the differentially
abundant families have been associated with deoxygenation in
other studies. Nitrincolaceae, which became enriched with
deoxygenation in our study, has been found to proliferate in the
water column above hypoxic coral reefs (Johnson et al., 2021a) as
well as the coral mucus itself in other coral species (Howard et al.,
2023). Nitrincolaceae, which contains genes for nitrite reduction
(Mori et al., 2019), has been associated with increases in
phytoplankton-derived exudates (Valdes-Castro et al., 2022),
which is a common precursor to deoxygenation. We also
observed enrichment of Holosporaceae, which are known to be
endosymbiotic parasites of Paramecium, a prokaryotic ciliate, in the
lowest DO treatment (Santos and Massard, 2014; Castelli et al.,
2022). The presence of Holosporaceae may indicate ciliate
proliferation in this treatment. Ciliates can proliferate during
hypoxic events in marine environments (Stauffer et al., 2013),
have been associated with coral diseases (Sweet and Bythell,
2012), and are known to control bacterial communities (Vargas
and Hattori, 1990). Further investigation into these and other
differentially abundant taxa is warranted given their potential to
modulate coral resistance to deoxygenation.

In the present study, we tested whether prior environmental
stress conveyed tolerance or susceptibility to deoxygenation. Corals
have demonstrated “environmental memory,” wherein prior
exposure to a stressor improves tolerance to that stressor later
(Boyd et al., 2016). Trans-priming, or stress memory across
multiple stressors, has only been examined in a handful of coral
studies, such as a reciprocal transplant study where prior exposure to
high irradiance improved tolerance to subsequent thermal stress
(Brown et al., 2015). Prior exposure to deoxygenation was recently
shown to lower thermal thresholds in corals (Alderdice et al., 2022).
Likewise, it is possible that corals from different environmental
regimes could have different DO thresholds. Rather than priming
the corals for hypoxia, we found that prior environmental stress
weakened the coral and its symbionts’ tolerance to deoxygenation,
with lower tissue retention and survivorship in corals from the more
stressful inshore site when exposed to hypoxia in laboratory aquaria.

Our study showed varied interactions between site and DO
treatment, suggesting prior environmental stress can modulate the
effects of deoxygenation differently based on the intensity of
subsequent deoxygenation. Prior exposure to the inshore site
appeared to worsen the effects of the 4.0 mg L™ treatment on
tissue retention (Figure 3B) and the 2.0 mg L' treatment on
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survivorship (Figure 3D). However, in the most severe, 0.5 mg Lt
deoxygenation treatment, prior exposure to inshore conditions
appeared to mitigate the effects of deoxygenation on survivorship
(Figure 3D). This suggests that at low DO levels, prior environmental
stress may worsen the effects of deoxygenation; but that there may be
a point of deoxygenation at which prior exposure to environmental
stress can slightly mitigate effects of deoxygenation. Further study of
prolonged exposure to different levels of deoxygenation, crossed with
prior environmental stress, is necessary to determine thresholds at
which prior environmental stress exposure may become an asset that
provides benefits through ‘stress hardening’.

While deoxygenation did not appear to be a stressor at our field
sites, the field-exposure phase of this study allowed us to test how
prior exposure to different environmental regimes can influence
tolerance to subsequent deoxygenation. Both pH and temperature at
the inshore site reached levels known to be stressful for corals (Fitt
etal., 2001; Fabricius et al., 2011). Although corals’ high-temperature
and low-DO tolerance mechanisms are related (Alderdice et al,
2021), it is possible that inshore conditions were too extreme to elicit
a stress-hardening response. Instead, the inshore corals’ defenses
appeared weakened by environmental stress, making deoxygenation
more difficult to tolerate. Our study revealed a synergism between
environmental history and deoxygenation on A. cervicornis, adding
to the list of multiple stressor synergisms, such as those between UV
and temperature (Bhagooli and Hidaka, 2004) and macroalgae and
temperature (Donovan et al., 2021), documented on coral reefs.
Additional multiple-stressor laboratory experiments including
temperature and pH are necessary to elucidate the relationships
between the environmental stressors associated with inshore
environments and deoxygenation (Hughes et al., 2020).

Some coral species are more tolerant to hypoxia than A.
cervicornis, with species ranging in their ability to tolerate
extreme deoxygenation treatments from days to weeks (Johnson
et al., 2021b; Alva Garcia et al.,, 2022). Given that A. cervicornis is
among the more sensitive species to hypoxia, we examined the
members of its holobiont, following exposure to inshore and
offshore environments to better understand the factors that limit
hypoxia tolerance. This study highlights the importance of
considering the coral holobiont as a complex entity in response to
deoxygenation whose members may respond to multiple stressors
in different ways and on different timescales. As restoration is
concerned, we show that exposure to harsh inshore environments
can weaken tolerance to deoxygenation in sensitive species. Because
deoxygenation can go unnoticed, oxygen monitoring at potential
restoration sites is critical to determine suitability for coral species
that are sensitive to deoxygenation, including A. cervicornis. We
suggest that additional studies comparing sensitive species, such as
A. cervicornis, with more tolerant species will provide additional
insights as to the role of holobiont members in explaining the
variation in tolerance to deoxygenation that exists among species.
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